
1 Introduction

Microemulsion consists of a oil/water/surfactant sys-
tem, which is optically isotropic, (transparent or slightly
turbid), low viscous and defined as a thermodynamical-
ly stable solubilization system (1-4). It is classified into
three types, water-continuous micellar type, bicontinu-
ous type with zero mean curvature structure, and oil-
continuous reversed micellar type. Among them, bicon-
tinuous microemulsion (D phase) has been investigated
as a fascinating subject (5-11). It is an optically isotrop-
ic three-dimensional random multiply connected bilayer

dividing the solvent into two subvolumes. Generally, it
is prepared when HLB is balanced. It provides the min-
imum interfacial tension and the maximum solubiliza-
tion. Although various structural models have been pre-
sented to date, transmission electron microscopy with
freeze-fracture replication method (FF-TEM) recently
enabled an accurate observation (12-14).

Recently, in addition to the D phase type bicontinu-
ous microemulsion that can contain almost equal
amount of oil to water, D’ phase in which a surfactant
bilayer envelops water to form a network structure was
reported (6).
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Abstract: In this study, bicontinuous microemulsions (D phase) was prepared by mixing
decamethyl cyclopentasiloxane (DC), which is a good solvent for silicone soils, with cosmetic
grade alkyl type surfactant polyoxyethylene (8 mol) glyceryl monoisostearate (PGMI) and
ethanol aqueous solution. In the pseudo ternary phase diagram of DC/PGMI/15% ethanol
aqueous solution system, a ME region exists from the water corner to the center of the ternary
diagram. The ME solution solubilizes at most 15% of DC. However, by replacing half the
amount of DC by a polar oil cetyl isooctanoate (CIO), the ME region extended continuously
from the aqueous corner to the oil-rich region (60% DC). Self-diffusion coefficient measurement
by using NMR and FF-TEM observation indicated a bicontinuous structure that solubilizes a
large amount of oil and water for the oil-water ratios between 3/7-7/3. Detergency of cosmetic
soils containing polymeric siloxane in the ME solution showed the highest value between the oil-
water ratios of 1/1 and 7/3, where the ME with bicontinuous structure exists. These results show
that bicontinuous type ME containing DC provides a good solution for cleansing silicone soils.
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The D phase has been used for tertiary petroleum
recovery as an industrial application (15). Basic
researches on detergency have been reported by taking
advantage of low interfacial tension (16-18). However,
no application in the market is known. This article deals
with the preparation of D phase containing cyclic silox-
ane and its detergency of silicone soils.

Earlier papers focused mainly on solubilization of
hydrocarbon oil in D phase. Thereafter, studies on
phase behavior have been reported on polar oils (19). In
the meantime, silicone oil has become particularly
important for industrial applications due to its low sur-
face tension, good spread ability on substrates resulting
in high protection of skin and hair (20, 21). It would
also be of great interest to investigate its detergency of
silicone soils.

Studies dealing with phase behavior of systems with
silicone oil and silicone surfactants such as poly-
oxyethylene (POE) trisiloxane/cyclic siloxane/water
system (22-26) and graft-type POE-modified silicone
surfactant/octamethyl cyclotetrasiloxane/water system
(27) were reported in the late 1990s. Silicone surfac-
tants have been used for the reason that the POE alkyl
type surfactants are unsuitable for phase study because
of extremely low miscibility between dimethyl siloxane
and POE chain (solubility parameter: 6.4 and 9.5,
respectively). Therefore, very few papers have been
published on the combination of POE alkyl type surfac-
tants with silicone oils to our knowledge. In our previ-
ous study (28), taking different approach, we used
ethanol resulting in improving the miscibility between
cyclic siloxane and a POE alkyl type surfactant as well
as manipulating HLB. The conditions, structure and
properties of the ME phase were discussed by compar-
ing with polar oil.

This article considers the preparation and detergency
of D phase containing cyclic siloxane with a POE alkyl
type surfactant that is versatile and safe for cosmetic
and pharmaceutical use.

2 Materials and Methods

2･1 Materials

POE (8 mol) glyceryl monoisostearate (PGMI) was
purchased from Nihon Emulsion (Tokyo, Japan). Cetyl
iso-octanoate (CIO) was purchased from Nikko Chemi-
cals (Tokyo). Decamethyl cyclopentasiloxane (DC) was
purchased from Shin-Etsu Chemical (Tokyo). For meas-

urements of relative detergency, W/O liquid type foun-
dation containing 3% silicon resin, and a sheet of white
artificial leather, with polyurethane surface (Kyowa
Seikan, Tokyo), was used.

2･2 Methods

Phase Diagram Determination. Various amount of
constituents were poured into test tubes and mixed by a
vortex mixer. The samples were stored in water bath at
25℃ and the phase equilibria were determined by visu-
al observation. The optical isotropic nature of the sam-
ple was checked with cross polarizers. The type of liq-
uid crystalline phase was determined by using a polari-
ty microscope. The following abbreviations are used: L1

represents aqueous micellar solution; L2, reversed
micellar solution; La, lamellar liquid crystalline phase;
I, one-phase region; II, two-phase region. An abbrevia-
tion LC is used for multi phase region with an unidenti-
fied liquid crystalline phase.

FF-TEM Observation. The freeze-fracture trans-
mission electron microscopy (FF-TEM) observation on
the replication of samples was performed by H800 elec-
tron microscope (Hitachi, Tokyo). For the preparation
of replicas, a small amount of sample was placed on a
gold disc. Then, the sample was plunged into liquid
nitrogen. The frozen sample was fractured and replicat-
ed in a freeze-fracture apparatus BAF 400 (Balzers,
Liechtenstein) at -140℃. Pt/C was deposited on the
sample at an angle of 30°.

NMR Measurement. The self-diffusion coefficients
(Dsel) of the sample in this system were measured with a
Fourier transform pulsed gradient spin echo technique
monitoring the proton NMR spectra (29-31). The sam-
ples were sealed in 5 mm tubes, and a NMR spectrome-
ter operating at 300 MHz with a 90-d-180-d pulse
sequence was used. The self-diffusion coefficient, Dsel,
of a proton is determined from the decay of its echo
amplitude, A, given by the following equation;

A = A0 exp[-Dsel (Ggd)2(D-d/3)] (1)

where A0 is the echo amplitude in the absence of a
magnetic field, g the proton gyromagnetic ratio, and D
the interval between field gradient pulses of magnitude
G and variable duration d. The time over which diffu-
sion was followed, defined by D, could be varied from 1
to 1000 ms, corresponding to diffusion over distances
of 0.1-10 ms for typical values of Dsel. During the meas-
urement, D and G were kept constant. A linear least-
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squares analysis was used, according to equation (1), to
extract the diffusion coefficient of specific species when
the peak from the protons of that specific species did
not overlap with that from any other protons of other
species. On the other hand, if two peaks overlapped, a
biexponential nonlinear least-square analysis was used.

Viscosity Measurement. They were carried out on
the ME phase by using Dynamic Capillary Rheometer
DCR (Anton Paar, Graz, Austria).

Small-angle X-ray Scattering (SAXS). Interlayer
spacing measurements on a lamellar liquid crystalline
phase were performed by a JEOL JDX-3500 (Tokyo).

In Vitro Evaluation of Detergency. The W/O type
liquid foundation was applied to a sheet of white artifi-
cial leather (approx. 30× 120 cm) and stored at room
temperature for 6 hrs. A square leather (1× 1 cm) was
cut out and dipped into a 100 ml test tube filled with 50
ml of ME with various compositions. The test tube was
shaken for 10 min by a paint shaker. After the leather
specimen was taken out and dried at room temperature,
L value (the brightness index of Commission Interna-
tionale del'Eclariage 1976 colorimetric system) of the
surface was measured by a color analyzer SE 2000
(Nippon Denshoku, Tokyo, Japan). The relative deter-
gency was calculated by the following equation;

S = (L - LFD)/(L0 - LFD) (2)

where L is measured value after cleansing, L0 is for
bare artificial leather, and LFD is measured value after
the foundation was applied and dried. If the foundation
is removed perfectly, S will become 1, and if all the
foundation remains, S will become 0.

3 Results and Discussion

3･1 Pseudo Ternary Phase Diagram of

PGMI/15% Ethanol Aqueous Solu-

tion/DC System

To investigate the condition of preparation of bicon-
tinuous type microemulsion phase, a pseudo ternary
phase diagram was constructed. In our previous study
(28), the miscibility between PGMI and DC was mainly
discussed by the pseudo ternary phase diagram.
Because of that, PGMI/ethanol mixture was placed at
the surfactant corner as a pseudo component. In this
study, 15% ethanol aqueous solution is considered as a
pseudo component, and placed at the aqueous corner in
order to investigate the condition of the preparation in

respect to oil-water ratio and surfactant concentration in
addition to the miscibility.

The pseudo ternary phase diagram of PGMI/15%
ethanol aqueous solution/DC system is shown in Fig. 1.
From the ethanol aqueous solution corner, a L1 region
that is unable to solubilize DC extends toward the cen-
ter of the surfactant-aqueous solution axis. With
increasing concentration of PGMI, a LC region exists
followed by a La 1-phase region. The La phase can sol-
ubilize at most 8% of DC. At higher concentration of
PGMI, a surfactant solution (L2) region exists. It solubi-
lizes as much as 10% of DC.

Addition of excess amount of oil beyond the limit
cause a separation of an oil phase. The reason for the
small solubilization limit of DC in the aggregates can
be attributed to the small miscibility between PGMI and
DC. A considerably large emulsion region (miscibility
gap) also indicates the low miscibility.

From the aqueous corner toward the center of the
phase diagram, there is a ME 1-phase region where
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Fig. 1 Pseudo Ternary Phase Diagram of DC/PGMI/15%
Ethanol Aqueous Solution System at 25℃. The
following abbreviation is used: L1 represents
aqueous micellar solution; L2, reversed micellar
solution; D, bicontinuous microemulsion; La,
lamellar liquid crystalline phase; I, one-phase
region; II, two-phase region. An abbreviation LC is
used for a multi phase region with an unidentified
liquid crystalline phase.
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PGMI aqueous solution solubilizes DC. The maximum
amount of solubilized DC is 15% in the solution con-
taining 34% water, 45% PGMI and 6% ethanol. The
oil-water ratio is approximately 3/7.

3･2 Pseudo Ternary Phase Diagram of

PGMI/15% Ethanol Aqueous Solu-

tion/DC/CIO System

The pseudo ternary phase diagram of PGMI/15%
ethanol aqueous solution/DC/CIO system is shown in
Fig. 2. It seems to be worthwhile to compare this dia-
gram with that of the system without CIO (Fig. 1). The
ME region continuously extends toward the oil-rich
region. At most 60% of the oil mixture (DC plus CIO)
can be solubilized in a ME containing 27% of PGMI,
2% of ethanol and 11% of water. The oil-water ratio is
85/15.

The La and the L2 regions also extend toward the oil
corner. The emulsion region (miscibility gap) is smaller

than that of the DC system. A point to which attention
should be addressed is that the addition of CIO provides
an improvement of miscibility with PGMI. Consequent-
ly, the amount of solubilization in the self-organized
structures such as La, and ME increased drastically.

Neighboring phases generally show a close structural
correlation with ME phase. Between the oil-water ratios
of 3/7 and 85/15, the La phase is in the close neighbor-
hood across a short intermediate 2-phase region. This
leads us to assume a formation of a bicontinuous type
ME around the ratio.

3･3 Pseudo Ternary Phase Diagram of

PGMI/15% Ethanol Aqueous Solu-

tion/CIO System

Phase diagram containing CIO as an oily component
(without DC) is shown in Fig. 3. The features are simi-
lar to that of Fig. 2. This also agrees with the result of

550
J. Oleo Sci., Vol. 53, No. 11, 547-555 (2004)

Fig. 3 Pseudo Ternary Phase Diagram for CIO/PGMI/
15% Ethanol Aqueous Solution System at 25℃.
ME phase extends from water corner to oil rich
region via the center of the phase diagram. The
abbreviation L1 represents aqueous micellar
solution; L2, reversed micellar solution; D,
bicontinuous microemulsion; La, lamellar liquid
crystalline phase; I, one-phase region; II, two-
phase region. An abbreviation LC is used for
multi phase region with an unidentified liquid
crystalline phase.

Fig. 2 Pseudo Ternary Phase Diagram for DC/CIO/PGMI/
15% Ethanol Aqueous Solution System at 25℃. The
ratio of DC/CIO is 1/1.  ME phase extends from the
water corner to the oil rich region via center of the
phase diagram. The following abbreviation is used:
L1 represents aqueous micellar solution; L2, reversed
micellar solution; D, bicontinuous microemulsion;
La, lamellar liquid crystalline phase; I, one-phase
region; II, two-phase region. An abbreviation LC is
used for multi phase region with an unidentified
liquid crystalline phase.
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our previously reported ternary phase diagram system
in which ethanol/PGMI mixture is placed at surfactant
corner (28). As we have concluded, adding a polar oil
such as CIO is an effective method to put self-organized
structure containing DC into practical use. In the con-
sidered system, the replacing half the amount of DC
make it possible to treat the oil in the same manner as
CIO system.

3･4 Characterization of the ME Regions by

Dsel Measurement

It is known that Dsel is large when molecules are dis-
persed in the bulk. When molecular migration is
restricted by some structure, Dsel becomes small. Figure
4 shows the Dsel for the ME region in the pseudo ternary
phase diagram of DC system. Dsel for water and DC in
the bulk are 3.08× 10-9 m2･s and 5.02× 10-10 m2･s,
respectively. Based on those values, it is obvious that
water and DC molecules are restricted in the ME
region.

Dsel changes continuously depending on the oil-water
ratio. Dsel for water is relatively high in the water-rich
region and decreases monotonically with increasing oil-
water ratio. Dsel for DC is low in the water-rich region
and increases steeply beyond 9% of DC. The increase
in the concentration of DC causes a structural change in

the surfactant aggregate. The decrease in Dsel of water
molecules indicates narrowing of the diffusion path for
the water molecule, while the increase in the Dsel of DC
molecules indicates widening the path for the DC
molecule. This reveals that the water molecules change
their location from the bulk to the bicontinuous
microemulsion channels, while the DC molecules move
from inside the micelle to the bicontinuous microemul-
sion channels.

The measurement was also carried out on the
DC/CIO system, and the result is shown in Fig. 5. Dsel

for water decreases monotonically depending on the
oil/water ratio. The Dsel for DC remains low and con-
stant up to a oil-water ratio of 3/7 and then raises
steeply. As the DC system (Fig. 4), it is quite reason-
able to conclude that water and the DC molecules
change their location starting from a oil-water ratio of
3/7. Based on the findings from the phase diagram and
the Dsel measurements, it is assumed that the transfor-
mation from a L1 to the D phase takes place around the
ratio of 3/7.

3･5 Characterization of the ME Regions by

Viscosity Measurement

The zero shear viscosity of the ME phase was meas-
ured to obtain basic data on the solution behavior. It is
clear from the Fig. 6 (DC system) that the viscosity

551
J. Oleo Sci., Vol. 53, No. 11, 547-555 (2004)

Fig. 5 Correlation between Oil-Water Ratio and Dsel for
DC (open circles) and Water (closed circles), in ME
Prepared in DC/CIO/PGMI/15 % Ethanol Aqueous
Solution System.

Fig. 4 Correlation between Concentration of DC and Dsel

for DC (open circles) and Water (closed circles), in
ME Prepared from a DC/PGMI/15 % Ethanol
Aqueous Solution System.
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increases steeply from the DC concentration of 9%. The
point at which the viscosity start increasing coincide
with that of the Dsel increase in the same system. It is
reasonable to conclude that the results are caused by a
steep increase in the aggregation number.

On the other hand, with increasing oil/water ratio in
DC/CIO system, the zero-shear viscosity of the ME
increases up to a maximum at around 1/1, and then
decreases (Fig. 7). The maximum value is nearly 1,000
mPa･s, which is 70 times larger than the value of a

water-rich solution (14 mPa･s). The maximum viscosi-
ty is the reflection of the maximum of the aggregation
number at around the ratio of 1/1. Similarly to a
water/hydrocarbon oil/nonionic surfactant system,
structural changes of aqueous micellar solution (L1) -
bicontinuous microemulsion (D) - reversed micellar
solution take place depending on the oil-water ratio.

3･6 Characterization through the Neigh-

boring La Phase in the DC/CIO System

The La phase in the pseudo ternary system (Fig. 3) at
a constant surfactant/water ratio of 7/3 was studied by
means of small-angle X-ray scattering, and Dsel meas-
urement to gain insight on the relationship with the
neighboring ME phase.

The correlation between interlayer spacing and the
amount of oil is shown in Fig. 8. The interlayer spacing
d is 7.5 nm in the absence of oil, and increases mono-
tonically with increasing amount of oil, and reaches a
maximum of 17 nm at around the phase boundary with
the 2-phase region. In this composition range, Dsel for
water stays constant at 4× 10-10 m2･s-1, while Dsel for
oil increases monotonically with increasing concentra-
tion of oil (Fig. 9). It is reasonable to attribute this
result to the uptake of oil between the layers of the
lipophilic groups resulting in the broadening of the
interlayer spacing.
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Fig. 6 Zero Shear Viscosity of ME in DC/PGMI/15%
Ethanol Aqueous Solution System.

Fig. 8 The Effect of Oil Concentration on the Interlayer
Spacing of the La Phase at a Constant PGMI/15%
Aqueous Solution Ratio of 7/3 in the DC/CIO/
PGMI/15% Ethanol Aqueous Solution System.

Fig. 7 Zero Shear Viscosity of ME in DC/CIO/PGMI/15%
Ethanol Aqueous Solution System.
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It is worthwhile to compare a series of Dsel values
measured along the ME region and along the La 1-
phase region, especially above the oil-water ratio of 6/4,
where La and ME compositions become close to each
other. Values of Dsel for water in both phases agree well
at 4× 10-10 m2･s-1. On the other hand, Dsel for DC
shows similar values that are smaller than free Dsel of
DC by one order of magnitude. These results suggest a
structural correlation between the phases.

3･7 FF-TEM Observation

Electron micrograph from the ME solution with oil-
water ratio 1/1 in DC/CIO/PGMI/15% ethanol aqueous
solution system is shown in Fig. 10. One can observe a
typical texture of bicontinuous ME, so-called sponge
structure (12). The image of the microstructure of the
ME reveals a zero mean curvature structure of the sur-
factant monolayers between the water and oil channels.
In several parts of the micrograph, it is possible to fol-
low the channel over large distances over a micrometer.

By closer observation, oil domains with smooth
appearance and aqueous domains with grainy appear-
ance can be discriminated. The smooth areas are frac-
ture faces of the oil domain, whereas the grainy areas
were caused by formation of many small ice grains on
the aqueous domains that were eroded by etching.

3･8 Detergency of Cosmetic Soils Contain-

ing Silicone Resin in the Bicontinuous

ME Phase

As discussed above, structural change takes place
according to the oil-water ratio. The oil-water ratio
dependence on detergency is shown Fig. 11. The cos-
metic soil contains 3% of silicone resin. While the
detergency is relatively low in the water-rich region, it
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Fig. 10 Electron Micrograph of a Replica of a ME
Solution with Oil-Water Ratio 1:1 in DC/CIO/
PGMI/15% Ethanol Aqueous Solution System.
The bar is equal to 100 nm.

Fig. 9 The Effect of the Oil Concentration on Dsel for DC
(open circles) and Water (closed circles), in La

Phase at a Constant PGMI/15% Aqueous Solution
Ratio of 7/3 in DC/CIO/PGMI/15% Ethanol
Aqueous Solution System.

Fig. 11 Correlation between Oil-Water Ratio and Relative
Detergency of Cosmetic Soils Containing Silicone
Resin in ME Prepared from DC/CIO/PGMI/15%
Ethanol Aqueous Solution System.
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increases according to the oil-water ratio, and passed
over maximum at the ratio of 7/3.

Not only the permeability and dispersing ability of
ME phase, but also the miscibility of silicone resin with
DC should be considered. The ratio of 1/1 to 7/3 seems
to be optimum for both factors resulting in excellent
detergency.

4 Conclusion

In pseudo ternary phase diagram consisting of a POE
alkyl type surfactant PGMI, a cyclic siloxane oil DC,
and 15% ethanol aqueous solution system, the self-
organized structures such as a ME, a La, and a L2 solu-
bilize small amount of DC. However, by replacing half
the amount of DC by a polar oil CIO, these regions
extend toward oil corner drastically. This change is due
to improvement of the miscibility between PGMI and
oil. Self-diffusion coefficient and zero-shear viscosity
measurements revealed the transformation from L1 to
bicontinuous type ME. The bicontinuous ME phase
with zero mean curvature structure can be prepared
beyond the oil-water ratio 3/7. On the other hand, the
ME in the pseudo ternary phase diagram shows maxi-
mum detergency for oil-water ratios between 1/1 to 7/3.
From these results, it is concluded that bicontinuous
type microemulsion containing DC is suitable for
cleansing cosmetic soil containing silicone resin.
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