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Electro-rheological Measurements of Phase Inversion of Emulsions under Shear Flow
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Abstract: This study aims at measuring electrical and rheological properties of cosmetic emulsions on the skin under shear
flow. The effects of volume ratio and surfactants on structural changes of emulsions were examined by determining the
changes of electrical resistance, viscosity, and morphology. As the ratio of the internal phase increased, the phase inversion
occurred more quickly. The viscosity change was found to increase with increasing of the variation of electrical resistance of
the emulsions. This phenomenon may be caused by decreased resistant force against the shear flow because of the
breakdown of the internal phase. Surfactants also played a key role on phase transition of emulsions. It is likely that
polymeric surfactants anchoring on the emulsion surface reinforced the interfacial mechanical strength. As the concentration
of surfactants increased, the phase transition occurred more slowly. It has been demonstrated that the phase changes of
emulsions under shear flow can be monitored on the real-time basis by using a ]ELLITM chip system, a combination of
conductiometry and rheometry. Our approach is expected to a useful experimental tool for predicting the phase transition of

the cosmetic products during skin application.
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1. Introduction

Emulsions are thermodynamically unstable dispersions

of deformable liquid droplets in a second liquid; hence,

external stress can highly affect their physical deg-
radation, which is driven by the reduction of the
interfacial area between two phases. Emulsion separa-
tion is known to happen by a combination of four
processes: creaming or sedimentation, flocculation, coales—
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cence, and Ostwald ripening. The phase separation or
inversion of emulsions may depend on the ratios of
volume and/or viscosity between emulsion phases, size
distribution of internal droplets, and interfacial prop—
erties of emulsions[1-3].

One interesting question is about structural changes
of emulsions under high shear flow. This is very im-
portant for cosmetic products because it is highly
relevant to the physical degradation of emulsions dur-
ing the application on the skin. Here, in order to ex-
amine the response of emulsions against the external
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shear forces, we designed a new device, JELLI™ (Joint
Electro-rheometer for Liquid-Liquid Inversion) chip, for
the measurement of electrical and rheological properties
of emulsions under shear flow. By using this device,
we investigated the effect of formulational factors on
the changes in conductivities of oil-in-water (O/W)
and water-in—oil (W/0) emulsions on the artificial skin
during large deformation under shear flow.

2. Materials and Methods

IELLIT‘\‘I chip was made on 25 mmX75 mmX1 mm
slide glass, which was Aluminum-sputtered by 500 nm
thickness. Figure 1 shows the chip geometry and the
gap size between the electrodes is 10 mm. Artificial
skin was fixed on one side of junction tip, as in Figure
1, to make a similar situation as the cosmetics are
applied on human skin. The junction tip with artificial
skin and JELLI™ chip were installed in rheometer
(RMS800) as shown in Figure 2. FLUKEI189 was used
to measure the electrical resistance. All rheological
experiments were carried out at frequency 50 ™%, strain
6x10°% during 5 min. The water—phase ratios of pre-
pared oil-in-water (O/W) emulsions were 20%, 30%,
36%, and 80%. e

Polysorbate 60, Sorbitan Sesquioleate, and poloxamer
407 were used to investigate the effect of surfactant on
phase inversion. Three kinds of -emulsions with' fixed
water ratio of 340% were made. All compositions
except surfactants were same. To investigate the effect
of surfactant concentration, emulsions containing poly-
sorbate 60/Sorbitan Sesquioleate of 1.29%/0.4% and 2.4%/
0.8% were prepared. An emulsion with poloxamer 1.6%
was made to look into the effect of polymeric sur-
factant on phase inversion under shear flow. Table 1
summarized surfactants composition,

3. Results and Discussion

Figure 3 represents the electrical resistance (R) and
viscosity (7) profiles of O/W emulsions spreaded on
the artificial skin as a function of shear application
time. The shear force had no effect on R, nearly zero,
of pure water. As the application time increased, R of
all the emulsion samples increased and reached to
plateau values within 3~4 min. In addition, 4R in-
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Figure 1. A photograph of JELLI™ chip (below) and a
junction tip coated with (above, left) and without (above,
right) the artificial skin.

Table 1. Composition of Surfactants in Each Emulsion

polysorbate 60 / Sorbitan Sesquioleate =
1.2% / 04%

polysorbate 60 / Sorbitan Sesquioleate =
24% / 0.8%

Poloxamerd07 = 1.6%

Emulsion A

Emulsion B

Emulsion C

Figure 2. A photograph of a rheometer equipped with a
JELLI™ chip connected to a conductiometer.

creased as lowering the water content. What causes
the increase of the electrical resistance as a result of
shear force application? Because the chemical compo-
sitions are assumed to remain unchanged, the only
possibility is the structural changes of the emulsions,
relevant to alteration of conductivities in the continuous
phase.

Structural changes of emulsions can be expected
from rheological data. Figure 3 shows that viscosities
of the emulsions decreased as a function of the shear
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Figure 3. Resistance (a) and viscosity (b) profiles of
emulsions as a function of application time in various
water ratios.

A7, (normalized vis-—
cosity difference) was getting larger as lowering the

application time. Interestingly,

water content in the emulsions. This tendency is very
similar with that of 4R, as described in Figure 4.
These results imply that the changes of the responses
to the applied shear stress were caused by phase
transitions of emulsion, e.g., phase inversion, increases
of droplet sizes, disordering or formation of new struc-
tures, etc. This kind of phase transitions can involve
the breakdown and rearrangement of the interfaces of
oil-rich and water-rich phases. One possible explana-
tion for the increase of R and decrease of 7 of the
O/W emulsions is the leakage of surface stabilizing
materials and the following drainage of cil molecules to
a continuous aqueous phase. Because the higher oil
content of O/W emulsions produces the larger areas of
interfaces to be covered with emulsifying agent, at the
same concentration of surfactants, the emulsion having
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Figure 4. 47 (normalized viscosity difference) and 4R
(resistance difference) as a function of water ratio.

the higher il concentration can be more liable to the
external shear forces. In order to examine the effect of
surfactants on the phase transition of emulsions, three
sets of formulation having different kind and concen-
tration of surfactants were prepared as listed in Table
1. The polysorbate 60/sorbitan sesquioleate system was
selected because they have been the most widely
utilized in cosmetic emulsion products. Figure 5 shows
that the higher concentration of the surfactants pro-
duced the smaller changes of the electrical resistance
and viscosity. This can be explained by the increased
colloidal stability of the emulsions.

In order to examine the effect of a polymeric emul-
sifier on 4R and 47, poloxamer 407 was added as an
emulsion stabilizer instead of polysorbate 60/sorbitan
sesquioleate system. At the same concentration of
surfactant (16% w/w), AR and A7 obviously de-
creased when poloxamer 407 was used, compared with
those of emulsion A. Even the values of emulsion C
were smaller than those of emulsion B, where two-fold
amount of low MW surfactants were used. This is
presumably due to the mechanically stabilized interfaces
created by entangled polymer networking.

The structural development of the emulsions on the
skin under the application of shear forces was visu—
alized by using confocal laser scanning microscopy. By
adding a water-soluble fluorescent dye, FITC, into an
aqueous phase, we could discem two phases, oil-rich
and water-rich phases. At the initial condition, all O/W
emulsion samples were seen as green—colored homo-
genous solutions because the droplet size was too
small to observe. However, the emulsions were clearly
imaged after the application of shear forces as a result
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Figure 5. Resistance (a) and viscosity (b) profiles of
emulsions as a function of application time in various
surfactants systems.

of increase of droplet sizes. This formation of larger
droplets in emulsion C might be caused by flocculation
between water droplets deformed by shear forces. The
CLSM observation demonstrated phase inversion of
emulsion A from O/W to W/O was happened on the
skin by shear forces. The continuous phase of emulsion
A was changed from a water rich phase (bright green
color) to an oil-rich phase (dark area) after the appli-
cation of shear forces. Emulsion B also showed same
phase inversion as in emulsion A. By contrast, the
emulsion C still maintained a water-rich phase as a
continuous one. These results are well consistent with
those of 4R and 47, as shown in Figure 5. Relatively
larger 4R and 47 of emulsion A can be explained by
the phase inversion. Surfactant with low HLB value
(sorhitan aesquioleate) could cause this complete inver-
sion from O/W to W/O. Simple flocculation without
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Figure 6. CLSM image of emulsion after shear flow. The
upper image shows emulsion A and the bottom image
shows emulsion C (X 400 magnitude).

phase inversion induced relatively smaller 4R and 47.

4. Conclusions

In this study, the electrical resistance and rheological
attributes of cosmetic emuisions on the skin under
steady shear flow were investigated as a function of
emulsion compositions by using a simultaneous real-
time monitoring system. The electrical resistance in-
creased as a function of time and jumped up to the
infinite value as the internal oil phase was over 60%.
The resistance showed more dramatic increase as
increasing the oil/water ratio. On the contrary, it in-
creased slowly as the emulsion had the weaker inter—
facial surface. In addition, the viscosity also decreased
as increasing the oil content. This might be due to the
weakened resistant forces against the shear flow as a
result of the breakdown of the internal phases. These
results suggest that the JELLITM system can be
utilized as a powerful tool not only in investigating the
phase behavior of cosmetic emulsions under shear flow
but also sensory properties of cosmetic emulsions
during skin application.
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