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A B S T R A C T

Microemulsions are thermodynamically stable systems that have attracted considerable attention in the food
industry as delivery systems for many hydrophobic nutrients. These spontaneous systems are highly dependent
on ingredients and composition. In this work phase diagrams were constructed using two surfactants (Kolliphor
RH40 and ELP), water, sunflower oil, and ethanol as cosurfactant, evaluating their physicochemical properties.
Stability of the systems was studied at 25 and 60 °C, monitoring turbidity at 550 nm for over a month to identify
the microemulsion region. Conductivity was measured to classify between water-in-oil and oil-in-water micro-
emulsions. The phase diagram constructed with Kolliphor RH40 exhibited a larger microemulsion area than that
formulated with Kolliphor ELP.

All formulations showed a monomodal droplet size distribution with low polydispersity index (< 0.30) and a
mean droplet size below 20 nm. Systems with higher water content presented a Newtonian behavior; increasing
the dispersed phase content produced a weak gel-like structure with pseudoplastic behavior under flow con-
ditions that was satisfactorily modeled to obtain structural parameters.

1. Introduction

The design and development of different delivery systems when
searching for the best option to enhance the bioavailability of nu-
traceutical components is an important field in food and pharmaceu-
tical research. Currently, in food industry only a few matrices are used
as delivery systems, because not only it has to be efficient but also must
be food grade and relatively inexpensive (Garg, Sharma, Rath, & Goyal,
2017). Colloidal systems have been widely and actively investigated
over the past four to five decades for nutrient delivery. However, na-
nostructure dispersions like liposomes, microemulsions, reverse mi-
celles, and nanoemulsions appear to be an interesting option to replace
the traditional delivery systems like emulsions or microspheres, that
resulted unsuitable for some food matrices (Garg et al., 2017; Garti &
Aserin, 2012). Particularly, microemulsions are good vehicles for so-
lubilization and transport of water insoluble and/or oil insoluble active
compounds. Microemulsions (or micellar emulsions) are macro-
scopically homogeneous mixtures of oil, water, and surfactant, fre-
quently in combination with a cosurfactant. They are optically iso-
tropic, transparent, and thermodynamically stable due their small
particles size, which are in colloidal domain (Flanagan & Singh, 2006).
Microemulsions have attracted considerable attention in the food and

pharmaceutical industries, as they have a great capacity to solubilize
hydrophobic compounds such as functional oils and vitamins and,
through a rapid release in the gastrointestinal tract, improve their ab-
sorption (Janković, Djekic, Dobričić, & Primorac, 2016; Xu et al., 2016).
Several authors have reported that the incorporation of a wide range of
bioactive molecules in microemulsions extended its stability and of-
fered a good opportunity for absorption, even with different solubility
chemical nature, molecular weight, etc. (Callender, Mathews,
Kobernyk, & Wettig, 2017; Li et al., 2017; Ma & Zhong, 2015; Rozman,
Zvonar, Falson, & Gasperlin, 2009). However, the properties of these
spontaneous systems are highly dependent on their ingredients and
composition; they could range between various structures from droplet
like swollen micelles to bi-continuous structure. Selection of surfactants
is a critical process as a very low interfacial tension is required at the
oil/water interface which is a fundamental requirement to form a mi-
croemulsion. Moreover, concentration of surfactant must be high en-
ough to provide the number of surfactant molecules needed to stabilize
the nano droplets. Usually, microemulsions require the presence of a
cosurfactant because single chain surfactants alone are incapable to
sufficiently reduce o/w interfacial tension (Lv, Zheng, & Tung, 2005).
Short to medium chain length alcohols (C3-C8) are commonly added as
cosurfactants; they are located between the surfactant chains and the
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continuous phase so as to increase the flexibility of the interfacial
membrane. However, an excess of cosurfactant can lead to the de-
struction of the microemulsion due to the phenomenon of partition.
This would cause migration of the surfactant from the interfacial region
to the continuous phase (Warisnoicharoen, Lansley, & Lawrence, 2000).
Ethanol is one of the most used cosurfactant in food systems due to its
low toxicity (Fasolin, Santana, & Cunha, 2012).

As it was mentioned, the type of emulsifier plays a fundamental role
in the formulation of microemulsions. Kolliphor ELP and Kolliphor
RH40 (formerly known as Cremophor) are nonionic surfactants derived
from castor oil, commonly used in pharmaceutical formulations to
improve the bioavailability of poorly water-soluble drugs (Berthelsen
et al., 2015; Hallouard, Dollo, Brandhonneur, Grasset, & Corre, 2015;
Janković et al., 2016). Both surfactants are included in the list of in-
active ingredients for approved drug products by the FDA (2017), and
they may be incorporated in oral, intravenous, intravesical, topical,
ophthalmic, or IV (infusion) pharmaceutical products without harm for
individuals. However, their application in food systems has been not
completely studied (El-Sayed, Chizzola, Ramadan, & Edris, 2017).

Kolliphor ELP is the commercial name of polyoxyl n castor oil
(n= 35), it is a mixture of triricinoleate esters of ethoxylated glycerol
with small amounts of polyethylene glycol (macrogol) ricinoleate and
the corresponding free glycols. The number (n) associated with the
name of the substance represents the average number of oxyethylene
units in the compound. The name Kolliphor RH40 corresponds to
polyoxyl 40 hydrogenated castor oil, a mixture of trihydroxystearate
esters of ethoxylated glycerol with small amounts of macrogol hydro-
xystearate and the corresponding free glycols. Both substances are
generally highly dispersible in water.

The aim of this work was to study the potential of different emul-
sifiers in the development of food microemulsions, evaluating their
physicochemical properties. Different mixtures of sunflower oil, water,
a surfactant (Kolliphor RH40 or Kolliphor ELP) and ethanol as co-
surfactant were prepared to determine formulations corresponding to
microemulsions. The physicochemical characteristics of the micro-
emulsions were investigated by rheological measurements, turbidity,
electrical conductivity and droplet size distribution.

2. Materials and methods

2.1. Materials

Surfactants derived from castor oil were kindly supplied by BASF
Argentina S.A. (Argentina): macrogolglycerol hydroxystearate
(Kolliphor RH40) and macrogolglycerol ricinoleate (Kolliphor ELP).
Commercial sunflower oil was purchased from Molinos Cañuelas
(SACIFIA, Argentina) and used without additional purification.
Analytical grade ethanol > 99.5% was used as cosurfactant (Soria,
Argentina). Sodium azide was used as antimicrobial agent (Anedra,
Argentina). Distilled and deionized water was added to all micro-
emulsions.

2.2. Methods

2.2.1. Construction of phase diagrams
Initially, mixtures of surfactant (Kolliphor RH40 or Kolliphor ELP),

sunflower oil and cosurfactant (absolute ethanol) were prepared by
magnetic stirring to ensure the correct homogenization of these com-
ponents, using a temperature controlled bath at 40 °C. Different pro-
portions between emulsifier and oil/ethanol were studied (9:1, 8:2, 7:3,
6:4, 5:5, 4:6, 3:7, 2:8 and 1:9), keeping a constant ratio of sunflower oil:
ethanol (2:1). Subsequently, distilled water was added constantly stir-
ring at 350 rpm. Finally, each formulation was placed in a sonicator
bath for 1 h at 40 °C to remove occluded bubbles.

Systems were named according to their formulation; i.e., first
numbers corresponded to the surfactant concentration in the oil phase,

then the letters indicated the type of emulsifier (“RH” for Kolliphor
RH40 and “ELP” for Kolliphor ELP), and final numbers represented the
final water concentration in the system. For example, a system named
90RH80 consisted of an emulsion with 80 g water/100 g emulsion,
using an oil phase with 90 g surfactant/100 g organic phase (9:1 ratio)
of Kolliphor RH40: (oil + ethanol). Particularly, Line 8 (L8) corre-
sponds to the mixture of surfactant 80% and oil+ cosurfactant 20%,
and Line 9 (L9) corresponds to the mixture of surfactant 90% and
oil+ cosurfactant 10%.

All formulations were performed at least in duplicate and stored at
20 °C for one month. Those which remained stable were subjected to
60 °C for two days prior to the construction of the pseudo-ternary phase
diagram.

2.2.2. Characterization of the pseudo-ternary phase diagrams
The various formulations were visually observed to construct the

pseudo-ternary phase diagram. Those systems consisting of separated
oily and aqueous phases were classified as “two phases” (2P), while
white single-phase systems were named as “emulsions” (E). On the
other hand, those systems that after the storage period still remained as
a single transparent and colorless phase were classified as “micro-
emulsions” (ME).

2.2.3. Storage stability
The stability of samples was investigated by absorbance measure-

ments using a spectrophotometer (Hach DR2800). All prepared samples
were stored for 34 days at 20 °C and their absorbance was regularly
measured at a wavelength of 500 nm (Pearce & Kinsella, 1978). Then,
only those systems that remained stable were subjected to an ac-
celerated destabilization process in an oven at 60 °C for 48 h, followed
by a final measure of the absorbance. The results were expressed as
turbidity variation (τ), calculated according to:

∆ = −−τ τ t τ(cm ) ( ) (0)1 (1)

where: =τ t( ) abs t
l

2.303 ( ) is the turbidity at time “t”, τ(0) the initial tur-
bidity, abs is the measured absorbance and l the optical path of the cell
(Cho, Kim, Bae, Mok, & Park, 2008).

2.2.4. Conductivity measurement
Conductivity measurements were performed in order to classify the

microemulsions as oil in water (O/W) or water in oil (W/O). The
conductivity was determined using a conductivity meter (Lutron, CD-
4307SD). The measurements were carried out in duplicate and the
temperature was kept constant at 25 °C.

2.2.5. Droplets size distribution
Dynamic light scattering equipment (Horiba SZ-100, Horiba

Scientific, Japan) was used to evaluate the droplet size distribution and
the mean hydrodynamic diameter of the fluid o/w microemulsions
obtained with both emulsifiers. All microemulsions were measured in
duplicate and 10 measurements were performed on each cell, reporting
the average value in each case.

2.2.6. Rheological measurements
Oscillatory and rotational rheological tests were carried out on a

Haake RS600 controlled stress rheometer (Haake, Germany). All mea-
surements were performed at least in duplicate and maintaining a
constant temperature of 25 °C. Parallel plates of 60mm diameter or
double gap concentric cylinders were used depending on the viscosity
of the analyzed sample.

2.2.6.1. Oscillatory tests. Stress sweeps were performed at a fixed
oscillation frequency of 1 Hz (6.28 rad/s) to determine the linear
viscoelastic range (LVR). Afterwards, within the LVR, frequency
sweeps were carried out to determine the variation of the elastic (G′)
and viscous (G″) moduli within the range 0.01–100 rad/s.
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2.2.6.2. Steady state flow measurement. The flow measurements were
obtained by imposing a ramp of shear stresses and waiting until the
slope of the resulting shear rate versus time was< 0.001% at each
point, so that it could be assumed that steady-state was almost attained
(Lorenzo, Zaritzky, & Califano, 2008).

2.2.7. Statistical analysis
Analyses of variance were conducted separately on the dependent

variables analyzed. Tukey's test was chosen for simultaneous pairwise
comparisons. Differences in means and F-tests were considered statis-
tically significant when P < 0.05. All statistical procedures were
computed using the SYSTAT software (SYSTAT Inc., Evanston, IL, USA).

3. Results and discussion

3.1. Phase diagram analysis

The pseudo-ternary phase diagrams were constructed from the vi-
sual observation for systems containing Kolliphor RH40 (Fig. 1a) and
Kolliphor ELP (Fig. 1b). Regardless of the type of the emulsifier, mi-
croemulsions could only be obtained with emulsifier: (oil+ ethanol)
ratios higher than 7:3. Lowering surfactant concentration in the oil
phase, led to a region where turbid macroemulsions were produced, but
using ratios lower than 6:4 systems become unstable with rapid phase
separation. Similar behavior was observed by different authors using
other nonionic emulsifiers (Fasolin et al., 2012; Roohinejad et al., 2015)
or lecithin (Abbasi & Radi, 2016). Fig. 1 shows that the emulsifier
Kolliphor RH40 presented a larger region of micro-emulsified systems
than that obtained with Kolliphor ELP. This would result in greater
variation in the compositions to produce stable colloidal systems.

Fig. 2 presents photographs of different pseudo-ternary systems,
elaborated with Kolliphor RH40 and Kolliphor ELP, corresponding to
different regions of the diagram.

3.2. Stability test

The stability of the systems was determined during 34 days of sto-
rage at 20 °C from turbidity measurements. Line 9 (L9) systems for-
mulated with Kolliphor RH40 and Kolliphor ELP showed very low
constant turbidity values throughout the storage which can be asso-
ciated with high stability for all water concentrations. Fig. 2 shows the
transparency of these systems that practically did not differentiate from
pure water. On the other hand, Fig. 3a shows variation of turbidity with
storage time for some systems of Line 8 (L8). Systems of L8 with 80%
and 60% water prepared with Kolliphor RH40 (i.e., 80RH80 and
80RH60) presented values of Δτ very close to zero, since they behaved
as microemulsions. Those systems that resulted in emulsions (80RH20,
80ELP80 and 80ELP60) showed negative values of Δτ due to the de-
stabilization process. This is associated with the creaming of the oil
droplets. When they begin to move towards the top of the tube, the
lower zone is clarified giving a decrease in turbidity (Quintana,
Lorenzo, Zaritzky, & Califano, 2007). The Δτ of these samples presented
a marked initial decay that was later decelerated with storage. How-
ever, the 80ELP20 sample showed very large destabilization kinetics
throughout the period leading to phase separation (Fig. 3a).

After storage at 20 °C, systems that did not show changes in tur-
bidity were subjected to an accelerated destabilization process heating
the samples at 60 °C for 48 h. By turbidity measurements, it was de-
termined that there were no significant changes in these formulations,
which ended up defining them as microemulsions.

3.3. Droplets size distribution

The droplets size distribution and the average size of droplets were
determined on the microemulsions obtained with different emulsifiers.
All microemulsions showed a monomodal distribution with a low
polydispersity index (< 0.30) and an average droplet size below 20 nm
(Table 1); as an example Fig. 3b shows the droplet size distribution for
some of the studied formulations.

In none of the cases studied the total dispersed phase content af-
fected the droplet size or its distribution. However, it was observed that
as the emulsifier: (oil+ cosurfactant) ratio decreased, the drops
showed a significant size increase. With the gradual addition of oil to
the disperse phase, i.e., a decrease in the ratio, micelles are swollen by
oil and consequently the droplet size of the microemulsion is also
gradually increasing. This behavior was also reported by other authors
in microemulsions of water-in- ionic liquids using TX-100 as emulsifier
(Seth, Chakraborty, Setua, & Sarkar, 2007). Besides, microemulsions
made with Kolliphor ELP presented a hydrodynamic droplet size

Fig. 1. Pseudo-ternary phase diagrams for systems emulsified with (a) Kolliphor RH40,
(b) Kolliphor ELP. The lines L9 and L8 correspond to the ratio 9:1 and 8:2 of surfactant:
(oil + cosurfactant), respectively. ME: microemulsion, E: emulsion, 2P: two phases.
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significantly (P < 0.05) smaller than those elaborated with Kolliphor
RH40. This effect could be attributed to the difference in the chain
length of the emulsifiers. Chain length of polyethylene glycol (PEG)
castor oils and PEG hydrogenated castor oils depends on the quantity of
ethylene oxide used in synthesis (Fruijtier-Pölloth, 2005), so it was
expected a larger hydrodynamic diameter for microemulsions con-
taining RH40.

3.4. Electric conductivity

Conductivity measurements were carried out for Line 8 and 9 mi-
croemulsions formulated with Kolliphor RH40 and ELP. However, not
all systems could be studied due to their gel-like behavior. A similar
behavior was observed for the two emulsifiers, with two well defined
conductivity zones as shown in Fig. 3c. At low water concentrations,
very low conductivity values were obtained associated with the low
conductivity of the oil and the large amount of non-ionic emulsifier.
These systems were classified as water-in-oil microemulsions. As the
concentration of the polar phase increase, a sharp increment in the
conductivity was observed. Several authors have reported this phe-
nomenon as the percolation threshold, where the swollen micelles start
interacting each other (Kumar & Mittal, 1999; Ma & Zhong, 2015). For
water concentrations higher than 60 g/100 g emulsion, there was a
marked increase in conductivity up to 70 g/100 g emulsion that could
be attributed to the transition of W/O microemulsions to bicontinuous
structure. After further dilution to>70 g water/100 g emulsion, the
bicontinuous structure shifts to O/W microemulsions. Fasolin et al.
(2012) informed an analogous performance working with systems
prepared with sunflower oil or high oleic sunflower oil, water, Tween
80, and ethanol. Ma and Zhong (2015) registered similar concentrations

for the transition in microemulsions with soybean oil, using different
essential oils, and Tween 80.

3.5. Viscoelastic behavior of microemulsions

Stress sweeps of the different microemulsions were carried out to
determine their linear viscoelastic range. Fig. 4a shows the complex
modulus (G*= ((G′)2+ (G″)2)1/2) as a function of the stress amplitude
for some of the formulations tested. All microemulsions were invariant
throughout the range of stresses measured even with high dispersed
phase contents such as 90RH40 emulsions (60% oil+ emulsi-
fier+ cosurfactant). Based on this, it was adopted a stress of 1 Pa to
perform the frequency sweeps.

Subsequently, frequency sweeps were obtained for the microemul-
sions. Fig. 4b shows the elastic modulus (G′) and the viscous modulus
(G″) as a function of frequency for the microemulsions of line 9. Those
with higher water content (90RH80, 90RH60) showed a marked vis-
cous behavior similar to a dilute solution, with very low values of G′
and G″ and a marked linear dependence with frequency throughout the
studied range. G″ was higher than G′ but with a tendency to show a
crossover at frequency higher than 102 rad/s. Based on this trend it
could be made a rough estimation of the relaxation time (λ=1 /
ωcrossover) of the microemulsions which was lower than 10−2 s, an in-
dicator of the extremely low elasticity of this system (Tadros, 1996). A
similar viscoelastic behavior was observed in those microemulsions
obtained with Kolliphor ELP. On the other hand, microemulsions con-
taining 60 g dispersed phase/100 g emulsion (90RH40) showed a weak
gel-like behavior with G′ values higher than G″ over a wide frequency
range, with a minimum of the latter at intermediate frequencies and a
“plateau” region in G′ (Steffe, 1996). A marked decrease in the

Fig. 2. Photographs corresponding to systems of different zones of the phase diagram, elaborated with Kolliphor RH40 and Kolliphor ELP. Microemulsions (ME), emulsion (E), and two
phases (2P).
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crossover frequency was observed in this formulation (a major increase
in relaxation time was observed when gum concentration reached
1.25% (ωcrossover ~ 3.10−2 rad/s), which is related with a major incre-
ment in the elastic behavior and strength of the structure. Significant
differences between microemulsions can also be observed in the pho-
tographs of Fig. 4a. Increasing fraction of the dispersed organic phase

led to a transition from o/w microemulsion to a bicontinuous structure,
which is revealed by the strengthened interaction between dispersed
domains of the oily phase (Garti, Yaghmur, Leser, Clement, & Watzke,
2001).

Fig. 4b also shows the fitting of the discrete generalized Maxwell
model for microemulsions of line 9. Parameters of the model (number
of elements, N, elastic modulus of each element, Gi, and each relaxation
time, λi) were determined using a non-linear numerical method

Fig. 3. a) Variation of turbidity as a function of storage time at 20 °C for Line 8 systems:
■80RH80, □80ELP80, 80RH60, 80ELP60, 80RH20, 80ELP20. b) Droplet size
distribution for microemulsions formulated with Kolliphor RH40 with different con-
centrations of water and emulsifier: (oil+ ethanol) ratios. 80RH60 ( ), 80RH80 ( ),
90RH60 (■), 90RH80 ( ). c) Conductivity of microemulsions formulated with Kolliphor
RH40 as a function of water content using ratios 9:1 ( ) and 8:2 (■) for emulsifier:
(oil + ethanol).

Table 1
Average droplet size (nm) and polydispersity index for stable microemulsions formulated
with an oil phase with 80 or 90 g surfactant/100 g organic phase and Kolliphor RH or
Kolliphor ELP as surfactants.⁎

Formulation Average droplet size (nm)+ Polydispersity index+

80RH60 18.38a (1.62) 0.283a (2.8 · 10−2)
80RH80 18.46a (0.155) 0.293a (7.7 · 10−3)
90RH60 14.26b (0.236) 0.217b (2.1 · 10−2)
90RH80 14.46b (1.27) 0.225b (6.7 · 10−3)
90ELP60 12.77c (0.255) 0.205b (3.8 · 10−3)
90ELP80 11.78c (0.075) 0.183b (6.0 · 10−3)

⁎ SEM is given between parentheses.
+ Different superscripts within the same column indicate significant differences

(P < 0.05).

Fig. 4. Oscillatory rheology for microemulsions stabilized with Kolliphor RH40. a) Stress
sweeps for 90RH80 (■), 90RH60 ( ), 90RH40 ( ), 80RH80 ( ), and 80RH60 ( ). Insert
pictures correspond to 90RH80 (down) and 90RH40 (up). b) Frequency sweeps for
90RH80 (■ □), 90RH60 ( ), and 90RH40 ( ). Full symbols: G′; empty symbols: G″.
Continuous lines: Maxwell model.
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previously described (Lorenzo, Zaritzky, & Califano, 2015; Winter &
Mours, 2006). The computed Gi and λi values were used to predict the
storage and loss moduli. As can be observed in Fig. 4b, there is a sa-
tisfactory agreement between the experimental and predicted values,
confirming the accuracy of the calculations. Once the relaxation time

spectrum was known other material functions such as the plateau
modulus GN

0 were evaluated as the sum of the relaxation moduli (Mead,
1994). Increasing disperse content was correlated with a significant
increment in GN

0 values. This parameter was previously related to the
number of entanglements between wormlike micelles, or, the mesh size
of the network (Lorenzo et al., 2015; Sharma et al., 2009). Thus, the
increase in GN

0 with increasing ϕ could be attributed to an increase in
the network density of the droplets surrounded with wormlike micelles.

3.6. Flow behavior of the microemulsions

Fig. 5a shows the dependence of shear stress with shear rate for
90RH80, 90RH60, 80RH80 and 80RH60 microemulsions. The shear
curves invariably showed Newtonian behavior over the shear range
studied and in no samples could a yield stress be detected. The linearity
of the flow curves for these microemulsions could be observed over at
least 3 orders of magnitude of σ (Fig. 5a). This is a usual behavior
observed in microemulsions as reported by different authors (Fasolin
et al., 2012; Špiclin, Homar, Zupančič-Valant, & Gašperlin, 2003).

Both the variation in emulsifier or water contents showed an in-
fluence on the flow behavior. Regardless the emulsifier concentration,
systems containing 60 g water/100 g had higher viscosity
(η~4×10−1 Pa·s) than those containing 80 g/100 g
(η~6×10−3 Pa·s). A decrease in the water content involves an in-
crease in dispersed phase concentration of the O/W microemulsions,
and hence an increase in the number of droplets, which enhance the
interaction between them and consequently the viscosity. When the
dispersed phase content was 20 g/100 g, no influence of the emulsifier:
(oil + ethanol) ratio was observed. Conversely, when this content in-
creased to 40 g/100 g, those microemulsions with the highest con-
centration of Kolliphor RH40 (line 9) showed significant higher visc-
osities (η=4.84×10−1 ± 9.6×10−3 Pa·s) than those of line 8
(η=2.70×10−1 ± 6.7×10−3 Pa·s).

When the dispersed phase content was increased to 60 g/100 g a
marked change in flow properties was observed as seen in Fig. 5b. The
microemulsions showed a characteristic pseudoplastic behavior with a
constant viscosity below 10−3 s−1 and a sharp decrease at higher shear
rates. This behavior was described using the Cross model (Steffe, 1996):

=
+

η
η

τγ(1 ( ̇) )n
0

(2)

where η is the viscosity corresponding to a shear rate γ̇, η0 is the visc-
osity at =γ̇ 0; τ is a relaxation time, and n a measure of the pseudo-
plastic characteristics.

The satisfactory agreement between Cross model and rheological
data could be observed in Fig. 5b. This is a typical behavior reported in
lipogels and gel microemulsion generally used in drug delivery matrices
for topical application (Ellaithy & El-Shaboury, 2002). At rest, mole-
cules and droplets remain entangled together with the association of
immobilized aqueous phase. Once the shear rate increases enough,
emulsifier molecules tend to disentangled and droplets align in the di-
rection of flow, offering less resistance. This together with the release of
some of the entrapped water accounts for the decrease in the viscosity.

There are several models to interpret the viscosity variation of
emulsions with the volume fraction of disperse phase (ϕ).Considering
that droplets of the microemulsion have a net charge close to zero be-
cause they are surrounded with a nonionic emulsifier, they will only
interact by excluded volume effects. Under these conditions it is pos-
sible to apply the Dougherty-Krieger model developed for hard sphere
systems (Rao, 2013):

⎜ ⎟= ⎛
⎝

− ⎞
⎠

−η
η

ϕ
ϕ

1
s m

η ϕ[ ] m

(3)

where ηs is the viscosity of the continuous phase, ϕ is the dispersed
phase volume fraction, ϕm is the maximum packaging fraction, and [η]

Fig. 5. a) Shear stress (σ) vs. shear rate (γ ̇) for microemulsions with Kolliphor RH40:
80RH60 ( ), 80RH80 ( ), 90RH60 ( ), and 90RH80 ( ). b) Flow curves for micro-
emulsions of line 9 with 20 ( ), 40 ( ) and 60% ( ) dispersed phase. Continuous line:
Cross model. c) Relative viscosity (η/ηs) as a function of dispersed phase fraction (ϕ).
Continuous line: Dougherty-Krieger model.
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is the intrinsic viscosity of the microemulsion.
As shown in Fig. 5c, Eq. (3) satisfactorily fitted the experimental

data obtaining ϕm and [η] values of 0.72 and 16.24, respectively. The
predicted ϕm was>0.63 which is usually obtained for randomly
packed uniform hard spheres. On the other hand ϕm=0.74 corre-
sponds to closest packing, a face-centered cubic array. Other authors
reported similar values of ϕm that can be attributed to systems that can
be densely packed and achieve a high ordering of their structure (Chen
& Warr, 1992).

4. Conclusion

Emulsifiers derived from castor oil resulted in a useful alternative to
produce different types of microemulsions. Particularly, polyoxyl 40
hydrogenated castor oil (Kolliphor RH40), allowed working with higher
concentrations of oil than Kolliphor ELP. Systems were very stable
during storage and temperature changes, showing droplet sizes within
the colloidal domain, lower than 20 nm. It was observed that the sys-
tems with higher water content presented a Newtonian behavior, which
would indicate the existence of very small droplets separated enough to
be able to interact with each other. Increasing the dispersed phase
content produced a weak gel-like structure with pseudoplastic behavior
under flow conditions that could be satisfactorily modeled to obtain
structural parameters.
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