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ABSTRACT: In vegetable oil-ethanol emulsions ethanol is the
polar phase and vegetable oil is the nonpolar phase. The primary
advantage of vegetable oil-ethanol emulsions over conventional
water—oil emulsions is that they enable the incorporation of
water- and oil-insoluble or poorly soluble functional compounds
and/or drugs into emulsions. A number of nonionic surfactants
were used to select appropriate stabilizers for stable vegetable
oil-ethanol emulsions. We found decaglycerol mono-oleate
(MO750) to be the best stabilizer for ethanol-in-oil (E/O) emul-
sions. The effects of ethanol content and of emulsifying agent
concentration on the stability of vegetable oil-ethanol emulsions
were examined with MO750. After emulsification, two turbid
layers formed simultaneously when ethanol content exceeded
20 wt%. The top layers (oil-in-ethanol emulsions; O/E emulsions)
were very unstable, whereas the stability of the bottom layers
(E/O emulsions) depended on the ethanol content. The stability
of E/O emulsions is closely related to the effective concentration
of MO750 aggregates, which play an important role in the film
thickness stability of interfacial films formed by surfactant aggre-
gates. Instability of E/O emulsion at 5 wt% MO750 is probably
due to the polydispersity (i.e., nonuniform size and shape) of
MO750 aggregates at high MO750 concentration. E/O emul-
sions prepared with 0.1, 0.5, and 1 wt% MO750 were stable,
suggesting that the interfacial films formed were effective in pro-
tecting the droplets against coalescence and Ostwald ripening.
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Research into substitutes for conventional petroleum-based
fuels has led to the development of vegetable oil-alcohol
microemulsions to be used as biodiesel (1). A vegetable
oil-ethanol microemulsion for possible biofuel utilization was
developed using monoolein as the surfactant; its structure was
clarified with a dynamic light-scattering spectrophotometer
and small-angle X-ray scattering (SAXS) in our laboratory (2).
Besides use as biodiesel, the vegetable oil-ethanol system
holds promise as an emulsion system to overcome the solubil-
ity limitation of conventional water—oil emulsion systems (i.e.,
water-in-oil or oil-in-water emulsions or their double emul-
sions). Although much attention has been paid to vegetable
oil-alcohol microemulsions, few studies have been conducted
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on vegetable oil-alcohol emulsions. The study of such an
emulsion system may make possible the incorporation of
water- and oil-insoluble or poorly soluble functional com-
pounds or anticancer drugs into emulsions. Our current work
is directed toward nonionic surfactant (decaglycerol mono-
oleate; MO750)-stabilized vegetable oil-ethanol emulsions.

MO750 completely dissolves and disperses in 95% ethanol
but exhibits poor monomer solubility in oil. It exists as a spheri-
cal structure with a radius of gyration of about 7 A in 95%
ethanol and forms aggregates with a radius of gyration of nearly
90 A in oil (3). In a vegetable oil-ethanol system, the nonionic
surfactant MO750 has only a limited effect on the interfacial
tension between the two phases (3). Consequently, it appears
that the surface-active stabilization-driving mechanism (i.e., the
Gibbs-Marangoni effect) and the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory (4) cannot be used to explain the sta-
bility of vegetable oil-ethanol emulsions. We consider the sta-
bilization of a vegetable oil-ethanol emulsion to be closely re-
lated to the monomer solubility and dispersion behavior of
MO750 in the ethanol and the oil phases, and especially to the
presence of aggregates of MO750 in the oil phase after emulsi-
fication. A possible stabilization mechanism based on the strati-
fication theory (5-9) and the diffusion redistribution concept
(4,10) was proposed for E/O emulsions stabilized by MO750
(3). The mechanism involves (i) the diffusion of MO750 from
the ethanol phase to the oil phase in the nonpre-equilibrated con-
dition, resulting in the concentration of MO750 at the
ethanol/oil interface and the formation of MO750 aggregates at
the interface of the two phases; and (ii) the formation of ordered
layers of MO750 aggregates inside the interfacial film, possibly
contributing to the long-term stability of E/O emulsions.

The results of selection of suitable emulsifying agents for
the preparation of stable model vegetable oil-ethanol emul-
sions [i.e., ethanol-in-oil (E/O) emulsions or oil-in-ethanol
(O/E) emulsions] are presented. We discuss the influence of
ethanol content on the stability of vegetable oil-ethanol emul-
sions stabilized by MO750 and the effect of MO750 concen-
tration on E/O emulsion stability. Discussion of the stabiliza-
tion mechanism related to the buildup of MO750 aggregate
layers inside the interfacial film is presented.

EXPERIMENTAL PROCEDURES

Materials. High-oleic sunflower oil (oleic acid content >90%)
was supplied by Nippon Lever Co. Ltd. (Tokyo, Japan).
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TABLE 1
Effect of Emulsifier Type on the Stability of Oil-in-Ethanol (O/E) Emulsions
Emulsion
Number Emulsifiers? HLB? stability (d)
1 Monoolein <1
2 Sorbitan monolaurate (Span 20) 8.6 <1
3 Polyoxyethylene(20) sorbitan trioleate (Tween 85) 11.0 <1
4 Polyoxyethylene(20) sorbitan monooleate (Tween 80) 15.0 <1
5 Polyoxyethylene(20) sorbitan monostearate (Tween 60) 14.9 <1
6 Polyoxyethylene(20) sorbitan monopalmitate (Tween 40) 15.6 <1
7 Decaglycerol mono-caprylate (MCA750) 16.0 <1
8 Tetraglycerol mono-laurate (ML310) 10.3 <1
9 Hexaglycerol mono-laurate (ML500) 13.5 <1
10 Decaglycerol mono-laurate (ML750) 14.8 <1
11 Tetraglycerol mono-oleate (MO310) 8.8 <1
12 Hexaglycerol mono-oleate (MO500) 11.6 <1
13 Decaglycerol mono-oleate (MO750) 12.9 <1
14 Lecithin (from soybean) 1-2
15 Lecithin (from egg yolk) 1-2

“Emulsifiers Nos. 1 and 7-13 were kindly provided by Taiyo Kagaku Co., Ltd. (Yokkaichi, Japan) and
Sakamoto Yakuhin Kogyo Co., Ltd. (Osaka, Japan), respectively. Nos. 2-6, 14, and 15 were pur-
chased from Wako Pure Chemlcal Industries, Ltd. (Osaka, Japan).

bHLB is the hydrophile-lipophile balance of an emulsifier. Monoolein, lecithin, and lipophobic
emulsifiers were used. All the samples were prepared with an ethanol-to-oil ratio of 8:2 w/w and an
emulsifier concentration of 5 wt%.

Ethanol, containing by volume 95% ethanol and 5% water, was
purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). The emulsifying agents used in this study are shown in
Tables 1 and 2.

Preparing emulsions. Our aim was to produce an emulsion
system with an average diameter of several micrometers;
therefore, considering the properties of the system, all the
emulsions were prepared with a low-shear homogenizer
(Polytron® PT3000; Kinematica AG, Lucerne, Switzerland)
at 3,000 rpm for 10 min. Because the volume of the sample
significantly influences the emulsification effectiveness, as
confirmed by our preliminary experiments and reported by
Pearce and Kinsella (11), the volume of samples was kept

constant at 30 mL. The space between the neck of the vial and
the rotating shaft was sealed with Parafilm to prevent evapo-
ration of ethanol during homogenization. Samples were pre-
pared in duplicate for screening tests and in triplicate for other
measurements. After emulsification, samples were kept at
room temperature. Emulsion stability was judged by the time
taken for complete phase separation.

Measuring droplet size and size distribution. We used a
laser diffraction particle size analyzer for highly turbid sam-
ples (SALD-200V-ER-HC; Shimadzu Co., Kyoto, Japan) to
measure droplet size and size distribution of the emulsions.
To prevent multiple scattering effects, samples were placed
into the narrow space between two specially made glass

TABLE 2
Effect of Emulsifier Type on the Stability of Ethanol-in-Oil (E/O) Emulsions
Emulsion
Number Emulsifiers? HLB? stability (d)
1 Monoolein <1
2 Sorbitan trioleate (Span 85) 2.0 <1
3 Sorbitan monooleate (Span 80) 4.3 1-2
4 Sorbitan monostearate (Span 60) 6.5 1-2
5 Sorbitan monopalmitate (Span 40) 7.7 1-2
6 Decaglycerol deca-oleate (DAO750) 3.0 <1
7 Tetraglycerol mono-oleate (MO310) 8.8 ~20
8 Hexaglycerol mono-oleate (MO500) 11.6 ~40
9 Decaglycerol mono-oleate (MO750) 12.9 ~150
10 Tetraglycerol penta-oleate (PO310) 3.0 <1
11 Hexaglycerol penta-oleate (PO500) 4.9 <1
12 Lecithin (from soybean) 1-2
13 Lecithin (from egg yolk) 1-2

“Emulsifiers Nos. 1 and 6-11 were kindly provided by Taiyo Kagaku Co., Ltd. and Sakamoto Yakuhin
Kogyo Co., Ltd., respectively. Nos. 2-5, 12, and 13 were purchased from Wako Pure Chemical In-
dustries, Ltd. See Table 1 for supplier locations.

bHLB is the hydrophile-lipophile balance of an emulsifier. Monoolein, lecithin, polyglycerol esters
of mono-oleate, and lipophilic emulsifiers were used. All samples were prepared with an oil-to-
ethanol ratio of 8: 2 w/w and an emulsifier concentration of 5 wt%.
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slides. This obviated the need for dilution, with its attendant
negative effects. Measurements were repeated at least three
times per sample, and mean values were calculated.
Measuring viscosity. Viscosity was measured on a microvis-
cosimeter from Haake (Karlsruhe, Germany). Measurements
were repeated five times, and mean values were calculated.

RESULTS AND DISCUSSION

Selecting appropriate emulsifying agents. The emulsifying
agents listed in Table 1 were used in the screening test for O/E
emulsions. All the emulsions obtained were very unstable.
Complete phase separations were observed within 1 or 2 d.
Consequently, attempts to develop stable O/E emulsions
failed. The screening test results of E/O emulsions are pre-
sented in Table 2; all the emulsifiers studied showed poor sta-
bilizing properties except for polyglycerol mono-oleates. Of
these, MO750 was the best stabilizer for E/O emulsions.
Therefore, further studies were carried out with MO750.
Effect of ethanol content on emulsion stability. Ethanol
content affected the formation and stability of vegetable
oil-ethanol emulsions (Fig. 1). When ethanol content ex-
ceeded 20 wt%, two turbid layers coexisted in the sample
vials after homogenization. From the densities of oil and
ethanol (Table 3), it was obvious that the top layer was oil
droplets dispersed in ethanol (i.e., O/E emulsion) and the bot-
tom layer was ethanol droplets dispersed in oil (i.e., E/O
emulsion). The phenomenon of two turbid emulsified layers
coexisting in a sample vial supports an idea proposed by
Davies and Riedal and affirmed by Ivanov and Kralchevsky
(10). They suggested that both types of emulsions are formed
during homogenization, but only the emulsion with a lower
coalescence rate survives. The turbidity of the top layer in-
creased with ethanol content. Top layers were very unstable,
becoming clear within 1 d. In contrast, the emulsified bottom
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FIG. 1. Layers formed 1 h after homogenization in samples containing
1 wt% MO750 (decaglycerol mono-oleate), prepared with different
ethanol contents.
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TABLE 3
Characteristic Parameters of the Phases (at 25°C)

Phase Density (g/cm3)

Viscosity (mPa-s)

95% Ethanol 0.81 1.274
Oil 0.91 59

“From Reference 20.

layers were more stable, and their stabilities depended on
ethanol content. That is, for an ethanol content of 80 wt%, the
stability of the E/O emulsion was <1 d. The remaining ethanol
contents (%) tested had the following stabilities (d): 70, <1;
60, <1; 50, <2; 40, <4; 30, <4; 20, <150; and 10, >365. [All
samples were prepared with 1 wt% MO750 (in total sample).
MO750 was dissolved in ethanol and then mixed with oil with
a homogenizer. After emulsification, samples were kept at
room temperature. ]

For an ethanol content of 20 wt%, only one turbid layer
(i.e., E/O emulsion) was observed immediately after homog-
enization. However, an apparent free-ethanol phase appeared
on the top of the emulsified layer within 1 h. For an ethanol
content less than 10 wt%, only one stable turbid emulsified
layer (E/O emulsion) was formed. Complete phase separation
was observed after more than 1 yr at room temperature (in a
range of 0 to 40°C) and after about 3 mon at 45°C. Smaller
droplet size and higher emulsion viscosity were observed at
lower temperatures, suggesting that higher stability could be
achieved at a lower storage temperature.

As we indicated earlier, the surface-active stabilization-
driving mechanism (i.e., the Gibbs-Marangoni effect) and the
DLVO theory do not explain the stability of vegetable
oil-ethanol emulsions. The stabilization of vegetable
oil-ethanol emulsions is likely related to the stratification of
MO750 aggregates in the interfacial film. Stratification takes
place when the continuous phase contains small colloidal par-
ticles such as micelles or latex spheres (4). For the top emul-
sified layers (O/E emulsions), no aggregates of MO750
formed in the ethanol phase (the continuous phase), since
MO750 was completely dissolved and dispersed in the
ethanol phase as a result of its high solubility in the solvent.
This was confirmed in our previous study of the dispersion
behavior of MO750 in ethanol with SAXS (3). Therefore, one
might surmise that the interfacial film formed without aggre-
gate layers was very weak and that the droplets would coa-
lesce rapidly, which was confirmed by microscopic examina-
tion. The instability of the O/E emulsions is also due to low
viscosity of the continuous (ethanol) phase (Table 3). Accord-
ingly, a stable O/E emulsion is difficult to prepare.

In contrast, the greater stability observed in the bottom-
emulsified layers (the E/O emulsions) is probably a result of
the distribution of MO750 between the two layers of the sam-
ples. Since all the samples were prepared with a constant
MO750 concentration of 1 wt% (in total sample), the lower
the ethanol content, the less MO750 would be in the top layer,
and the more MO750 would be in the bottom layer after
emulsification. Therefore, the concentration of MO750 in
bottom layers would increase with the decrease in ethanol
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content. In consequence, more MO750 would concentrate and
form aggregates at the interface of the two phases, thus mini-
mizing the unfavorable contact area between the hydrophilic
groups of the surfactant and oil and resulting in an increase in
the effective aggregate concentration. As pointed out by
Nikolov et al. (13), film particle structuring is greatly influ-
enced by the effective micellar concentration. Thus, an in-
crease in effective concentration of MO750 aggregates as the
ethanol content decreases may enhance the buildup of ordered
aggregate layers, strengthening the interfacial films. High vis-
cosity of the continuous phase (the oil phase) (Table 3) will
also contribute to the stability of E/O emulsions, lowering the
mobility of the droplets and thus preventing coalescence. Ac-
cordingly, the tendency toward O/E or E/O emulsion depends
on the properties of the oil and ethanol, the solubility and the
dispersion behavior of an emulsifying agent in the two
phases, and the ethanol content. The higher stability of E/O
emulsion compared to O/E emulsion may be attributed to the
layering of MO750 aggregates inside the interfacial film and
the high viscosity of the continuous phase (Table 3), vital to
keeping the droplets from coalescence.

Studies of the effect of ethanol content on the stability of
oil-in-water emulsions stabilized by sodium caseinate have
shown that the presence of a low content of ethanol (~15%)
can enhance emulsion stability. This has been attributed to the
interfacial tension reduction effect of ethanol. In contrast, the
presence of a high content of ethanol (exceeding 30%) can re-
sult in an unstable emulsion owing to protein precipitation.
The addition of alcohol also reduces steric stabilization and
electrostatic stabilization (14). The instability at high ethanol
content of vegetable oil-ethanol emulsions stabilized by a
nonionic surfactant is apparently caused by a different mech-
anism. The high ethanol content obstructs formation of ag-
gregates of the nonionic surfactant and hence the layering of
MO750 aggregates, resulting in the formation of a weak in-
terfacial film. Knowledge of the effect of the polar phase con-
tent on effective aggregate concentration is necessary to the
formulation of ethanol-containing emulsions that are stabi-
lized by small-molecule surfactants. Furthermore, it may be
possible to predict the stability of this kind of emulsion by
measuring the dispersion behavior and/or the solubility of an
emulsifying agent in the two phases of an emulsion.

Effect of MO750 concentration on the properties of E/O
emulsions. The effect of MO750 concentration on emulsion
characteristics was investigated by analyzing the apparent emul-
sion viscosity, emulsion droplet size, and size distribution. The
viscosities of the emulsions showed a slight increase with
MO750 concentration. For an MO750 concentration of 0.1 wt%
at 25°C (5 wt% alcohol), the viscosity was 39.6 mPAs; likewise,
the following wt% concentrations produced the corresponding
viscosities: 0.5, 40.5; 1, 42.6; and 5, 46.2. Although emulsifying
agents can also stabilize emulsions by increasing the viscosities
of emulsions and thus restricting the mobility of the emulsion
droplets and preventing coalescence, these viscosity measure-
ments imply that MO750 mainly stabilizes an E/O emulsion by
forming a rigid interfacial film, preventing droplet coalescence.
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The emulsions with 0.1, 0.5, and 1 wt% MO750 have
monomodal distributions and volume mean diameters of 2.4,
2.2 and 2.7 pm, respectively (Fig. 2). This suggests that the
characteristics of E/O emulsions are not greatly influenced by
MO750 concentration within a range of 0.1 to 1 wt% under
our experimental conditions. However, the emulsion prepared
with 5 wt% MO750 had a bimodal distribution, with a main
peak of large droplets, giving a bigger volume mean diameter
of 6.1 pm (Fig. 2). Complete phase separation occurred within
1 d. Surfactants, amphiphilic molecules, can form micelles and
lyotropic liquid crystalline by self-association, depending on
the surfactant concentration. The surfactant concentration can
influence the size and the shape of micelles, resulting in
changes in interfacial film characteristics and thus in emulsion
stability (12,15,16). Investigations of the effects of surfactant
concentration on the film thickness stability of films formed
by micellar layers (12,13) have shown that micellar layering
is very weak at low micellar concentrations, while micellar
layering is reduced due to micellar polydispersity at high mi-
cellar concentrations. This leads to lower thickness stability at
both low and high micellar concentrations. It has also been re-
ported that micellar polydispersity increases with increasing
micellar volume; the degree of polydispersity is high when it
approaches the micellar sharp transition (sphere to rod). Thus,
the instability of the E/O emulsion at 5 wt% MO750 (Fig. 2)
appears to be a consequence of the polydispersity of MO750
aggregates at high MO750 concentration. Our investigation
(3) of the dispersion behavior of MO750 in oil at various
MO750 concentrations has shown that it forms aggregates
with a radius of gyration of about 90 A in oil as well as a
higher-order structure that gradually becomes apparent as the
MO750 concentration increases (within a range of 0.1 to 2
wt%). The presence of the higher-ordered structure of MO750

20
—0—0.1wt%; ——0.5wt%;
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FIG. 2. Comparison of droplet size distributions of emulsions with dif-
ferent MO750 concentrations (5 wt% ethanol). Measurements were car-
ried out immediately after emulsions had been prepared. For abbrevia-
tion see Figure 1.
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may cause structural irregularity inside the interfacial film,
leading to markedly reduced film stability. The instability of
the E/O emulsion containing 5 wt% MO750 is probably the
result of the combined effect of the polydispersity of MO750
aggregates and the coexistence of the aggregates with the
higher-ordered self-assembly of MO750.

We also monitored the droplet size distribution of emulsions
with 0.1, 0.5, and 1 wt% MO750 over 20 d of storage. All the
emulsions were stable; there was no shifting of the peak to
larger volume mean diameters and no obvious change in the
width of the size distributions over the study period (Fig. 3). Al-
though the interfacial film formed by micellar layers at low mi-

15
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FIG. 3. Droplet size distributions of emulsions with 0.1, 0.5, and T wt%
MO750 (5 wt% ethanol). Measurements were carried out after prepara-
tion (), after 10 d (OJ), and after 20 d (A\). For abbreviation see Figure 1.

1189

cellar concentration was very weak (9,13), reduction of MO750
concentration to 0.1 wt% did not decrease the emulsion stabil-
ity, indicating that the interfacial films formed could provide
sufficient steric hindrance to prevent droplet coalescence.

In the case of ethanol-containing oil-in-water emulsions
stabilized by milk protein, Ostwald ripening was reported as
another factor in emulsion instability, due to the diffusion of
oil molecules from the droplet phase to the ethanol-contain-
ing aqueous phase (14,17). Since Ostwald ripening is a result
of the Gibbs effect, that is, the solubility of the droplet phase
material increases with the decrease in droplet size, the rate
of Ostwald ripening increases with the decrease in droplet
size and decreases with increase in droplet size. Therefore, its
influence is dominant in emulsions with a smaller droplet
size, becoming less important in emulsions with a larger
droplet size. Even though Ostwald ripening is significant
when the interfacial film formed is weak (17), it can be re-
duced by increasing the rigidness of the protein interfacial
layer through enzymatic cross-linking of milk protein (18,19).
Thus, a higher stability with respect to coalescence and
Ostwald ripening can be achieved. Ostwald ripening can be
characterized by the gradual shifting of the monomodal dis-
tribution to higher average droplet sizes, which differs from
coalescence. The latter tends to give shifting bimodal distri-
butions (19). Obvious Ostwald ripening was not observed in
the E/O emulsions with 0.1, 0.5, and 1 wt% MQO750, as the
monomodal distributions did not shift to large mean droplet
sizes (Fig. 3). This suggests that the interfacial films formed
were strong enough to protect the ethanol droplets against
Ostwald ripening. Another possible reason for no detectable
Ostwald ripening in the emulsions is probably the larger
droplet size studied in the present work (about one order of
magnitude larger than that in the literature), resulting in
slower Ostwald ripening.
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