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Abstract In this study, we report on the properties of water +
propylene glycol/sugar surfactant/peppermint oil + etha-
nol. The sugar surfactants were sucrose monolaurate and
sucrose dilaurate. The mixing ratios (w/w) of water/
propylene glycol and that of ethanol/oil equal 2 and 1,
respectively. U-type microemulsions were observed in the
sucrose monolaurate while S-type microemulsions were
observed in the dilaurate-based systems. Temperature-
insensitive microemulsions were formulated using the two
surfactants. Water volume fraction percolation thresholds
were determined by the study of electrical conductivity and
dynamic viscosity. The structural parameters that include
the periodicity and the correlation length were estimated
using small angle X-ray scattering. The periodicity
increases linearly with the increase in the water content
whereas the correlation length increases with the increase in
the water volume fraction to a certain value then decreases.
The diffusion properties investigated by nuclear magnetic
resonance confirm a progressive transformation of the
microemulsions from water-in-oil to bicontinuous and
inversion to oil-in-water upon dilution with water. The
hydrodynamic radius of diluted microemulsions measured
by dynamic light scattering increases with the increase in
temperature. The area per polar head group decreases with
the increase in temperature.
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Introduction

Microemulsions are spontancously forming, thermody-
namically stable, homogeneous low viscous, and opti-
cally isotropic solutions. Microemulsions are composed
from water, oil, and surfactant and in many cases a
cosurfactant or cosolvent is added to permit encapsulat-
ing large amounts of water [1—4]. Due to their unique
properties, microemulsions have been used in a variety of
technological applications, including environmental pro-
tection, nanoparticle formation, food product formula-
tions, delivery systems, separation medium, and chemical
and biochemical reaction media [1, 5]. The placement of
the solubilized oil in the surfactant aggregates highly
affects the change in surfactant layer curvature. In
previous studies [6—8], we reported on microemulsions
formulation using cyclic hydrocarbons. These oils influ-
ence the surfactant layer curvature in aggregates or self-
organized structures when solubilized. If oil tends to
penetrate in the surfactant palisade layer and locates near
the interface of the water—lipophilic surfactant moiety, the
curvature would be less positive or negative [9, 10]. It is
known that cyclic hydrocarbons tend to penetrate in the
surfactant layer and widen the effective cross-sectional
area per surfactant. As a result, the surfactant layer
curvature becomes less positive or negative. Extensively
studied [11-16], the phase behavior of sucrose ester
surfactants in water and oil demonstrated that in many
industrial applications the use of these nonionic surfac-
tants system is preferred for many food, cosmetics, and
pharmaceutical applications [13—16]. A number of factors
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influence water solubilization in nonionic surfactants/oil
mixtures [17-19]. The comprehensive view of the phys-
icochemical properties and microstructures of microemul-
sions requires the use of a variety of experimental methods
[20]. Microemulsions are fluids that exhibit diverse and
complex dynamics, which are dependent on the system
thermodynamics (i.e., composition and the resulting
microstructure), and the dynamics of the constituent
molecules [1-4]. The structure of microemulsions can be
idealized as a set of interfaces dividing polar and apolar
domains. Mixtures of water, oil, and surfactant exhibit a
rich variety of microstructures, ranging from spherical
micelles, rod-like micelles, and bicontinuous microemul-
sions to ordered liquid crystalline phases. So far, with
increasing water volume fraction, discrepancies with
respect to the hard sphere model have been discussed in
terms of strong interparticle interactions, microstructural
transitions, and percolation behaviors, which are oil- and
temperature-dependent [21-23]. In the present work, we
report for the first time the study of the formation,
transport, microstructure, and diffusion properties of
sucrose ester and peppermint oil (MNT)-based micro-
emulsions. These microemulsion systems are intended for
the use in solubilizing food flavors, pharmaceutical active
ingredients, and cosmetic ingredients. Peppermint oil is
edible oil that is suitable for food, pharmaceutical, and
cosmetics applications.

Experimental
Materials

The sucrose laurate surfactants used in this study were
obtained from Mitsubishi-Kasei Food Corp., (Mie, Japan).
Table 1 shows the compositions of these surfactants.
Peppermint oil (98%) and 1, 2-propandiol (propylene
glycol; >99.5%) were purchased from BDH (Poole, UK).
Ethanol (minimum 99.8%) was purchased from Sigma
Chemicals Co. (St. Louis, USA). Sodium chloride of
analytical grade was purchased from J.T. Baker Inc.
(Phillipsburg, USA). All of the components were used as
supplied without further purification. Triple distilled water
was used.

Methods
Pseudoternary phase diagrams at constant temperature

The phase behavior of a system consisting of water, oil,
surfactant, and cosurfactant may be described on a
phase tetrahedron whose apexes respectively represent
the pure components. However, it is more convenient to
describe the phase behavior on pseudoternary phase
triangles. Obviously, a fixed (weight, volume, or mole)
ratio must be chosen for any two of the components
and one of the triangle vertices represents 100% of this
binary mixture. Mixtures at fixed weight ratios of oil,
surfactant, and ethanol were prepared in culture tubes
sealed with Viton-lined screw caps. Water and propylene
glycol were then added dropwise until its solubilization
limit was reached. After this point, larger increments of
aqueous phase were added. Vigorous stirring followed
all of the aqueous phase additions on a vortex mixer.
The time for equilibration between additions of succes-
sive aliquots was typically, from a few minutes up to
24 h. Phase transitions detected visually by the
appearance of cloudiness or sharply defined separated
phases. The completion of this process was hastened by
centrifuging the samples. The phase diagrams were
determined at 25+0.5 °C.

Electrical conductivity measurements

Conductivity measurements were performed at 25+0.5 °C
on samples, the compositions of which lie along the one-
phase channel, using a conductivity meter: the conductivity
cell used is Tetra Con® 325, the electrode material is
graphite, and the cell constant is 0.475 cm ' +1.5%. The
range of application is between 1 uS/cm and 2 S/cm with
an accuracy of £0.5%, and the temperature range is from —5
to 100 °C. In the case of nonionic microemulsions, a small
amount of an aqueous electrolyte must be added for
electrical conduction [24]. Thus, a 0.01-M sodium chloride
aqueous solution was used in the preparation of the
microemulsion samples in place of pure water. The
electrode was dipped in the microemulsion sample until
equilibrium was reached and reading becomes stable.
Reproducibility was checked for certain samples and no

Table 1 Type and composition of sucrose esters used in this research project

Type HLB  Purity of combined fatty acid (%)  Ester composition (%) Melting temperature (°C)
Monoester  Di, tri and polyester ~ Start point ~ Peak point

Sucrose monolaurate (L1695) 16 Lauric 95 80 20 35 47

Sucrose dilaurate (L595) 5 Lauric 95 30 70 35 47
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significant differences were observed. The constant of the
conductivity cell was calibrated using standard KCI
solutions and checked a minimum of three times during
the course of the working shift.

Viscosity measurements

Viscosity was measured using a rotational viscometer,
model DV-1PL spindle from Anton Paar GmbH (Graz,
Austria). “Double cylinder” geometry was used. Viscosities
at 200 s ' shear rate were obtained at 25+0.5 °C.
Reproducibility (triplicate) was checked for the samples
and no significant differences (£SD) were observed.

Small angle X-ray scattering

Scattering experiments were performed using Ni-filtered
Cu Ko« radiation (0.154 nm) from an Eliott GX6 rotating
X-ray generator that operated at a power rating up to
1.2 kW. X-radiation was further monochromated and
collimated by a single Franks mirror and a series of slits
and height limits and measured by a linear position-
sensitive detector. The sample was inserted into 1—
1.5 mm quartz or lithium glass capillaries, which were
then flame-sealed. Each sample was checked before and
after the experiment to verify that no fluid had been lost
during the time of exposure, approximately 3 h. The
temperature was maintained at 25+1 °C. The sample-to-
detector distance was 0.46 m, and the scattering patterns
were measured using the Lake procedure [25].

X-ray data analysis

In this case, the scattering patterns after background
subtraction were fit to the expression due to Teubner and
Strey [26]:

1(q) = (1/a + 14> + c2¢*) + b (1)

With the constants a,, ¢y, ¢, and b obtained by using the
Levenburg—Marquardt procedure [27]. Such a functional
form is simple and convenient for the fitting of spectra.
Equation 2 corresponds to a real space correlation function
of the form

y(r) = (sin kr/k r)e_’/é. (2)

The correlation function describes a structure with
periodicity d=(2m/k) damped as a function of correlation
length &. This formalism also predicts the surface to volume
ratio, but because this ratio is inversely related to the
correlation length and therefore must go to zero for a
perfectly ordered system, calculated values are frequently

found to be too low [28]. d and £ are related to the constants
in Eq. 1 by [26]:

~1/2

d= 2;;[(1/2) ((az/cz))l/z—(clmcz)} (3)

—1)2

&= 1/2) (@fex)) *+(er faer)| . @)

Pulsed gradient spin echo-nuclear magnetic resonance

NMR measurements were performed on Bruker DRX-400
spectrometer with a BGU 11 [29, 30] gradient amplifier unit
and a 5-mm BBI probe equipped with a z-gradient coil,
providing a z-gradient strength (G) of up to 55 G cm™'. The
self-diffusion coefficients were determined using bipolar-
pulsed field gradient-stimulated spin echo. In this work, we
used bipolar gradient pulses as described by Wu et al. [29]
to reduce the eddy-current effects. Experiments were
carried out by varying the gradient strength and keeping
all other timing parameters constant. The self-diffusion
coefficient (D) is given by

I = Iyexp {72G252 (A - g) D] (5)

Where [ is the measured signal intensity, /, is the signal
intensity for G=0, ~ is the gyro magnetic ratio for the 'H
nucleus, ¢ is the gradient pulse length, and A is the time
between the two gradients in the pulse sequence (and hence
defines the diffusion time). Typically, we use A=100 ms
and 0=8 ms and vary G from 1.7 to 32.3 G cm ' in 32
steps.

Dynamic light scattering

Each liquid sample was inserted into a 10-mm diameter
borosilicate test tube and centrifuged for 15 min at
3,000 rpm in order to remove dust. The test tube was then
placed in a temperature-controlled vat of toluene as the
index matching fluid. The light source was an argon ion
laser (Spectra Physics-Lexel; A=514.5 nm). Photons scat-
tered by the sample were collected by an ITT PW130
photomultiplier tube mounted at 90° to the incident laser
beam. The photoelectron count-time autocorrelation func-
tion was calculated with a BI 2030 AT (Brookhaven
Instruments) digital autocorrelator and was analyzed using
the constrained regularization algorithm, CONTIN [31, 32]
to give an intensity-weighted distribution of the transla-
tional diffusion coefficients D,. Particle hydrodynamic size
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was calculated from the translational diffusion coefficient
using the Stokes—Einstein relationship:

Dy = kgT/6mnD, (6)

where Dy is the hydrodynamic diameter, kg is Boltzmann’s
constant, 7 is the absolute temperature, and 7 is the solvent
viscosity. The results are averages of three or four experi-
ments. Dy is obtained from the positions of the peaks of the
intensity-weighted size distribution function.

Results and discussion
Phase behavior

The pseudoternary phase diagrams of the water + propylene
glycol/sucrose laurate/peppermint oil + ethanol systems
were studied at 25, 37, and 45 °C. The mixing ratios (w/w)
of water/propylene glycol and that of ethanol/oil equal 1
and 2, respectively. The surfactants were L1695 and L595.
Figure 1 presents the pseudoternary phase diagrams for the
two surfactants. The phase behavior indicates the presence
of an isotropic and low-viscosity area that is a micro-
emulsion one-phase region (1¢), the remainder of the phase
diagram represents a two-phase region composed of water
continuous micellar solution with excess oil designated by
(Wm+O). Generally, it is always considered that within this
two-phase region, a microemulsion phase (if it is transpar-
ent) exists in equilibrium with an excess oil phase when the
oil content is high, or an emulsion phase (if it is turbid)
exists in equilibrium with an excess oil phase. The total
area (Ar) of the microemulsion region observed in these
systems increases slightly as a function of temperature
indicating that sucrose esters form temperature-insensitive
microemulsions in the presence of peppermint oil (see
Fig. 1 in Electronic supplementary material). Similar results
on the formation of temperature-insensitive sucrose esters
microemulsions were reported [5, 33]. Compared to the
ternary system reported in our previous study [34], adding
ethanol and propylene glycol to the water/sucrose laurate/
peppermint oil ternary mixture enhances the area of the
one-phase microemulsion in the systems based on the two
surfactants. The presence of alcohol and/or glycol influen-
ces the extent of the microemulsion regions and their
internal structure. The roles of alcohol or glycol in micro-
emulsions are (1) to delay the occurrence of liquid
crystalline phases, (2) to increase the fluidity of the
interfacial layer separating oil and water, to decrease the
interfacial tension between the microemulsion phase and
excess oil and water, and (3) to increase the disorder in
these interfacial layers as well as their dynamic character.
Other authors [17, 35-39] reported on the effect of ethanol
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Fig. 1 Pseudoternary phase behavior of the water + propylene glycol/
sucrose laurate/peppermint oil + ethanol system at 25°C. The mixing
ratios (w/w) of water/propylene glycol and that of ethanol/oil equal 2
and 1, respectively. The one-phase region is designated by 1¢, and the
two-phase region consisted of water continuous micellar solution with
excess oil designated by Wm+O. N60 is the water dilution line where
the weight ratios of sucrose monolaurate/peppermint oil/ethanol equal
to 3:1:1. a L1695, b L595

and propylene glycol on the enhancement of the water
solubilization in nonionic surfactants and oil when added.

Thermodynamics of solubilization

Solubilization of either water in surfactant/oil medium or
oil in water/surfactant medium up to the phase separation
point leading to the formation of water-in-oil or oil-in-water
microemulsions can be considered the limit of maximum
solubility of the dispersing phase. The corresponding free
energy of dissolution (Gg) at a constant temperature can be
obtained from the relation [4]

AG? = —RT In Xy (7)

where Xj is the mole fraction of the dispersed phase (either
oil or water) and R is the gas constant. Since the dispersed
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phase existed in the form of surfactant-coated droplets, it
would be more appropriate to consider Xy as the mole
fraction of the dispersed droplets. Knowledge of the droplet
size was required to estimate Xy The estimation of AG?
herein reported was done based on mole fraction of
dispersed water or oil. The free energy of solubilization
(AG?) for both oil-in-water and water-in-oil microemul-
sions studied were calculated. It was found that the AG?
values were positive and decrease as the water content
increases in the water-in-oil microemulsions indicating that
adding water to the water-in-oil microemulsions disrupts
their organization. The oil-in-water microemulsions yielded
AG? values higher than the water-in-oil microemulsions
and increases with the increase in the water content. The
dispersed droplets of either water or oil are surrounded by a
layer of surfactant in the continuous medium in an
organized state. The oil-dispersed system is more stabilized
and organized than the water-dispersed case.

Transport properties
Electrical conductivity

The electrical conductivity was measured on the (water +
propylene glycol + sodium chloride)/sucrose laurate/
peppermint oil + ethanol along the dilution line N60 at
25 °C. The concentration of sodium chloride in water is
0.01 M. All samples appeared transparent and isotropic.
It is possible to measure the conductivity of the micro-
emulsion stabilized by nonionic surfactants without the
addition of a small amount of salt if they contain little
ionic impurities, but the amount of added electrolyte is
very low that it is negligible and does not affect the
extent of the one-phase microemulsion region nor the
microemulsion properties. The influence of water volume
fraction change on the electrical conductivity o with
respect to volume fraction of water is shown in Fig. 2.
With the increase in the water volume fraction, the
electrical conductivity increases exponentially in all
systems studied. The microstructure of water-in-oil micro-
emulsions is reasonably well described in terms of
spherical droplets [1-4]. So far, with increasing water
volume fraction, discrepancies with respect to the hard
sphere model have been discussed in terms of strong
interparticle interactions, microstructural transitions, and
percolation behaviors, which are oil- and temperature-
dependent [1-4]. Clusters of droplets which, in turn,
generate water networks throughout the water-in-oil phase
are produced by the short-range attractive interactions. As
a sequence, important changes of the transport properties,
such as dynamic viscosity and electrical conductivity,
occur. The phenomena have been described in terms of
“percolation” [1-4]. According to the percolation model,
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Fig. 2 Variation of the electrical conductivity (log (o)) of (water +
propylene glycol + sodium chloride)/sucrose laurate/peppermint oil +
ethanol system as function of water volume fraction along the dilution
line N60 at 25 °C. The mixing ratios (w/w) of water + propylene
glycol and that of ethanol/oil equal 2 and 1, respectively. Sodium
chloride concentration in water is 0.01 M. The phase diagrams are
presented in Fig. 1. The /ines serve as guides to the eye. a L1695, b
L595

the conductivity remains low up to a certain volume
fraction (¢.) of water at constant temperature, when the
temperature reaches a value 7, at constant water volume
fraction ¢, or when the water-to-surfactant molar ratio
increases. It must be emphasized that these conducting
water-in-oil droplets below ¢, are isolated from each other
embedded in nonconducting continuum oil phase and
hence contribute very little to the conductance. However,
as the volume fraction of water reaches the percolation
threshold ¢., some of these conductive droplets begin to
contact each other and form clusters which are sufficiently
close to each other. The number of such clusters increases
very rapidly above the percolation threshold ¢., giving
rise to the observed changes of properties, in particular to
the increase of electrical conductivity. The electrical
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conductivity o above ¢, has been attributed to the transfer
of counter ions from one droplet to another through water
channels opening between droplets during sticky colli-
sions through transient merging of droplets [4]. The
existence and position of this threshold depends on the
interactions between droplets which control the duration
of the collision and the degree of the interface over-
lapping, hence the probability of merging. Building up of
conductivity needs attractive interactions and ¢, decreases
when the strength of these interdroplet interactions
increases as predicted by recent theoretical calculations
[40]. In the present study, a theoretical model of Safran et
al. [40], which is based on the dynamical picture of
percolation, has been utilized to analyze the conductivity
results of the systems. According to the theory

G:A(¢c_¢)_s 1f¢ < ¢c (8)

c=B(¢—9¢.) ifop>g. (9)

The critical exponent ¢ generally ranges between 1.5 and
2, whereas the exponent s allows assignment of the time-
dependent percolation regime. Thus, s<1 (generally around
0.6) identifies a “static percolation” regime, and s>1
(generally around 1.3) identifies a “dynamic percolation”
regime. The static percolation is related to the appearance
of bicontinuous microemulsions [41]. The dynamic perco-
lation [40, 42] is related to rapid processes of fusion—fission
among the droplets. Transient water channels form when
the surfactants interface breaks down during collisions or
through the merging of droplets. The interpretation of these
interactions in terms of static or dynamic percolation is
obviously strictly dependent on the time-scale of the
experimental technique. Experiments carried out within
the whole microemulsion phase revealed a variety of
interactions upon moving on water dilution line N60. Close
to the oil corner, the interactions can be described in terms
of charge fluctuations among small w/o droplets. With
increasing surfactant and water content, the lifetime of the
contacts among the droplets increases up to the identifica-
tion of a structural transition from closed water domains to
a connected water network through a gradual variation of
the interconnectivity. These changes have been attributed to
the occurrence of a percolation transition [40]. We have
determined ¢, s, and ¢ and the prefactors 4 and B by
numerical analysis with adjustment by the least-squares
method using simultaneously Egs. 8 and 9. The computed s
and ¢ values indicate that the percolation process is static.
The resulting ¢, values obtained in this manner are close to
the values obtained by the numerical estimate of the
maximum of (d logo/d¢) versus ¢ (see Fig. 2 in Electronic
supplementary materials). There is a reasonable agreement

@ Springer

between calculated (by Egs. 8 and 9) and experimental
values within prescribed range of composition with a mean
deviation of 4%. The above equations are valid only near
¢. and cannot be extrapolated to infinite dilution and unit
concentration. In addition, these are not applicable at the
immediate vicinity of ¢., where there is a continuous
variation within a narrow interval around the percolation
threshold.

Dynamic viscosity

The study of the dynamic viscosity of microemulsions can
provide information on the intrinsic and derived processes in
the microemulsion system, as well as furnish knowledge on
the overall geometry of the particles of the dispersed phase [4,
43, 44]. Viscosity measurements evidenced the dependence
of the size and shape of microemulsion droplets on the
amount of solubilized water. The understanding of the
structural consistencies in microemulsions has also been
attempted from viscosity measurements by others [45, 46].
Figure 3 shows the variation in the dynamic viscosity as
function of water volume fraction in the water + propylene
glycol/sucrose laurate/peppermint oil + ethanol systems for
L1695 and L595 along the dilution line N60. The gradual
decrease of viscosity that began at water volume fractions
above the ¢. obtained by the electrical conductivity results
indicates the interrelation between the dynamic viscosity and
the electrical viscosity of these systems. The range of water
volume fraction above ¢, is decomposed in four different
regions. Region 1 where the water volume fractions are
between ¢, and ¢<0.2 suggests that the percolated droplets
are gradually transferring to bicontinuous structure at ¢p=0.2,
where the bicontinuous structure is fully developed (region 2
where 0.2<¢<0.37). The inversion of the bicontinuous
structure occurs at ¢=0.37. The inverted bicontinuous
structure (region 3) is extended to 0.56 water volume
fraction. For water volume fractions above 0.56, there is a
complete inversion to the oil-in-water microemulsion region.
The decrease in dynamic viscosity with the increase in the
water volume fractions indicates that the water, which is the
least viscous component of the microemulsion system, plays
a dominant role in determining the interactions of these
systems. Like electrical conductivity, viscosity may also
follow scaling type equations in the water-in-oil micro-
emulsion region [47].

(10)

U:A(¢—¢c)j’ 1f¢>¢c

n=>B(g.—¢)" ifp<g (11)

where ¢ is the volume fraction of water, ¢., is the
percolation threshold, 4 and B are parameters, and p and s
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Fig. 3 Variation of the dynamic viscosity (x) of (water + propylene
glycol + sodium chloride)/sucrose laurate/peppermint oil + ethanol
system as function of water volume fraction along the dilution line
N60 at 25 °C. The mixing ratios (w/w) of water + propylene glycol
and that of ethanol/oil equal 2 and 1, respectively. Sodium chloride
concentration in water is 0.01 M. The phase diagrams are presented in
Fig. 1. The lines serve as guides to the eye. a L1695, b L595

are scaling exponents. The slopes of the log n versus log
(e — @) plot for ¢, > ¢ and the log 7 versus log (¢ — ¢¢)
for ¢ > ¢, plot, yield s and p parameters. The average
values of i and s in Egs. 10 and 11 are fairly near to the ¢
and s values obtained for conductivity percolation. The
estimated scaling parameters which are in good agreement
with the experimental values obtained with both electrical
conductivity and dynamic viscosity signify that these
microemulsion systems show an interdependence of the
viscosity—conductivity, especially at the stage of water
percolation.

Microstructure parameters

In this section, we measured the small angle X-ray
scattering for microemulsion samples, whose compositions
lie on the water dilution lines N40, N50, and N60, as shown
in the pseudoternary phase diagram of Fig. la (L1695
system). In each case, the scattering profile exhibits a single
intensity maximum at g#0, followed by a high angle tail.
Characteristic profiles along the N60 dilution line are
presented in Fig. 4. With increasing water content or with
a decreasing weight ratio of surfactant to (oil + alcohol), the
position of the maximum moves to a lower angle. The
width of the peak initially decreases and then increases as a
function of water content for N60, whereas for N40 and
N50, the peak width continually decreases until the line
passes into the two-phase region. For a given water content,
the peak width varies inversely with the weight ratio of
surfactant to oil + alcohol. We were able to fit (Fig. 4) all
the scattering curves to the Teubner—Strey equation [26]
(Eq. 1) and to derive the values of periodicity, d, and
correlation length, &, as described in the “Experimental”
section (Egs. 3 and 4). The dependence of these two
parameters on the water volume fraction is plotted in Fig. 5.
For the N40 and N50 dilution lines, d increases from 23 to
30A and from 24 to 32A, respectively, before the two-
phase region is entered. Initially, the growth of £ generally
parallels that of d, with the former being smaller than the
latter by approximately 16-20A. For N60, ¢ reaches a
maximum at ¢=0.23, while d increases in a monotonic
fashion over the whole range of water dilution. The higher
values were obtained along the N60 dilution line. The

I(q) (Arbitrary units)

Fig. 4 Small angle X-ray scattering curves for samples whose
compositions lie along the dilution line N60 in the water + propylene
glycol/L1695/peppermint oil + ethanol microemulsion system at 25 °C.
The mixing ratios (w/w) of water/propylene glycol and that of ethanol/oil
equal 2 and 1, respectively. The phase diagrams are presented in Fig. 1.
The lines serve as guide to the eye
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Fig. 5 a Periodicity (d) as a function of water volume fraction along
the dilution lines N40, N50, and N60 in the water + propylene glycol/
L1695/peppermint oil + ethanol system at 25 °C. The mixing ratios
(w/w) of water/propylene glycol and that of ethanol/oil equal 2 and 1,
respectively. The phase diagram is presented in Fig. la. The lines
serve as guide to the eye. b Correlation length (§) of the system
presented in a

microemulsion system with the higher & values is the more
ordered. The behavior of the correlation length, &, as
function of water volume fraction ¢ can be explained as
follows: when the water is in the dispersed phase,
increasing the water volume fraction increases the size of
the scattering units and the correlation length, £, whereas
when water is in the bulk phase, increasing the water
volume fraction dilutes the system and £ decreases. We also
measured the small angle X-ray scattering for micro-
emulsion samples, whose compositions lie on the water
dilution line N60 in the L595-based system, as shown in the
pseudoternary phase diagram of Fig. 1b (L595 system). In
each case, the scattering profile exhibits a single intensity
maximum at g#0, followed by a high angle tail. Charac-
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teristic profiles along the N60 dilution line are presented in
Fig. 6a. With increasing water content or with a decreasing
weight ratio of surfactant to oil + alcohol, the position of
the maximum moves to a lower angle. The width of the
peak continually decreases until the line passes into the
two-phase region. We were able to fit (Fig. 6a) all the
scattering curves to the Teubner—Strey equation [26] (Eq. 1)
and to derive the values of the periodicity, d, and
correlation length, & as described in the “Experimental”
section (Egs. 3 and 4) . The dependence of these two
parameters on the water volume fraction is plotted in
Fig. 6b. For the L595, d increases from 30 to 33 A before
the two-phase region is entered. The growth of ¢ generally
parallels that of d, with the former being smaller than the
latter by approximately 17 A. For L595, d values are higher
than those observed with the L1695 for the same water
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Fig. 6 a Small angle X-ray scattering curves for samples whose
compositions lie along the dilution line N60 in the water + propylene
glycol/L595/peppermint oil + ethanol microemulsion system at 25 °C.
The mixing ratios (w/w) of water/propylene glycol and that of ethanol/
oil equal 2 and 1, respectively. The phase diagrams are presented in
Fig. 1. The lines serve as guide to the eye. b Periodicity (d) and
correlation length (€) for the system presented in a
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volume fractions, while £ values are lower. The difference
in the behavior of microstructure parameters d and x
between L595 and L1695 is explained in the following
way: Formation of the microemulsions using the hydro-
philic surfactant L1695 will increase the solubility of the
surfactant in the aqueous phase and enhance water
solubilization. L1695 increases the available interface and
results in a higher number of micelles with shrinking size.
Upon using L1695, the effective volume fractions of the
dispersed phase remain nearly constant, while the interac-
tion radii of the micelles decrease. L1695 reduces the size
of the micelles, which is in good agreement with the
shrinking interaction radii derived from the structure factor.
Consequently, the number of particles per unit volume is
lowered, but these fewer particles have a stronger scattering
power. At the same time, the effective volume fraction of
interaction stays approximately the same in the presence of
L1695, which, in combination, implies that the number
of micelles per unit volume and, therefore, also the
available interface must be increased.

Diffusion parameters

In order to evaluate the diffusion data in terms of
microstructure, the calculation of the relative diffusion
coefficient, D/D,, of the oil and water is needed [48-54].
Relative diffusion coefficients were obtained by dividing
water (D™*°") and oil (D°") diffusion coefficients in the
microemulsion by the diffusion coefficient of pure water
(Dowater) and oil in the neat phase (Dg“). It is well
documented [48—54] that if the D/D, values of water and
oil differ by more than 1 order of magnitude, discrete
particles of the slowly diffusing solvent are implied,
whereas if the D/D, values of water and oil are of the
same order of magnitude, a bicontinuous structure is
suggested. Figure 7a shows the relative diffusion coeffi-
cients of water and peppermint oil in water + propylene
glycol/L1695/peppermint oil + ethanol microemulsion
system as a function of the water content (weight percent)
along the dilution line N60 (Fig. 1a). One can clearly see
that the general diffusion coefficient behaviors of micro-
emulsion ingredients [oil and water] at the two extremes of
aqueous phase concentrations (below 0.2 and above
0.70 wt.% water contents), the DV /DT values are
easily interpreted, while the in-between regions are some-
what more difficult to explain since gradual changes take
place. As Fig. 7a indicates, microemulsions containing
below 0.20 water volume fraction have a discrete water-in-
oil microstructure, since the relative diffusion coefficients
of water and peppermint oil differ by more than 1 order of
magnitude. Microemulsions containing 0.20-0.56 water
volume fraction have a bicontinuous microstructure, as the
diffusion coefficients of water and peppermint oil are of the

D/D,

T T T T T T T T T T T
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water volume fraction (¢)
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Fig. 7 Relative diffusion coefficients of water (A) and peppermint oil
(O) for samples whose compositions lie along the dilution line N60 in
the water + propylene glycol/sucrose laurate/peppermint oil + ethanol
microemulsion system at 25 °C. The mixing ratios (w/w) of water/
propylene glycol and that of ethanol/oil equal 2 and 1, respectively.
The phase diagrams are presented in Fig. 1. The /ines serve as guide to
the eye. a L1695, b L595

same order of magnitude. Increasing the aqueous phase
concentration to above 0.56 water volume fraction induces
the formation of discrete oil-in-water microstructure.
Figure 7b presents the relative diffusion coefficients of
peppermint oil and water in the water + propylene glycol/
L595/peppermint oil + ethanol system. The diffusion trends
of peppermint oil and water are not very different from
those in the L1695-based system. It can also be seen that
for all water volume fractions below the DV /D" and
DO'/DP indicate the presence of water-in-oil micro-
emulsions. As Fig. 7 indicates, it is clear that hydrophilicity
of the surfactant affects the diffusion properties of both
water and oil. The observed diffusion coefficients of L1695
and L595 are plotted in Fig. 8. The observed diffusion
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Fig. 8 Diffusion coefficients of surfactants for samples whose
compositions lie along the dilution line N60 in the water + propylene
glycol/sucrose laurate/peppermint oil + ethanol microemulsion system
at 25 °C. The mixing ratios (w/w) of water/propylene glycol and that
of ethanol/oil equal 2 and 1, respectively. The phase diagrams are
presented in Fig. 1. The lines serve as guide to the eye

coefficient of the L1695 (D“'*?) is related to the self-
diffusion coefficients of the aggregated and the free

molecules, DL and DEIS%S | respectively, by

free

DL1695 :pmichr;llngs 4 (1 _pmic)DLl695 (12)

where D"'%° denotes the L1695 experimental self-diffusion
coefficient, and DL and DL represent the translational
self-diffusion coefficient of micellized L1695 surfactant, re-
spectively. The measured value of DL16% is 1.28x10™"'m%s at
0.1 water volume fraction. The diffusion coefficient of free
sucrose laurate DE!% is 1x107'°m?/s. pyc is the fraction of
micellized surfactant which equals 1-CMC/c, where c is the
overall mixed surfactant concentration. For the high surfactant
content of the present study, the contribution from free
surfactant molecules is negligible because the CMC of
L1695 is very low (1x107°M at 25 °C). Hence, increasing
L1695 diffusion coefficient with increasing water concentra-
tion reflects micellar growth [48—54].

Hydrodynamic radius and area per polar head group

In this section, we used the dynamic light scattering
technique to investigate the water + propylene glycol/
L1695/peppermint oil + ethanol microemulsion systems as
a function of temperature at aqueous contents equal 0.56
and 0.65 water volume fractions along the dilution line
N60. The values of the hydrodynamic radius increase with
temperature increase indicating that the micelles grow in
size as the temperature increases and a change may occur
on the shape in the micelles, that is, sphere to rod or sphere
to disk transitions. The microemulsion droplets deform by
thermal fluctuations. The droplets may undergo attractive

@ Springer

interactions that lead to aggregation between the droplets.
Two mechanisms have been used to explain the origin of
the attractive interactions: interpenetration of the tails of the
surfactants molecules residing on different droplets or
fusion of droplets which lowers the curvature energy.
Similar results of the behavior of the hydrodynamic radius
as a function of temperature were reported in our previous
studies [8, 55, 56]. Assuming spherical aggregates with no
oil penetration into the mixed surfactants film, the area per
polar head group (@) can be estimated from the Ry and the
ratio of the volume fraction of oil to the volume fraction of
L1695 (¢o/¢s) is determined by the relation [57]

3vs ¢O>
= — 1 _—
a R ( + b

where v is the L1695 molecular volume which equals 720
A3. Ry is the hydrodynamic radius. The values of the area
per polar head group (@) and the hydrodynamic radius for
aqueous phase volume fractions equal 0.56 and 0.65 are
presented in Table 2.

(13)

Conclusions

We studied the microemulsion systems based on sucrose
ester surfactants and the biocompatible peppermint oil. We
estimated the maximum water solubilization and the
thermodynamics of solubilization of either water-in-oil or
oil-in-water. These systems are promising for many
industrial applications including drug delivery, solubiliza-
tion of food functional ingredients, medium for biochemical
reactions, and nanoparticle synthesis. From this study, we
were able to draw the following conclusions:

» The electrical conductivities and dynamic viscosities of
the systems reveal the occurrence of percolative
structures at low values of water fractions. This
percolation phenomenon is static indicating that the

Table 2 The values of the area per polar head group (@) and the
hydrodynamic radius for aqueous phase volume fractions equal 0.56
and 0.65 of the water + propylene glycol/L1695/peppermint oil +
ethanol microemulsion system at 25 °C along the N60 dilution line

Temperature (°C) Water volume fraction ()

0.56 0.65

Ry (m)  a (A’  Ry(m)  a (A%
20 2.4 154 2.2 147
25 2.7 137 2.5 130

The mixing ratios (w/w) of water/propylene glycol and that of ethanol/
oil equal 2 and 1, respectively.
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percolative structures are transferred to bicontinuous
structures.

The periodicity of microemulsions increases linearly
with the increase in the water volume fraction
indicating monodimensional swelling of the micro-
emulsions droplets.

The correlation length of the microemulsions increases
with the increase on the water volume fraction up to a
certain value then decreases indicating that when the
water is in the dispersed phase, increasing the water
volume fraction increases the size of the scattering units
and the correlation length, £, whereas when water is in
the bulk, increasing the water volume fraction dilutes
the scattering units and & decreases.

The measured microstructure parameters in these
systems by small angle X-ray scattering demonstrate
that the L595-based microemulsions are less ordered
that those based on L1695 which indicates that the
hydrophilicity of the surfactant controls the degree of
order of the formulated microemulsions.

The picture that emerges from the data over the whole
water content range studied is that at low water content
values there are probably spherical droplets of water-in-
oil. As the water content increases, the water-in-oil
microstructure is no longer optimal and a flattening of
the interfacial film is approached. Both water and oil
diffusing rapidly indicates an average equilibrium
bicontinuous arrangement where neither oil nor water
is confined into closed domains. Both oil and water
have lower relative diffusion coefficients in the L1695-
based microemulsions compared to the L595-based one.
The area per polar head group decreases with the
increase of temperature.
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