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1. Introduction

Antifoams are important components of many com-
mercial products, such as detergents, paints, pharma-
ceuticals, and others.! Antifoams are also used in various
technologies, such as pulp and paper production, fermen-
tation, and oil processing. It has been shown? that mixed
liquid—solid antifoams (e.g., those comprising silicone oil
and hydrophobic silica) usually have much higher activity
than their individual components, if taken separately.

Amajor problem in the practical application of antifoams
is the gradual loss of their activity in the course of foam
destruction. This process is termed “antifoam exhaustion”
or “deactivation”, and several possible explanations have
been proposed in the literature.3>"'* Most often, the
explanations are as follows: (i) the antifoam globules
reduce their size in the course of foam destruction and
eventually become too small to rupture efficiently the foam
films;®810 (ii) the antifoam, initially deposited on the
surface of the foaming solution, is gradually emulsified
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Figure 1. Schematic presentation (adopted from ref 12) of the
processes of antifoam exhaustion: (a) An initially active
antifoam contains globules of optimal silica/oil ratio; a layer of
spread oil is present on the surface of the surfactant solution.
(b) The foam destruction by the antifoam globules leads to a
gradual segregation of oil and silica into two inactive populations
of globules (silica-free and silica-enriched); the spread oil layer
disappears from the solution surface, and the antifoam becomes
inactive. (c) The process of silica—oil segregation continues on
further foaming of the sample, leading to the appearance of
larger silica-enriched aggregates.

and becomes inactive.” Other possibilities were discussed
in refs 4, 5, and 9 (see also the discussion in ref 12).

It was recently shown!?12 that the exhaustion of mixed
poly(dimethylsiloxane) (PDMS)—silica antifoams in sur-
factant solutions is due to two interrelated processes: (1)
segregation of oil and silica into two distinct populations
of antifoam globules (silica-free and silica-enriched), both
of them being rather inactive; (2) disappearance of the
spread oil layer from the solution surface. This mechanism
is illustrated in Figure 1: The oil droplets deprived of
silica, which appear in process 1, are unable to enter the
surfaces of the foam films and to destroy the foam lamellae,
because their entry barrier is too high. Indeed, the
existence of a certain critical value of the entry barrier
was demonstrated,'*~1” which separates the fast (those
that break the foam film) from slow (those unable to enter
the foam film surfaces) antifoams. On the other side, the
antifoam globules enriched in silica, appearing in process
1, are also inactive, because they are nondeformable and
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the bridging—stretching mechanism'~13 of foam film
rupture cannot be realized. Furthermore, these globules
trap some oil which is not readily available for spreading
on the solution surface. As a result, the spread layer of
silicone oil disappears from the solution surface (process
2) due to oil emulsification in the moment of foam film
rupture.

A combination of several experimental methods was
applied in ref 12 to prove this mechanism. Dynamic light
scattering and optical microscopy were used to show that
there was no correlation between the mean size of the
antifoam globules and the antifoam activity in the process
of exhaustion. The surface tensions of surfactant solutions
containing active and completely exhausted antifoams
were compared to demonstrate the disappearance of the
spread oil layer in the course of exhaustion. On the other
side, a quantitative characterization of the main processes,
accompanying the exhaustion, was not performed in refs
12 and 13 (except for the globule size measurements), and
the respective mechanism was deduced mainly on the basis
of qualitative results.

In the present study, we continue with the investigation
of the antifoam exhaustion by applying several techniques
which give direct quantitative information for the studied
processes. Ellipsometry is used to register the changes in
the thickness of the layer of spread oil on the surface of
the solutions in the course of antifoam exhaustion. In
parallel, the film trapping technique (FTT)*7 is used to
measure the changes in the entry barrier and the
deformability of the antifoam globules. The same sur-
factant (sodium diethylhexyl-sulfosuccinate) and antifoam
(mixture of silicone oil and 4.2 wt % hydrophobic silica)
are used to complement the previous data'? and to deepen
our understanding of exhaustion. Additionally, we study
the properties of a series of antifoam compounds, contain-
ing silica of different concentrations, to demonstrate the
relation of exhaustion to the segregation of oil from silica.

2. Experimental Details

2.1. Materials. Sodium diethylhexyl-sulfosuccinate, CooH370-
SNa (AOT, Sigma catalog no. D-0885), is used as a surfactant
in the foaming media. Its concentration in the working solutions
is 10 mM, which is about 3.5 times the critical micellar
concentration (cmc = 2.8 mM). All solutions are prepared with
deionized water from awater purification system Milli-Q Organex
(Millipore).

As a basic antifoam, we use a mixture (compound) of poly-
(dimethylsiloxane) oil of dynamic viscosity 1000 mPa s (product
of Rhodia Silicones Europe, Saint Fons, France; commercial name
47V1000SH) with 4.2 wt % hydrophobized silica particles R974
of pyrogenic origin (Degussa AG, Germany). The silica particles
are produced by flame hydrolysis of silicone tetrachloride.’® In
this process, primary silica spheres with diameter ~ 12 nm are
produced, which partially fuse with one another forming sub-
micrometer-sized, branched aggregates. The mixing of oil and
silica is performed under mild stirring at 150 °C for 4 h. The
dispersion of silica aggregates in silicone oil leads to formation
of larger entities (usually called agglomerates), which have a
fractal structure and rather broad size distribution, from 0.1 to
5 um. Hereafter this dispersion of silica in PDMS is labeled as
compound A.

In several sets of experiments, compounds of different silica
concentrations (varying from 0.001 to 16 wt %) were studied.
First, the most concentrated compound (16 wt %) was prepared
by mixing silica R974 and oil 47V1000SH under the conditions
specified in the previous paragraph. Afterward, the other
compounds were obtained by dilution of the concentrated
compound with oil at room temperature.

(18) Degussa Technical Bulletin Pigments No. 42 (Synthetic Silicas
for Defoamers), 3rd ed.; Degussa AG: Frankfurt, Germany; 1988.

Langmuir, Vol. 19, No. 7, 2003 3085

The antifoam concentration in the foaming solutions was
always 0.01 vol %.

2.2. Experimental Methods. 2.2.1. Automated Shake Test
(AST). The automated shake tests are performed on a shake-
machine Agitest (Bioblock). A 100 mL sample of the foaming
solution is placed in a standard 250 mL glass jar, and 10 uL of
acompound is introduced into this sample by using a micropipet
M800 (Nichiryo Co., Tokyo, Japan), specially designed to supply
small volumes of viscous substances. The jar is then mechanically
agitated by the Agitest machine, at an amplitude of 2cm and a
frequency of 360 min—1. After each cycle of agitation for 10 s, the
solution remains quiescent for another 60 s. During this period,
the time required for defoaming of the solution, tp, is observed,
tp is defined as the time for appearance of a clean water—air
interface without bubbles (a shorter defoaming time corresponds
to a more active antifoam and vice versa). Afterward, a new
shaking cycle is performed and this procedure is repeated until
tp exceeds 60 s in three consecutive cycles, which is considered
as the moment of antifoam exhaustion.

2.2.2. Film Trapping Technique. The film trapping tech-
niquel®1719 is applied to measure the barrier to entry of the
antifoam globules. The antifoam globules are captured in an
aqueous wetting film on a glass substrate. The drops are observed
from below, through the glass substrate, by means of an inverted
optical microscope (Jenavert, Carl Zeiss, Germany). When the
thickness of the wetting film becomes smaller than the globule
diameter, the upper film surface presses the globules against
the solid substrate. A meniscus is formed around each globule
with acapillary pressure Pc = (Pa — Pw), where Pa is the pressure
of the gaseous phase above the film and Py is the pressure in
the aqueous film. P, is increased by a pressure control system,
and the critical capillary pressure, PcCR, at which the globules
enter the air—water interface, is measured (for details see refs
15 and 17). The moment of drop entry, which is accompanied by
a significant local change in the meniscus shape, is clearly seen
in the microscope. Higher values of PcCR correspond to more
difficult entry and vice versa. For brevity, we term PcCR as “the
entry barrier”.

Additionally, this technique allows a microscope examination
of the antifoam globules and of the surface of the solutions (e.g.,
whether a thick layer of oil is spread). The antifoam globules are
observed in transmitted light, while the presence of a spread oil
layer is detected from the interference pattern appearing in
reflected light.

2.2.3. Ellipsometry. The used instrument is a modification?®
of a conventional null type ellipsometer (LEF 3M, Novosibirsk,
Russia), which is adapted for kinetic measurements with a time
resolution of 1 s. A He—Ne laser (4 = 632.8 nm), equipped with
a light polarizer, emits a beam with a certain polarization state.
All experiments are performed at an angle of incidence of 50°,
which is close to the Brewster angle for water, 53.1°. After
reflection from the sample surface, the light changes its
polarization and enters the detector (photomultiplier, equipped
with a rapidly rotating analyzer). The system is driven by a
computer, and the raw data from the detector are instantaneously
recomputed to give the two ellipsometric angles W and A, as
functions of time.?° From the values of W and A, one can calculate
the amount of spread oil, T' (in mg/m?2), and the thickness of the
spread layer by using an appropriate optical model. In our
calculations, we assumed that the spread oil forms a homogeneous
layer of refractive index equal to that of the bulk silicone oil, no,_
= 1.404, sandwiched between air and solution bulk phases with
their respective refractive indices. This model gives the thickness
of the spread oil layer, derr, Which is averaged over the
observation area, ~2 mm in diameter, on the solution surface.
Numerical simulations showed that the presence of the surfactant
adsorption layer slightly affects the calculated value of dggr, if
the assumption is made that the oil spreads without affecting
the adsorption layer (according to refs 21 and 22, this assumption
is justified for silicone oil spreading on the surface of AOT
solutions). Note that the numerical value of deggr [NM] is
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Figure 2. Typical curve of exhaustion of antifoam in aqueous
solution of 10 MM AOT. The graph presents the increase of the
defoaming time in the presence of 10 4L antifoam compound
A with the number of shake cycles.

approximately equal to the value of I' [mg/m?], because the mass
density of the silicone oil is ~103 kg/m3.

The experiments were performed as follows: Samples shaken
a desired number of cycles in the AST were poured in a Teflon
trough (16 x 6 x 1.5 cm). The amount of the oil spread on the
solution surface was determined ellipsometrically. Afterward,
the oil layer was swept from the surface by a Teflon barrier. The
measurement continued another 2 h during which the formation
of a new oil layer was detected. The new layer was formed after
antifoam globules entered from the bulk onto the surface of the
solution. Thus, we were able to determine both the thickness
and rate of layer formation on the surface of solutions shaken
different numbers of cycles by the AST.

All measurements are performed at room temperature,
20 + 1 °C.

3. Results and Discussion

3.1. Model Experiments with Compound A. 3.1.1.
Exhaustion Profile of the Antifoam Studied by AST.
Atypical exhaustion curve for compound Ain 10 mM AOT
solutions is shown in Figure 2. The initial activity (the
average defoaming time, tp, during the first three shaking
cycles) is 2 s. The foam destruction remains very fast
during the first 50 shaking cycles; tp is shorter than 10
s. During the next 30 cycles, from the 50th to the 80th
cycle, tp increases from 10 to 30 s. During the last 10
cycles (from the 80th to the 90th), tp rapidly increases
from 30 to more than 60 s, and afterward, the antifoam
is considered as exhausted.

It is important to note that a foam destruction for more
than 60 s does not mean a complete inhibition of the
antifoam activity. The foam formed in the glass jar
disappears even after 150 shaking cycles; however,amuch
longer time is needed for accomplishment of this process.
In other words, the accepted criterion for antifoam
exhaustion, tp =60, corresponds to a significant reduction
but not to a complete suppression of antifoam activity. To
mimic a fully exhausted sample, we shook a sample for
300 cycles in the AST; the foam formed in this sample
remained stable for more than 10 min after the foaming
had been stopped. In sections 3.1.2 and 3.1.3 below, we
characterize the changes in the antifoam properties after
a certain number of shaking cycles: 3, 10, 30, 70, 95 (see
the arrows in Figure 2), and 300 cycles.

It is worthwhile emphasizing that the exhaustion in
this system occurs only if there is an actual process of
foam destruction. Direct experiments show that the
antifoam activity remains practically constant for many
hours, if the antifoam is stored dispersed in the foaming
solution, without generating foam.

Notes

Table 1. Results from the FTT Experiments: Changes in
the Properties of the Antifoam Globules in the Course of
the Exhaustion Process (cf. Figure 2)

number of shaking cycles
3 30 70 95 300

time for foam destruction, tp, s 2 4 22 >60 >600

critical pressure to drop entry, 3+244+29+17+2 18+3
PCCR, Pa

fraction of deformable globules, % 100 100 45 26 26

diameter of deformable globules, 6—24 7—-25 6—25 5—-12 3—-7
um

fraction of nondeformable lumps, % 0 0 55 74 74

lump size, um 6—26 4—50 5—100

thickness of spread oil layer, dgrr, 250 11 8 2 <05
nm (ellipsometry)

3.1.2. Critical Pressure for Globule Entry and
Deformability of the Antifoam Globules at Different
Stages of the Exhaustion Process. The entry barriers
of the antifoam globules in the course of antifoam
exhaustion were measured by the FTT. In parallel, the
fractions of deformable and nondeformable globules in
the samples were determined by visual examination in
the microscope during the FTT experiments. At least four
independent measurements were performed for each
system.

The obtained results (see Table 1) show that the number
fraction of deformable globules significantly decreases in
the course of the exhaustion process. The size of these
globules remains almost constant, except for the fully
exhausted sample, where it is considerably smaller. The
critical pressure for entry of these deformable globules
increases slowly with the number of the shaking cycle. As
demonstrated in section 3.2, this increase of the entry
barrier can be explained with the gradual decrease of the
concentration of silica particles in the deformable globules.

The remaining objects, observed by the microscope in
the shaken samples, are antifoam globules enriched in
silica, which behave as nondeformable lumps after en-
trapment in the wetting film; see Figure 3 for an example.
The appearance of these lumps corresponds to the onset
of the accelerated exhaustion process (60—70th cycle in
Figure 2). The microscope observations show that the size
of these lumps increases in the course of the exhaustion
process. Larger lumps are probably created via flocculation
of smaller lumps, during shaking, on the surface of the
solution or in the bulk. Apparently, these large aggregates
possess high yield stress (due to their high silica content)
and do not redisperse upon shaking in the AST. Although
these lumps are observed to enter the solution surface at
moderate pressures (an entry barrier of 10 Pa is measured
for samples shaken 70 and 95 cycles), they cannot rupture
the foam films, because the bridging—stretching mech-
anism requires a significant deformation of the antifoam
globules.1t:12

The above results clearly demonstrate the formation of
two types of antifoam globules in the course of the
exhaustion process. As shown in section 3.2, compounds
containing either silica-deprived or silica-enriched globules
have very poor antifoam efficiency.

3.1.3. Change of the Layer of Spread Oil in the
Course of Antifoam Exhaustion. The effective thick-
ness of the spread PDMS layer on the surface of AOT
solution, containing 0.01 wt % compound A, is shown in
Figure 4 as a function of the number of shaking cycles in
the AST. Let us note that initially the entire compound
(10 uL) is deposited on the surface of the solution, which
corresponds to the formation of an initial layer of spread
oil with average thickness dgrr ~ 1 um (T’ ~ 10° mg/m?).
However, as seen from Figure 4, a rapid emulsification of
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Figure 3. Antifoam globules: deformable dropletand a lump
(silica-enriched globule) as seen in reflected (a) and in trans-
mitted (b) light during FTT experiments with samples shaken
95 cycles (0.01% compound A in 10 mM AOT).
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Figure 4. Effective thickness (as determined by ellipsometry)
of spread oil on the surface of a10 mM AOT solution, containing
0.01 wt % of compound A, in the course of antifoam exhaustion
in the AST.

this thick spread layer occurs during the first shaking
cycles: an oil layer with thickness dgsr =~ 250 nm
(corresponding to I' ~ 250 mg/m?) remains after 3 shaking
cycles, that is, ~75% of the compound has already been
emulsified. Furthermore, the thickness of the spread layer
diminishes down to 12 nm after 10 shaking cycles. The
latter thickness corresponds to I' ~ 12 mg/m?, which means
that only about 1.2% of the total antifoam has remained
on the solution surface; that is, almost the entire compound
has been emulsified during the first 10 shaking cycles.
Nevertheless, the compound is very active at this stage
of the exhaustion process.

In the subsequent 50 cycles of shaking, the thickness
of the spread layer decreases at a much lower rate (from
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12 to 8 nm); see the respective plateau region in Figure
4. During this period, the antifoam is still very active (cf.
Figure 2). With the acceleration of the exhaustion process
(from the 60th to the 95th cycle, see Figure 2), the thickness
of the spread layer decreases rapidly from 8 to 1.5 nm. In
the fully exhausted sample, 300 cycles, there is no
detectable layer of spread oil on the solution surface.

These results confirm the conclusion drawn in ref 12
that the moments of exhaustion and of disappearance of
spread oil from the solution surface are closely related.
The role of the spread oil for the process of foam film
rupture has been clarified elsewhere: As proven inref23
by FTT measurements, the entry barrier of the antifoam
globules is significantly lower in the presence of spread
oil. Furthermore, as explained in refs 11 and 24, the
presence of spread oil facilitates the formation of capillary
unstable oil bridges, which rupture the foam films by the
bridging—stretching mechanism. In other words, all
results obtained with this system (viz., refs 11, 12, 23,
and 24 and the present study) indicate that the moment
of exhaustion corresponds to the moment of disappearance
of the spread oil layer, because the foam film rupture by
the antifoam globules is strongly hindered in the absence
of spread oil.

The plateau region for the thickness of the spread layer
(Figure 4), observed between the 10th and 65th cycles, is
explained as a balance of two opposite processes: (1) On
one side, the foam film rupture leads to emulsification of
some fraction of the oil present on the solution surface.
Two possible mechanisms of this emulsification process
have been illustrated in Figure 12 of ref 12. (2) On the
other side, the active antifoam globules are able to release
some spreading oil after entering the solution surface.
The shape of the curve in Figure 4 suggests that process
1 (emulsification) prevails during the first cycles (when
an excess of antifoam is present on the solution surface)
and in the final stage of the exhaustion process (when the
oil release from the antifoam globules is hindered for
reasons explained below). The plateau region is thus
explained as a result of dynamic equilibrium, in which
the rates of processes 1 and 2 are almost equal.

To prove our suggestion that some oil reemerges on the
solution surface as a result of globule entry, we performed
another series of ellipsometric measurements. In these
experiments, we studied the kinetics of formation of a
new layer of spread oil on a precleaned surface of solutions
containing compound A at different levels of exhaustion;
see Figure 5. The zero time corresponds to the moment
of sweeping the solution surface by the Teflon barrier
(section 2.2.3). It is clearly seen that the rate of layer
formation, as well the final amount of spread oil, signifi-
cantly decreases with the advancement of the exhaustion
process. A thick oil layer, degr &~ 35 nm, rapidly forms on
the surface of the fresh sample (after 3 cycles), whereas
only thin layers, 1 nm or less, slowly form in more
exhausted samples (70 or 95 cycles). These results show
that the rate of oil appearance on the solution surface, as
aresult of globule entry (process 2), strongly decreases in
the final stage of the exhaustion process. This reduced
rate of oil appearance is closely related to the process of
silica—oil segregation discussed in the previous subsec-
tion: indeed, the silica-deprived globules are unable to
supply oil on the solution surface because the entry barrier
for them is too high, while the silica-enriched globules are
able to release only a very limited amount of oil (and at

(23) Denkov, N. D.; Tcholakova, S.; Marinova, K. G.; Hadjiiski, A.
Langmuir 2002, 18, 5810.
(24) Denkov, N. D. Langmuir 1999, 15, 8530.
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Figure 5. Effective thickness of the spread PDMS layer
developing onto the surface of a 10 mM AOT solution as a
function of the number of shaking cycles that had been
preliminarily applied. Time zero corresponds to the moment of
obtaining a clean (from oil) surface after passing the Teflon
barrier.

a lower rate); see refs 12 and 26. Note that the nonde-
formable, silica-enriched globules from the present study
resemble in many aspects the gelled compounds which
were described in ref 26 (see, e.g., section 3.4 in ref 26 for
the process of oil spreading from gelled compounds).

Let us note that the thickness of the layers formed as
a result of globule entry during the ellipsometrical
experiments, Figure 5, is smaller than the thickness of
the layers formed in the shake test, Figure 4. This
difference can be explained by taking into account the
large dissimilarity between the hydrodynamic conditions
(which certainly affect the process of globule entry) in
these two types of experiment: the ellipsometrical mea-
surements are performed with a still container, whereas
the shake test consists of vigorous agitation of the system.
Therefore, one can expect that more antifoam globules
are able to enter the solution surface and, respectively, a
thicker oil layer is formed in the shake test when other
conditions are equivalent.

3.2. Model Experiments with Compounds Con-
taining Various Levels of Silica Particles. Inanother
series of experiments, we studied how the durability (cycles
before exhaustion) of PDMS—silica mixtures depends on
the silica concentration in the compound. In parallel, we
performed FTT experiments with the same compounds to
determine the fraction of deformable and nondeformable
globules and to measure the barrier to globule entry. The
FTT experiments were performed with samples taken after
3 shaking cycles in the AST, to obtain information for
globules having the same composition as that of the
original (fresh) antifoam compounds.

Figure 6A presents the results for the compound
durability (empty circles) as a function of silica concen-
tration. The compounds containing between 1 and 7 wt
% of silica had very good durability (>120 cycles). The
durability of compounds containing high levels of silica
(above 7 wt %) rapidly decreased with silica concentration.
The sample containing 0.01 wt % of silica showed poor
durability (=30 cycles), whereas the pure silicone oil
without silica and the most diluted compound (0.001 wt
% silica) were inactive in the AST.

Figure 6A also presents data for the entry barriers of
the compounds (triangles), as measured by the FTT. A

(25) Marinova, K. G.; Denkov, N. D.; Branlard, P.; Giraud, Y.
Deruelle, M. Langmuir 2002, 18, 3399.

(26) Marinova, K. G.; Denkov, N. D.; Tcholakova, S.; Deruelle, M.
Langmuir 2002, 18, 8761.
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Figure 6. (A) Durability (empty circles connected by dashed
curve) and barrier to entry of the deformable droplets (solid
triangles connected by solid curve) of compounds containing
different concentrations of solid particles. (B) Durability (empty
circles connected by dashed curve) and the fraction of nonde-
formable lumps (diamonds connected by a solid curve) of
compounds containing different concentrations of solid particles.
The compounds were prepared with silicone oil 47V1000SH
and hydrophobic silica R974. The experiments (AST and FTT)
were performed with 0.01% compound in 10 mM AOT solution.

clear correlation is seen between the decrease of the entry
barrier and the increase of compound durability at low
silica concentrations (below 2 wt %). These results confirm
once again the important role of the silica particles to
reduce the entry barrier? and to activate the silicone oil.
On the other side, at higher silica concentrations (>6
wt %), the entry barrier remains low, while aconsiderable
reduction of the antifoam durability is observed (see Figure
6A). Asdemonstrated in Figure 6B, the durability decrease
at high silica content can be easily explained by the
significant increase of the fraction of nondeformable lumps
in this concentration range. As explained above, these
nondeformable lumps are inactive as antifoam entities,
because the bridging—stretching mechanism of foam film
rupture requires a deformation of the antifoam globules.
The results from this section clearly demonstrated that
there is an optimal concentration of silica particles in the
compound, which corresponds to maximal durability.
Compounds containing silica of too low or too high
concentration have poor antifoam efficiency.

4. Conclusions

The process of exhaustion of mixed PDMS—silica
antifoams was investigated by several experimental
methods, and the main conclusions from the present study
are as follows:

The globules in an active fast antifoam are deformable
and have a low entry barrier; these are two important



Notes

requirements for realization of the bridging—stretching
mechanism of foam film rupture.t?4

The FTT experiments have proven that the process of
antifoam exhaustion is related to a gradual segregation
of the oil from the silica, which leads to the appearance
of two distinct populations of globules: nondeformable
(silica-enriched) and deformable (silica-deprived). The
deformable globules in the fully exhausted sample (300
cycles) have an entry barrier of 18 + 3 Pa, which
corresponds to a compound containing very low levels of
silica (<0.001 wt %). The nondeformable globules present
a significant number fraction (=75%) of all antifoam
globules observed in the exhausted samples.

The ellipsometric measurements show that the thick-
ness of the spread oil layer decreases in the course of
exhaustion (Figure 4), as a result of oil emulsification in
the process of foam destruction. Entering of antifoam
globules from the bulk onto the solution surface leads to
apartial restoration of the spread layer while the antifoam
is still active (see the plateau region in Figure 4). With

Langmuir, Vol. 19, No. 7, 2003 3089

the advance of the exhaustion process, the oil restoration
process is detained and the spread oil disappears due to
(1) the increased entry barrier of the deformable globules
and (2) the hindered release of oil from the nondeformable
globules. The moment of antifoam exhaustion corresponds
to a sharp decline in the amount of spread oil on the
solution surface.

All these results support and deepen our understanding
of the mechanism of antifoam exhaustion, which was
proposed in ref 12 (Figure 1).
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