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System  fulfilling  the requirements  for
the  appearance  of  the  “pre-Ouzo”
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a  b  s  t r  a  c  t

This  works  analyzes  the  aggregation  phenomena  occurring  in  a ternary  mixture  formed  by two  solvent
mutually  immiscible,  water and  eugenol,  and  a third  solvent  that  can act as  co-solvent  with  both,  thus
fulfilling  the  requirements  for  the  appearance  of  the  “pre-Ouzo”  effect.  The  combination  of  visual  obser-
vation  of  the samples  and GC–MS  allows  us to draw  a ternary  phase  diagram  for  the  system.  Dynamic
Light  Scattering  (DLS)  has  provided  information  on the  bulk  aggregation  occurring  in the  system,  and  also
eywords:
urfactantless microemulsions
ynamic Light Scattering
uzo effect

has given  good  insights  in  the  destabilization  of  the  pseudo-one  phase  region.  The  DLS  measurements
performed  in  different  paths  of  the phase  diagram  have  allowed  us  to establish  a critical  composition
for  destabilization  of  the one  phase  region,  having  equal  content  of the  components.  Stable  microemul-
sions  can  be  used  for solubilization  of  a model  insecticide,  opening  a  new  route  for  the  fabrication  of
biosustainable  formulations  fo
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1. Introduction

Microemulsions are ternary systems in which two liquid
phases, generally water and an oil, and an amphiphilic molecule
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Scheme 1. Molecular formulas

surfactant) lead to the spontaneous formation of a pseudo-single
hase optically isotropic and thermodynamically stable liquid dis-
ersion [1]. As well as other colloidal dispersions, microemulsion
ormation is strongly dependent on surfactant type and structure.
n contrast to emulsions that are thermodynamically unstable sys-
ems, with drops with sizes larger than 0.1 �m,  microemulsions
ontain very small droplets, with diameters typically within the
–50 nm range, and are stable systems [2].

From the seminal studies by Smith et al. [3] to most recent stud-
es [4–6] there is a strong controversy related to the possibility
f obtaining surfactant free microemulsions. In recent years, sev-
ral light and X-ray scattering studies and simulations have helped
o shed light on the formation of this particular type of colloidal
ispersion [7–9]. The formation of these surfactant free microemul-
ions occurs in ternary liquid mixtures containing two alcohols and
s sometimes named as “pre-Ouzo” effect or spontaneous emulsi-
cation. The miscibility of two of the liquids (A and B), mutually

mmiscible, occurs in presence of a third liquid, C, which is simul-
aneously miscible with A and B, e.g. A: water. B: octanol and C:
thanol [8].

Klossek et al. [9] showed the formation of well-defined
ggregates in the “pre-Ouzo” region for the system water/n-
ctanol/ethanol, more recently they found similar behaviour for the
ater/benzyl-alcohol/ethanol mixtures [6]. Diat et al. [7] found two

istinct nanoscopic pseudo-phases, the first one being enriched in
ctanol, whereas the second one was water-rich. Using molecular
ynamics simulations Schöttl et al. [8] demonstrated the formation
f nano-structures (micelle-like aggregates) in the ternary mixture
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ig. 1. Phase diagram for the system W/Eu/EtOH at 25 ◦C. The compositions of the
ifferent components are in weight fraction (wt%). The symbols indicate the dif-
erent compositions studied: two phase compositions (�) and pseudo-single phase
ompositions (©). The solid curve line represents the limit of the separation between
hase separated composition and pseudo-single phase composition, whereas the
otted circle defines the limit of the “pre-Ouzo” region. The dashes lines represent
ifferent tie lines obtained on the basis of GC–MS experiments. The different paths
re  identified with dotted lines and numbers from I to IX. The direction of the main
aths studied are indicated with arrows (paths I–III).
genol (a) and imidacloprid (b).

water/octanol/ethanol. The aggregates formed present different
characteristics to those from simple critical density fluctuations.
A similar behaviour was  also found by Fisher et al. [4]. Despite the
extensive research on this type of systems in recent years, so far it
is not possible to predict whether three given liquids will lead to
an “Ouzo” or “pre-Ouzo” region, and if so, in which concentration
range [4,6–10].

The present study is focused on the study of the forma-
tion of surfactant free microemulsions in the ternary system:
water/eugenol/ethanol. The solvent A (water) is miscible with sol-
vent C (ethanol), and the solvent C is miscible with compound B
(eugenol), whereas the miscibility of water and eugenol is neg-
ligible. The mixture fulfills the basic condition for presenting a
“pre-Ouzo” region, thus allowing one to prepare surfactant free
microemulsions. In recent years, the development of tailored non-
toxic surfactant free microemulsions has undergone a spectacular
development due to their potential interest as cargo systems for
controlled release of several actives [11–13]. As a consequence,
essential oils, such as eugenol, are considered good candidates for
the design of cargo systems, which can be used for controlling some
disease-vector proliferation, e.g. insects.

Essential oils are easily extractable, eco-friendly, biodegradable
compounds, presenting an almost negligible toxicity for mam-
mals. However, they are in general very effective against a wide
spectrum of insect pests [14–23]. This is particularly important
because it is well recognized that many essential oils derived from
plants are toxic, repellent, antifeedant, and/or growth and devel-
opment inhibitors for arthropods [24–26]. Among these essential
oils, eugenol has particular interest due to their strong insectici-
dal activity against different insect pests [27–29]. Eugenol is the
main constituent of several important essential oils such as clove
oil, pimenta berry, and bay and cinnamon leaves [30].

Furthermore, several studies have demonstrated that surfactant
free microemulsions [31,32] provides the bases for drug solubilisa-
tion due to the hydrotropic effect, which involves the solubilisation
phenomenon of a poorly soluble solute in a solvent due to the for-
mation of organized dispersed cluster of a second liquid [33]. Thus,
it is possible to use this type of systems to improve the solubil-
ity of drugs that are poorly soluble in water. This opens important
perspectives for the use of surfactant free microemulsions for the
encapsulation of pesticides, leading to new biodegradable formu-
lations for pest control that still maintain a relatively high activity.

In this paper, we study of the phase diagram of the ternary
mixture water/eugenol/ethanol, and analyze the aggregation phe-
nomena occurring along the one phase region. Furthermore, the
encapsulation of a poorly water soluble insecticide (imidacloprid)
inside the aggregates formed was  studied as proof of concept for
future developments of new formulations for pest control.

2. Materials and methods

2.1. Chemicals
Eugenol (IUPAC Name 4-allyl-2-methoxyphenol) (purity ≥99%)
was purchased from Sigma-Aldrich (Germany). Chemical struc-
ture of eugenol is shown in Scheme 1. Ethanol Absolute (99.5%)
was purchased from Panreac (Madrid, Spain). Imidacloprid was
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Table 1
Ethanol partitioning between water (EtOH in W)  and eugenol (EtOH in Eu) within
the  two  phases region of the phase diagram as was  determined by GC–MS.

wt% (W) wt% (Eu) wt% (EtOH) wt%  (EtOH in W)  wt%  (EtOH in Eu)

25.1 ± 0.2 49.9 ± 0.1 25.0 ± 0.2 50 ± 4 50 ± 4
29.9 ± 0.2 40.1 ± 0.2 30.0 ± 0.2 50 ±4 50 ± 4
50.1 ± 0.1 25.0 ± 0.2 24.9 ± 0.2 74 ± 6 26 ± 2
39.8 ± 0.2 30.3 ± 0.2 29.9 ± 0.2 56 ± 4 44 ± 3
35.5 ± 0.2 34.8 ± 0.2 29.7 ± 0.2 54 ± 4 46 ± 3
A. Lucia et al. / Colloids and Surfaces A: P

urchased from Sigma-Aldrich (Germany). All the chemical were
sed without further purification. The ultrapure deionized water
Milli-Q water) used was  obtained by a multicartridge purification
ystem (Younglin 370 Series, South Korea) presenting a resistiv-
ty higher than 18 M� cm and a total organic content lower than

 ppm.

.2. Methods

.2.1. Ternary phase diagram (water/eugenol/ethanol)
The phase diagram was recorded using tubular glass vials

10 ml). The binary mixtures of eugenol and ethanol at different
oncentrations were prepared by weight and then the weighed
mounts of the third component (water) were added. Ternary mix-
ures with different compositions were studied at 25 ◦C.

In the two phase region, the preferential partition of ethanol
etween water and/or eugenol has been quantified using Gas
hromatography Mass Spectrometry Analysis (GC–MS), thus the
thanol content in each component (water and eugenol) was ana-
yzed. For this purpose, a gas chromatograph Agilent 7890A-GC
Agilent Technology-Santa Clara, USA) coupled to an Agilent 5975C
nert mass spectrometric detector (MSD) (Agilent Technologies-
anta Clara, USA) was used. Gas chromatography was  performed
sing a SUPELCOWAX® capillary column (length 20 m and inner
iameter 0.25 mm).  The total content of ethanol in the samples was
alculated from the total area of the different peaks corresponding
o the presence of ethanol. The calibration was made ad hoc using
olutions with an ethanol concentration in the range 1–30 w/w%.

.2.2. Dynamic Light Scattering (DLS)
Dynamic Light Scattering (DLS) experiments were performed

sing a Zetasizer Nano ZS Instrument (Malvern Instruments Ltd.,
alvern, UK). The DLS measurements were performed at 25 ◦C

sing the red line (wavelength, � = 632 nm)  of a He-Ne laser in a
uasi-backscattering configuration (scattering angle, � = 173◦). Pre-
iously to each measurement, the solutions were filtered in a clean
oom using a 0.45 �m Nylon membrane (Millex®, USA) to remove
he dust particles. The filtered samples were transferred to a quartz

easurement cell (Hellma® 6030-OG Model). In DLS experiments
e measure the normalized intensity or second-order autocorre-

ation function, g(2)(q,t), that is related to the field or first-order
utocorrelation function, g(1)(q,t), through the Siegert relationship,

(2) (q, t) − 1 = ˇ|g(1) (q, t) |2 (1)

here t is the time, q
(
= (4�n/�) sin

(
�/2

))
is the wavevector, and

 the solution refractive index. In Eq. (1), � is an optical coher-
nce factor and is generally found to be close to 1, except for cases
n which the scattered intensity is low. Either because of the low
ize of the scatterers, low concentration or poor refractive index
ontrast between the scatterers and the solvent.

. Results and discussion

.1. Ternary phase diagram

Ternary mixtures formed by water (W), eugenol (Eu) and
thanol (EtOH) lead to a rich phase diagram in which several regions
an be distinguished. Fig. 1 shows the phase diagram, obtained
ombining the visual observation of the samples, turbidimetry and
C–MS experiments, for the ternary system formed by water (W),
ugenol (Eu) and ethanol (EtOH) mixtures in the whole range

f weight ratio of the components. It is worth mentioning that
thanol is completely soluble in both water and eugenol, fulfill-
ng the requirements to develop the so-called “pre-Ouzo” effect
34–37]. Different points distributed along the entire phase dia-
40.0 ± 0.2 39.9 ± 0.2 20.1 ± 0.3 67 ± 4 33 ± 4
44.9 ± 0.1 45.0 ± 0.1 10.1 ± 0.3 70 ± 2 30 ± 1

gram were studied. In order to study the formation of one phase
regions, three different paths were studied. Along the aforemen-
tioned paths, the mixtures were prepared keeping constant the
weight fractions ratio of two  of the components. The three main
paths studied are evidenced in the diagram with Roman numeral
(from I to III), representing the following mixtures:

• wt% (W)/wt% (EtOH) = 1
• wt% (Eu)/wt% (EtOH) = 1
• wt% (W)/wt% (Eu) = 1

Furthermore six additional paths in which the weight fraction
of ethanol, wt% (EtOH), remained constant (0.1, 0.2, 0.25, 0.4, 0.5
and 0.6), and the weight fractions of water, wt% (W), and eugenol,
wt% (Eu), were modified were also studied. These paths are also
indicated in the phase diagram: from IV for the Path with lower
wt% (EtOH) value (0.1) to IX for the Path with the higher wt% (EtOH)
(0.6). Only a detailed discussion of the paths I to III will be presented
hereinafter. The study of the paths from IV to IX was carried out to
design a more detailed phase diagram.

The analysis of the different samples studied has allowed us to
identify two different regions in the phase diagram as a function
of the components weight fraction. The first one corresponds to
a cloudy multiphase zone in which the ethanol presents either a
preferential partitioning in water, or a similar partitioning between
both water and eugenol, according to the tie lines obtained on the
bases of GC–MS experiments in selected samples. Table 1 shows the
results obtained by GC–MS for the partitioning of ethanol between
water and eugenol within the two phase region.

Most of the phase diagram, extending from eugenol rich to water
rich regions, corresponds to samples formed by a pseudo-single
and transparent phase, which is macroscopically homogeneous and
thermodynamically stable. This region marks the increase of the
co-solubility of water and eugenol due to the addition of ethanol,
leading to the formation of a surfactant free microemulsion or real
solutions. This was  also reported by Marcus et al. [11] for mixtures
of water/perfumery molecules/ethanol. It is worth mentioning that
the co-solvency in the water/eugenol/ethanol ternary mixtures is
rather different to that occurring for the co-solvency phenomenon
on polymer solutions. In this case a polymer can be solubilized in a
mixture of solvents each of which is not good solvent for the poly-
mer  [38]. However, in the ternary mixture studied, the addition of
the third component (ethanol), which is mutually soluble with the
other two solvents (water and eugenol), leads to the enhancement
of the miscibility of the two other solvents.

The co-solvency along three different compositional Paths
within the one phase region of the ternary phase diagram was  stud-
ied using Dynamic Light Scattering (DLS). The three Paths studied
merge at a point in the onset on the two phase region where ethanol
does not show any preferential distribution neither for the water

nor for the eugenol (ethanol weight content in water 50 ± 4% w/w
as was  determined by GC–MS). The composition in which the three
compositional paths merge contains the same weight fraction of
the three components (33.3% w/w). The increase of the eugenol
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Table 2
Different regions appearing along Path I as function of the weight fraction of eugenol,
wt%  (Eu).

Region wt%  (Eu) Phase

I.a 25< Monophasic
I.b 25–35 “Pre-Ouzo”
I.c 35–50 Biphasic (No preferential distribution EtOH)
I.d  >50 Biphasic (EtOH preferentially distributed in Eu)

F
O

c
t

3

3

e
p
r

D
w
a

s
a
b
n
[
t
p
n
t
o
c
c
d
c
o
c
w
i
c
t
r
d

Fig. 3. DLS intensity autocorrelation function at different temperature for a mixture
with a 33.3 wt%  of each component. The inserted figure represents the Arrhenius plot
ig. 2. DLS intensity auto-correlation functions for monophasic mixtures and “pre-
uzo” along the path I. Legend shows the weight fractions (wt%) of the components.

ontent beyond this threshold concentration destabilizes the mix-
ures, leading to phase separation.

.2. Compositional paths

.2.1. Path I. wt% (W)/wt% (EtOH) = 1
In this first path we keep constant the ratio between water and

thanol. Table 2 summarize the different regions found along this
ath as a function of the weight fraction of eugenol. Four different
egions of the phase diagram were identified.

Fig. 2 shows the intensity autocorrelation functions obtained by
LS experiments as the eugenol weight fraction is increased. It is
orth mentioning that, as expected, the pure liquids do not show

ny correlation in DLS experiments.
The intensity autocorrelation functions of the single phase

amples show an exponential behavior characterized by an aver-
ge decay time, �. There are two possible explanations for this
ehaviour: one is related to the appearance of co-solvency phe-
omena leading to the formation of surfactant free microemulsions
7–9], whereas the other one involves the existence of large concen-
ration fluctuations due to the proximity to a liquid–liquid critical
oint [39,40]. In order to rule out one of the aforementioned sce-
arios, several pseudo-single phase mixtures were studied in the
emperature range 20–50 ◦C, and no evidence of destabilization
f the samples was found. Therefore it is possible to rule out the
ritical concentration fluctuations as the source of the intensity
orrelation in the pseudo-single phase region of the ternary phase
iagram under study. Thus, we must conclude that the intensity
orrelation found in the DLS experiments is due to the diffusion
f nano-structures (clusters, micelles or droplets) dispersed in the
ontinuous liquid phase. A further confirmation of this scenario
as obtained by Dynamic Light Scattering (DLS) measurements

n the aforementioned temperature range. Fig. 3 shows the auto-

orrelation functions obtained at different temperatures for one of
he samples with a 33.3 wt% w/w of each component (“pre-Ouzo”
egion). The results pointed out that the change of the temperature
oes not affect the character of the autocorrelation function, that
for  the dependence of the characteristic times on the temperature, being the solid
symbols are the experimental data and the solid line is the fitting to an Arrhenius’
law.

for all the temperatures present an exponential decay which can
be characterized by an average decay time, �.  In the case of Brow-
nian diffusion the first-order autocorrelation function follows an
exponential decay with time.

g(1)(q, t) = exp(−t/�) = exp(−Dq2t) (2)

where the inverse decay time, 1/�,  is directly related to the
self-diffusion coefficient, D. Considering that usually the samples
present some degree of polydispersity [41] both � and D must be
considered as average quantities. The self-diffusion coefficient for
spherical Brownian objects diffusing in a Newtonian medium can
be related with the hydrodynamic radius, RH , through the Stokes-
Einstein equation [42]

D = kBT

6��RH
(3)

where kB is the Boltzmann constant, T is the absolute temperature
and � the shear viscosity of the solvent, in our case the continuous
phase.

Eq. (3) is strictly correct at infinite dilution, as a consequence
is customary to use an apparent diffusion coefficient, Dapp, and
hydrodynamic radius, RH,app, for a finite concentration.

According to Eqs. (2) and (3), it is expected that the inverse decay
time should follow with the temperature an Arrhenius type behav-
ior, essentially corresponding to the one of the continuous phase
shear viscosity variation with the temperature.

1
�

≈ A0e−Ea/(kBT) (4)

where A0 is a pre-exponential factor and Ea is the activation energy
for the diffusive transport. The insert in Fig. 3 show the Arrhenius
plot with values A0 = 69 ± 11 s−1 and Ea = 56 ± 11 kJ/mol.

In summary, the dynamics observed by DLS experiments and
their temperature variation can be explained as due to the concen-
tration fluctuations because the formation of aggregates or cluster
that present a Brownian diffusion in a continuous phase [7–9].

With regards to the eugenol content the results shown in Fig. 4
point out two different effects: (a) the average decay time increases
with the eugenol weight fraction, and (b) the scattered intensity
becomes higher as the weight content of eugenol is increased

Due to the fact that the real shape, size or the kinetic of forma-

tion of the nanosized droplets (clusters) formed may  change very
abruptly within the phase diagram and that the viscosity, refrac-
tive index and even the mere nature of the continuous phase may
also change from point to point in the phase diagram, we decided



A. Lucia et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 521 (2017) 133–140 137

Fig. 4. DLS characteristic time (left axis) and scattered intensity (right axis) depen-
dences on the weight fraction of eugenol (wt% (Eu)) for ternary monophasic and
“pre-Ouzo” mixtures along the path I. The solid lines are guides for the eyes.

Table 3
Different regions appearing along the Path II as function of the weight fraction of
water, wt%  (W).

Region wt% (W) Phase

II.a 30< Monophasic
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Fig. 5. (a) DLS intensity auto-correlation functions for monophasic and “pre-Ouzo”
mixtures along the path II. Legend shows the weight fractions (wt%) of the com-
ponents. (b) DLS characteristic time (left axis) and scattered intensity (right axis)
dependences on the weight fraction of water (wt% (W)) for ternary monophasic and
“pre-Ouzo” mixtures along the path II. The solid lines are guides for the eyes.

Table 4
Different regions appearing along the path III as function of the weight fraction of
ethanol, wt% (EtOH).

Region wt%  (EtOH) Phase

III.a 20< Biphasic (EtOH preferentially distributed in W)
III.b 20–30 Biphasic (No preferential distribution EtOH)
II.b 30–35 “Pre-Ouzo”
II.c 35–50 Biphasic (No preferential distribution EtOH)
II.d  >50 Biphasic (EtOH preferentially distributed in W)

ot to make the discussion in terms of the hydrodynamic radius,
H,app, or the diffusion coefficient, Dapp = 1/�q2, but in terms of the
are inverse average decay time, 1/�.  So hereinafter we will focus
he discussion over the behavior of the characteristic times and
cattered intensities of the concentration fluctuations. It should be
nderstood that longer � values must correspond to systems that
re close to the phase separation, in turn this imply an increase in
he scattered intensity and sample turbidity. The approach to the
nset of the two-phase region [43] must lead to an increase of the
ize of the droplets, or in other words concentration fluctuations
hat span a larger spatial scale, which means longer � values and
igher scattered intensities.

A sudden increase of the scattered intensity as the system
pproach the phase separation can be explained considering the
ppearance of a “pre-Ouzo” region in which the pseudo-single
hase consist in two different pseudo-phases, the former one
nriched in eugenol, and the other rich in water [7,9]. Thus, the
cattered intensity values (Fig. 4) indicate that the aforemen-
ioned “pre-Ouzo” region appears for eugenol concentrations above
0 wt%. The increase of the scattered intensity for mixtures far from
he critical point was discussed by Rubio et al. [44,45] in terms
f local concentrations different of the global ones (concentration
uctuations). This concept is not different from the formation of
he nanoscopic pseudo-phases of the “pre-Ouzo” region, although
t can be also understood as the onset of formation of a surfactant
ree microemulsion [46].

.2.2. Path II. wt% (Eu)/wt% (EtOH) = 1
We have studied a second set of samples containing a constant

atio between the content of eugenol and of ethanol equal to unity,
nd increasing the water content. Table 3 summarizes the different
egions along the path II.

Fig. 5a shows the intensity autocorrelation functions obtained

or monophasic and “pre-Ouzo” samples with an increasingly water
ontent.

The shape of the intensity autocorrelation functions is similar
o that found in path I (Fig. 2). The increase of the water content
III.c  30–40 “Pre-Ouzo”
III.d >40 Monophasic

shifts the functions to longer times (see Fig. 5b) as it happened in
Path I with the increase of eugenol, and the explanation may  follow
the same arguments, except that now the continuous phase must
be the eugenol, at least for the low water content mixtures. In the
two paths studied, the system approached the two phase region
as the ethanol content decreases. Therefore, we can conclude that
there is a critical ethanol concentration below which there is no
water-eugenol co-solvency.

3.2.3. Path III. wt% (W)/wt% (Eu) = 1
The above conclusion can be more clearly seen by measuring

a set of samples where the weight ratio water/eugenol remain
equal to unity, and increasing the concentration of ethanol (Fig. 6a).
Table 4 summarizes the different regions along this path.
In this third path, the characteristic time decreases as the
ethanol content increases due to the enhanced miscibility of the
mixture (Fig. 6b). Furthermore, the strong decrease of the coher-
ence observed in the intensity autocorrelation functions as the
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a)

b)

Fig. 6. (a) DLS intensity auto-correlation functions for monophasic and “pre-Ouzo”
mixtures along the path III. Legend shows the weight fractions (wt%) of the com-
ponents. (b) DLS characteristic time (left axis) and scattered intensity (right axis)
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Fig. 7. 2D-expansion of the phase diagram for water–eugenol–ethanol ternary mix-
tures. Three different regions can be observed from the samples analyzed: (�) stable
ependences on the weight fraction of ethanol (wt% (EtOH)) for ternary monopha-
ic and “pre-Ouzo” mixtures along the path III. The solid lines are guides for the
yes.

thanol concentration increases suggests a transition between a
urfactant free microemulsion to a real solution. In order to deepen
n the phenomenon, we have analyzed the � dependence on the

eight ratio of water and ethanol, and the scattered intensity for
ixtures in which the weight ratio eugenol/ethanol is equal to

nity (Fig. 5b) and the weight ratio water/eugenol is equal to 1
Fig. 6b), respectively. In this first case (Fig. 5b) the behavior is sim-
lar that of mixtures in which the weight ratio water/ethanol was
lose to 1. As the water content is increased the sample becomes
lose to the destabilization region, the “pre-Ouzo” region being
ocated at a water content above 30 wt%. Beyond this threshold
he size of the concentration fluctuations, and thus the scattered
ntensity, increase as the system approach the destabilization. The
estabilization of the microemulsions appears for water content
etween 35 and 40 wt%, and in this region there is no preference for
he partitioning of the ethanol in water or in eugenol. This has been
onfirmed by the GC–MS results that show that the ethanol content
n the water-rich phase is 56 ± 4 wt% of the total ethanol content in
he mixture containing 40 wt% of water. A further increase of the
ater content leads to a preferential partitioning of the ethanol on

he water rich phase up to 75 wt%.
The above discussion allowed us to suggest the importance of

he ethanol content in the co-solvency phenomena here presented.
ig. 6b presents the characteristic time and the scattered intensity

or samples with a water/eugenol weight ratio constant and equal
o unity and with increasingly ethanol concentrations. These results
onfirm the key role of the ethanol, suggested by the results of Paths

 and II for ensuring the water/eugenol co-solvency. Notice that the
regions (�) instable regions (©) “pre-Ouzo” regions. Notice that the ellipse marks
the  boundaries of the “pre-Ouzo” region.

behavior in Fig. 6b looks like opposite to Figs. 4 and 5 b, indicating
that decreasing the ethanol concentration brings the system close
to the phase separation.

3.2.4. “Pre-Ouzo” region
At ethanol content close to 40 wt%  the systems enters into the

“pre-Ouzo” region as indicated by the strong increase in the scat-
tered intensity. Below that ethanol content the mixture forms a
surfactant free microemulsion with no preferential partition of
the ethanol between water and eugenol: 54 ± 4 wt% is the ethanol
content in the water rich phase for samples containing an overall
30 wt% of ethanol. Further decrease of total ethanol content in the
mixtures leads to a preferential partitioning in the water rich phase,
reaching the ethanol content water values closer to 70 wt%  w/w  of
its total content as the water content is increased till 45 wt%. Fur-
thermore, the results pointed out that for high ethanol contents
the mixtures are thermodynamically stable, in agreement with
the molecular dynamics simulations for the water/octanol/ethanol
ternary mixture [8].

For a total content in the range of 30–40 wt%  a “pre-Ouzo” region
exists in which the co-solvency water-eugenol is enhanced. Only
when the weight fraction of ethanol is higher than 40 wt% appears
pseudo-single phase mixtures. Fig. 7 shows a 2D-expansion of the
phase diagram for water − eugenol- ethanol ternary mixtures on
the basis of the samples analyzed in which the stability, including
“pre-ouzo” one, and the instability regions are shown according to
the scattered intensity for the samples.

3.3. Sizes of the aggregates

We  have discussed that by DLS, it is possible to estimate the
dimensions of the aggregates or cluster formed in the solution (Eqs.
(2) and (3)). However, for a complex system such the one here stud-
ied an uncertainty associated with the nature of the continuous
phase makes difficult to estimate the real size of the aggregates.
In order to obtain an estimation of the size, we  have chosen the
wavevector and viscosity corresponding to the continuous phase
for the samples along Paths I–III. Thus, for samples along Path I
and III, the continuous phase is assumed to be water, whereas
for samples along Path II the continuous phase is considered to

be eugenol. Fig. 8 shows a 3D plot including the 2D-expansion of
the phase diagram in the monophasic and “pre-Ouzo” regions for
water–eugenol–ethanol ternary mixtures and the corresponding
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Fig. 8. Apparent hydrodynamic radius estimated from equation 3 for the
different samples studies according 2D-expansion of the phase diagram for
water–eugenol–ethanol. The gray level represents different hydrodynamic radius
range (see legend).

Fig. 9. (a) DLS intensity auto-correlation functions for a ternary mixture contain-
ing a composition of 32.5/35/32.5 wt% of water, eugenol and ethanol, respectively
in  absence (�) and presence (�) of imidacloprid (0.3 wt%). The inserted figure rep-
r
w
c
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t
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[5] J. Xu, A. Yin, J. Zhao, D. Li, W.  Hou, Surfactant free microemulsion composed of
esents the DLS characteristic average decay time for different ternary mixtures
ater/eugenol/ethanol. The x axis indicates the weight fraction of the different

omponents as wt% (W)/wt% (Eu)/wt% (EtOH).

pparent hydrodynamic radius estimated for the aggregates using
q. (2).

The results point out that the radius of the aggregates increase as
he “pre-Ouzo” region is approached for samples with 30–40 wt% of
thanol. The increase of the ethanol weight fraction or the decrease
f the weight fraction of either water or eugenol leads to the
ecrease of the size of the aggregates.

.4. Solubility of a model insecticide in “pre-Ouzo” mixtures

Some tests of the solubilization capacity within the “pre-Ouzo”
egion of a model insecticide have been performed. The inclu-

ion of imidacloprid in a final concentration of 0.3 wt% does not
ffect to the stability of the samples. Fig. 9 shows that the inclu-
ion of the insecticide does not modify the intensity autocorrelation
chem. Eng. Aspects 521 (2017) 133–140 139

function. Therefore, we can conclude that the microemulsion favors
the solubility of a poorly soluble drug without affecting on its sta-
bility (hydrotropic effect). This is more clearly demonstrated in the
inserted panel in Fig. 9. The absence of any appreciable change in
the characteristic average decay time associated with the aggrega-
tion phenomena occurring in the “pre-Ouzo” region confirms the
absence of any significant effect of the imidacloprid on the stability
of the formulations, and opens new perspectives for the fabrication
of delivery platforms for the pest control.

The present formulation has shown a very good activity against
mosquito in laboratory tests [45].

4. Conclusions

In this work we  present a study of the enhancement of co-
solvency of water and an essential oil, eugenol, due to the addition
of ethanol. The enlightenment of the phase diagram of the ternary
mixture have evidenced the formation of one pseudo-single phase
region and a multiphase region in which different partitioning of
ethanol in eugenol and water was found. The transition from the
multiphase regions to the pseudo-single phase one is marked by
the appearance of a “pre-Ouzo” border region in which the ethanol
content is in the 30–40 wt% range. The results have also suggested a
possible transition in the pseudo-single phase region from a surfac-
tant free microemulsion to a real solution as the ethanol content is
increased. The highest ethanol content favors the formation of ther-
modynamically stable systems. Thus, the results have pointed out
the critical role of the ethanol content for favoring the co-solvency
of eugenol and water,

The surfactant free microemulsions obtained allows the solu-
bilization of a model insecticide (hydrotropic effect) such as the
imidacloprid, thus the studies of this intriguing ternary system
water/eugenol/ethanol could be extended in future for the fabri-
cation of delivery systems. These studies can offer some promising
approach to optimize the encapsulation of natural compounds for
the pest control.
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