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COLLOIDS IN PHARMACEUTICAL AND BIOLOGICAL APPLICATIONS

Formation and stability of nano-emulsions
in mixed nonionic surfactant systems

Abstract The formation of nano-
emulsions has been studied in water/
mixed nonionic surfactant/oil sys-
tems using two emulsification meth-
ods. In one method, the composition
was kept constant and the tempera-
ture was changed (phase-inversion
temperature, PIT, method), while in
the other method, water was added
dropwise to a solution of the mixed
surfactants in oil at constant tem-
perature (method B). The droplet
size and stability were determined as
a function of surfactant mixing
ratio, Wy, at 25 °C. The droplet size
of nano-emulsions obtained by the
PIT method is practically indepen-
dent of W, and falls in the range
60—80 nm. In contrast, the droplet
size of nano-emulsions prepared by
method B, is highly dependent on
W, and varies between 60 and

300 nm. At W, values where the PIT
or the hydrophile-lipophile balance
temperature (T g) of the system is
close to 25 °C, the droplet sizes of
the nano-emulsions are similar for
both emulsification methods. There
are three equilibrium phases of the
latter compositions: an aqueous
micellar solution or oil-in-water
microemulsion (W,,), a lamellar
liquid-crystalline phase and an oil
phase (O) in addition, these nano-
emulsions showed higher kinetic
stability than those with lower W,
values (higher Ty g) and consisting
of two liquid phases (W, + O).
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Introduction

Emulsions are thermodynamically unstable liquid/lig-
uid dispersions formed, generally, by water, oil and
surfactant mixtures [l, 2]. The type of emulsion that
forms in a water/poly(oxyethylene glycol) alkyl ether
surfactant/oil system is highly dependent on tempera-
ture. At low temperatures, the surfactant is mainly
soluble in water giving rise to emulsions of the oil-in-
water (O/W) type. These emulsions separate into two
liquid phases: an aqueous micellar solution or oil-in-
water microemulsion (W,,) and an excess oil phase (O)
(Winsor I system). At high temperatures, the surfactant
is preferentially soluble in oil and the emulsions are of

the water-in-oil (W/O) type. Two phases are also
present at equilibrium: an aqueous phase (W) and a
reverse micellar solution or W/O microemulsion phase
(On) (Winsor II system). At an intermediate temper-
ature, the so-called hydrophile-lipophile balance (HLB)
temperature (7Tyrg) or the phase-inversion temperature
(PIT), the hydrophilic-lipophilic properties of the
nonionic surfactant are balanced [3]. At the HLB
temperature, a transition from O/W to W/O emulsions
takes place. The emulsions consist of three liquid
phases in single-surfactant systems at this temperature:
excess water and oil phases and a bicontinuous
microemulsion phase (D) (Winsor III system) [4-6]. It
is well know that emulsions showing Winsor III phase
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equilibria. (e.g. near or at the Ty ) are very unstable
owing to the extremely low values of the interfacial
tension between the different phases [7-11]. In a mixed
nonionic surfactant system, the hydrophilic-lipophilic
properties are dependent on the surfactant mixing ratio
at constant temperature. In the dilute region of these
systems, the structure of the third phase may be a
bicontinuous microemulsion [4, 6] or a liquid-crystal-
line phase [12, 13].

Nano-emulsions are a class of emulsions with a
droplet size in the range 50-500 nm and have attracted
a great deal of attention in recent years because of their
wide range of practical applications [14-16]. Nano-emul-
sions are, generally, stable against sedimentation or
creaming, owing to their small droplet size. The main
ageing process in nano-emulsion destabilization is usu-
ally Ostwald ripening [17, 18]. In Ostwald ripening the
larger droplets grow at the expense of smaller droplets
owing to the different Laplace pressure in droplets of
different sizes. The Ostwald ripening rate, according to
the Lifshitz, Slezov and Wagner theory [19-21] is given
by w = dr'/dt = 8C.yVmD/9pRT, where r is the
average droplet radius, ¢ is time, y is the interfacial
tension, D and C., are the diffusion coefficient and the
solubility of the droplet phase material in the bulk phase,
respectively, V,, its molar volume, p is the density and T’
the temperature. This equation predicts a linear rela-
tionship between r* and r.

We have reported, recently, nano-emulsion forma-
tion in a water/technical grade nonionic surfactant/oil
system, at certain W/O ratios, when water is added
stepwise to an oil/surfactant mixture [22]. However,
when oil is added to water/surfactant mixtures, nano-
emulsions are not obtained. These results could not be
explained in terms of the equilibrium properties since
the final composition of the emulsions was the same. It
was suggested that the phase transitions during emul-
sification could play a key role in nano-emulsion
formation. In order to gain a better understanding of
nano-emulsion formation, it was considered of interest
to determine the relationship between the emulsifica-
tion method, the nano-emulsion droplet size and
stability in systems with mixtures of pure nonionic
surfactant.

Experimental

Materials

Homogeneous nonionics surfactants, tetracthylene glycol dodecyl
ether (C|,E,), tetraethylene glycol tetradecyl ether (Ci4E,), tetra-
ethylene glycol hexadecyl ether (C;¢E4) and hexaethylene glycol
dodecyl ether (Cj,E¢) were supplied by Nikko Chemicals Co
(Japan). n-Decane (purity above 99%) and NaCl (purity above
99.5%) were obtained from Merck. Water was deionized by Milli-
Q filtration.

Methods
HLB temperature

Ty was determined by conductivity with a Crison model 525
conductimeter, with a Pt/platinized electrode. The samples were
prepared with an electrolyte solution (NaCl 107> M) instead of
pure water. The conductivity of samples with different surfactant
mixing ratios was measured as a function of temperature.

Phase behavior

Samples with different surfactant mixing ratios and constant total
surfactant concentration of 5 wt% and a W/O ratio of 80:20 were
prepared and sealed in vials. The samples were stirred and kept in a
thermostatted bath at 25 °C until equilibrium was reached. The
presence of liquid-crystalline phases was detected by using crossed
polarizers.

Emulsion formation

The emulsions were prepared by two low-energy emulsification
methods (Fig. 1). In the PIT method the sample is kept at Ty p
and the O/W emulsion is obtained by quickly lowering the
temperature to 25 °C. In method B, water is added little by little
with agitation to a solution of surfactant plus oil at a constant
temperature of 25 °C.

(CE,+CLE)
T=Tue
PIT
/P y Method B
Water Decane

P: S =5 wt%, W:0 = 80:20

Fig. 1 Schematic representation of two emulsification methods:
phase-inversion temperature (PI7) and method B

Droplet size

The emulsion droplet size was determined by dynamic laser light
scattering (Malvern 4700).

Stability

The emulsion stability was assessed by measuring the emulsion
droplet size as a function of time at 25 °C.
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Results and discussion
Txip and emulsion type

Conductivity plots as a function of temperature are
shown in Fig. 2 for one of the systems studied, water/
(Ci6E4 + Ci5E¢)/decane, at three values of the surfac-
tant mixing ratio, W, (defined as the weight fraction of
the most lipophilic surfactant over the total surfactant).
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Fig. 2 Conductivity as a function of temperature for the system
(aqueous solution 107> M NaCl)/Ci¢Es + Cj,Eg/decane. W/O =
80:20, S=5 wt%

Independently of the system, the features of the conduc-
tivity curves are similar: as the temperature increases, the
conductivity initially increases slightly and then experi-
ences an abrupt decrease to low values which is followed
by an increase to intermediate values and a final decrease
to very low values. The higher the I, value the lower the
temperature at which these drastic conductivity changes
occur. Similar conductivity changes were described for
the water/C,,E4/decane system [23] and were related to
the phase behavior of the system. Accordingly, the first
drop in conductivity can be attributed to the formation
of a lamellar liquid-crystalline phase and the following
slight increase in conductivity to the formation of a
bicontinuous microemulsion phase or an L3 phase. The
overall conductivity changes indicate that emulsions
invert from O/W to W/O via lamellar and bicontinuous
phases. That is, the surfactant molecules change their
affinity from water to oil or, in other words, the natural
curvature of the surfactant changes from positive to
negative through zero values of curvature [6, 24, 25]. In
this work, Typp is taken as the mean temperature
between the maximum and minimum values of conduc-
tivity. A linear relationship between Ty and W for the
three water/(C;E4 + Ci,E¢)/decane systems studied,
i=12, 14, 16, is shown in Fig. 3. As expected, THyrp
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Fig. 3 Hydrophile-lipophile balance (HLB) temperature, Ty g, as a
function of surfactant mixing ratio, W,

decreases with the increase in the lipophilicity of the
surfactant mixture [6, 12]. Since in water/nonionic
surfactant/oil systems the emulsions are O/W below
Txirg and W/O above it, the emulsions reported in this
work are of the O/W type at 25 °C and at the surfactant
mixing ratios considered.

Emulsification and emulsion droplet size

The emulsions were prepared according to the low-
energy emulsification methods (PIT and method B)
described in the Experimental section and shown sche-
matically in Fig. 1. The droplet size of the emulsions
obtained by the PIT method as a function of W, is shown
in Fig. 4. Independently of the system and the surfactant
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Fig. 4 Droplet size as a function of W, obtained by the PIT
emulsification method in water/(C;E4 + C;Eg)/decane systems
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mixing ratio, the nano-emulsions obtained by this
method have similar droplet size (between 60 and
80 nm). In contrast, the droplet size of emulsions
obtained by method B depends on both the system and
the surfactant mixing ratio (Fig. 5). Nevertheless, the
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Fig. 5 Droplet size as a function of W, obtained by emulsification
method B in water/(CiE, + CE¢)/decane systems

tendency of the changes in droplet size versus W is
similar: at low W (high hydrophilic surfactant content in
the mixture), the droplet sizes are of the order of 150 nm;
as W increases, the droplet sizes also increase reaching a

maximum, after which they decrease to values around
50 nm, of the same order as those obtained by the PIT
method. The equilibrium phases present in the system are
also indicated in Fig. 5. Emulsions belonging to the
system with the most lipophilic surfactant, Ci,E4, consist
of an O/W microemulsion phase (W,,) in equilibrium
with an excess oil phase (O) at all W, studied. However,
in the other two systems, water/(C4E4 + C|,E¢)/decane
and water/(CE4 + C,E¢)/decane the phase equilibri-
um at W, values where the smallest droplet sizes are
obtained, consist of a lamellar liquid-crystalline phase
(L,) in equilibrium with W, and O phases. It could be
thought that the presence of the L, phase was the cause
for the smallest values of the droplet size in nano-emul-
sions obtained by method B. However, in the system
with C,E4, although the droplet sizes are as small as in
the other systems, the L, phase is not present. The
explanation of these results could lie in the fact that the
Tuip values of the compositions giving the smallest
droplet sizes are very close to 25 °C, the temperature at
which the emulsions are prepared.

Although the nano-emulsions obtained at composi-
tions near THLB (W1:O70 in C12E4 + C12E6,
W1 =0.55 in (C14E4 + C12E6) and W1 =0.50 in
(Ci6E4 + C|5E¢) mixtures) showed similar droplet size,
the stability of those belonging to the (C,E4 + C;,E¢)
system was considerably lower than nano-emulsions of
the other two systems; therefore, the higher stability
near the HLB temperature could be due to the presence
of a liquid-crystalline phase. It has been reported that
emulsion stability is very low at temperatures close to
the HLB temperature owing to the low interfacial
tensions achieved, which enhance thermal fluctuations
on the monolayers [7-11]; however, it should be noted
that it is true when only liquid phases are involved in
the phase equilibrium. When a liquid-crystalline phase
is present, the stability is considerably enhanced at the
HLB temperature. The evolution of the droplet size as a
function of time allowed us to estimate the nano-emul-
sion stability. The radius, r, to the third power is plotted
as a function of time for nano-emulsions obtained by
the PIT method in water/(C4E4 + C;,E¢)/decane and
in water/(C¢E4 + C3Eg)/decane systems at different
W, values in Figs. 6 and 7. The linear variation of r* as
a function of time indicates that the mechanism of
instability can be attributed to Ostwald ripening. The
Ostwald ripening rate obtained from the slope of the
straight lines of Figs. 6 and 7 is shown in Fig. 8 as a
function of W,. The phase equilibrium is also indicated
in Fig. 8. The more stable nano-emulsions are those
where a liquid-crystalline phase is present. In the system
Containing (C12E4 + C12E6) mixtures, the Ostwald
ripening rate was found to be about 2 orders of
magnitude higher than that of the other two systems.
Creaming followed by coalescence was also observed in
that system.
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Fig. 6 Variation of ~° with time in emulsions of the water/

(Ci4E4 + CyEg)/decane. system prepared by the PIT method
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Fig. 7 Variation of r* with time in emulsions of the water/(C;¢Es +
C,E¢)/decane system prepared by the PIT method

Conclusions

Nano-emulsions were obtained in a mixed surfactant
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Fig. 8 Ostwald ripening rate as a function of I, in emulsions of the
water/(CE; + C),E¢)/decane system, i=12, 14, 16, obtained by the
PIT method

and addition of water to a surfactant and oil solution
(method B). The droplet size of the nano-emulsions
obtained by the PIT method (in the range 60—80 nm) is
independent of W;. In contrast, the droplet size in
emulsification method B (in the range 60-300 nm) is
highly dependent on W;.

Near Tyrp, where the equilibrium phases are
(W, + L, + O), nano-emulsions obtained by the two
methods have similar droplet size. The most stable
nano-emulsions were obtained in the vicinity of Tyrp
where the equilibrium phases are (W, + L, + O). The
main mechanism of destabilization of nano-emulsions
belonging to the (W, + O) region is Ostwald ripening.
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