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Abstract: In order to study the relationship between the rheology of a surfactant’s concentrated
dispersions and the oil and water liquid crystals from which O/W nanoemulsions (NEs) can be
produced by water dilution, the phase diagram of a model SOW (surfactant-oil-water) system was
constructed. The dispersion’s compositions to be characterized by rheology were chosen in the
diagram’s regions that contain liquid crystal phases. For this, the dilution lines S/O = 25/75, 55/45,
and 70/30 with a water content of 20 and 40 wt% (corresponding to surfactant concentrations between
15 and 55 wt%) were chosen. By adding these dispersions to a water pool, NEs were obtained, and it
was shown that droplet size distribution depends on the amount of the liquid crystal phase in the
initial dispersion and its rheology. The study of the oscillatory amplitude of the dispersion showed
a linear viscoelastic plateau (G’ > G”) and a softening deformation region (G” > G’), indicating a
viscoelastic behavior of the dispersions. The study was carried out at a constant temperature of
30 °C, and the results show that rheological characterization by itself is not enough to predict that
monomodal droplet distributions are obtained. However, the presence and quantity of lamellar
liquid crystal phase are important to obtain monodisperse and kinetically stable NEs.

Keywords: nano-emulsions; rheology; phase behavior; liquid crystal

1. Introduction

Nano-emulsions, NEs, are thermodynamically unstable systems that have a droplet
size between 20 and 200 nm [1-3]. The main physicochemical properties that determine
the role of NE in different applications are their nanometric range droplet size and their
high kinetic stability, which can be obtained for lower surfactant concentrations than those
required to obtain a microemulsion. These characteristics are defined by the formulation
and composition of surfactant-water—oil (SOW) systems. NEs are used in enhanced oil
recovery [4-6]; in the pharmaceutical industry to encapsulate nutrients, vitamins, medicines,
colors, etc.; in cosmetics [2,7] and food [8]; as pesticides [2,9,10]; and in miniemulsion
polymerization systems [11].

Due to their applications, great interest has been generated in studying the factors that
influence the formation of NE and their physicochemical properties. There are basically
two methods to obtain them: the high-energy method and the low-energy method [1,12-18].
Low energy methods were introduced in the 1970s by Lin T. J. [19], and a mixture of two
of these methods is used in this study. This method consists of generating a concentrate
composed of water—oil and surfactant [20], which, by adding an appropriate amount of
aqueous phase with gentle agitation and low rpm at a constant temperature [3,14,17,20-24],
forms an emulsion with small droplet size. Sagitani [3] established that, in order to obtain an
O/W emulsion with a small droplet size and low polydispersity, the formation of a lamellar
liquid crystal phase during the dilution process is essential to produce a nanoemulsified
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system. However, other studies conclude that the morphological evolution of the system
during the emulsification process by phase inversion is still not entirely clear [16], and they
maintain that the mechanism for NE formation is related to the homogeneous nucleation of
droplets of oil during emulsification [20].

Because the physicochemical properties of NEs depend on their composition, distri-
bution, and the nanometric size of the droplets (which gives these systems high kinetic
stability), it is important to study not only the phase behavior of the initial concentrated
system but also the rheology of the different phases formed during the emulsification
process. Numerous studies on the rheological behavior of the different lamellar, hexagonal,
and cubic liquid crystal phases show viscoelastic and non-Newtonian behavior [24-29].
Biradar et al. [30,31] consider that the analysis of the rheological properties of the liquid
crystal phases is useful to evaluate their effect on the performance of self-emulsification.
Additionally, they conclude that nanometer-sized droplets are obtained if the liquid crystal
phase is slightly viscous since the resistance against deformation is lower. On the other
hand, if the liquid crystal is very elastic, the resistance to deformation is greater, and
therefore, larger drops would be formed.

This study’s objective is to relate the rheological properties of dispersions containing
liquid crystals, water, and oil with the formation and characteristics of NEs obtained by
diluting them in water at a constant temperature and with gentle agitation. For this study,
a non-ionic surfactant mixture, (S)/liquid paraffin (O)/water (W), was chosen as a model
system. The hydrophilic-lipophilic balance, HLB, of the non-ionic surfactant mixture is 12.

2. Materials and Methods
2.1. Materials

Two non-ionic surfactants, Span 20 (520) and Tween 80 (T80), were used. Span 20
are sorbitan esters of the monolaurate type with a molecular weight of 346.52 g/gmol, a
density of 0.95 g/mL at 25 °C, and an HLB of 8.6. Tween 80, also known as Polysorbate 80,
is made up of sorbitan rings of the monooleate type and polyethylene oxide with an HLB
of 15. Sigma Aldrich supplied both surfactants. For this study, the surfactants were mixed
to attain an HLB of 12. The oil phase was liquid paraffin supplied by Cientifica Andina
(Merida, Venezuela) with EACN 14 and Milli-Q grade water used.

2.2. Methods
2.2.1. Phase Diagram

The phase diagram was made by weighing different relations of surfactant/paraffin
(5/0), being the surfactant a mixture of T80 and S20 with an HLB of 12. Water (W) was
added to these previously weighed mixtures of surfactant and paraffin until changes in
system’s appearance were observed, such as turbidity or birefringence after each water
addition. Then, for different S/O ratios, various systems were prepared with different
amounts of water; each sample was weighed in a flame-sealed glass ampule. These am-
pules with the S/O/W mixture were mixed and homogenized using vibration equipment
(VORTEX), and the samples were subjected to ultrasound for 3 min to eliminate the foam.
After that, the samples were stored on a stove at 30 °C. The samples were left at constant
temperature until equilibrium was reached. The number of phases and their volume were
determined for each studied composition. The type of liquid crystal was identified using a
Nikon optical microscope; model Eclipse E600 Pol with crossed polarizers.

2.2.2. Emulsion Formation

The initial concentrated dispersions to be diluted in a determined water amount to
obtain O/W NE were chosen according to the type of phases identified from the phase
diagram constructed. In this way, the initial systems to be diluted had a liquid crystal phase
with one or two liquid phases in different proportions (Table 1). Three dilution lines were
chosen, S/O =25/75,55/45, and 70/30, and two different initial amounts of water for each
dilution line.
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Table 1. Composition of initial concentrated system to be diluted with water to obtain the final NE at
5 wt% surfactant. Dilution lines studied S/O = 25/75, 55/45, and 70/30.

Water Amount in the Initial System (wt.%) S/O = 25/75
20% 40%

- O+LC+0O/W
O + Liquid Crystal (LC) microemulsion/(Wm)

Phases at equilibrium E H

Water amount in the initial system (wt.%) S/O = 55/45
20% 40%

W /O microemulsion (Om) + O +1C +Wm

LC
Phases at equilibrium D H

Water amount in the initial system (wt.%) S/O =70/30
20% 40%
Om + LC O+LC+Wm

Phases at equilibrium D H

LC in contact with O LC in contact with Om mWm [JOr:Om

The method consisted of: I) an initial dispersion was formed when oil and surfactant
were stirred at 250 rpm with an RW 20DZM propeller (IKA Labotekchnic, Germany) for
one minute until homogenization. Then, water was added dropwise until dispersion’s
initial water content of 20 or 40 wt.% by weight was reached. II) The homogenized system
was diluted in a pool of water to obtain NEs at a surfactant concentration of 5 wt%. The
process was carried out at a constant temperature of 30 °C, and the NEs were characterized
by droplet size distribution and kinetic stability.

2.2.3. Electrical Conductivity

The system’s conductivity was measured using a Tacussel model CD 6N conductmeter,
with conductivity cell constant of 1.02 cm ! calibrated using standard KCl solutions. The cell
was immersed in the dispersed system (Table 1) and stirred at 250 rpm, taking care that the
magnet (stirrer) did not touch the conductivity cell. The conductivity measurements were carried
out along the NE formation pathway by adding aqueous solution of 10~2 M NaCl instead
of pure water because the surfactants are of the non-ionic type [32-34]. Each conductivity
measurement reported is the average value of three measurements made for each chosen
composition. The conductivities were determined at a temperature of 30 £ 0.5 °C.

2.2.4. Droplet Size and Stability

The NE’s droplet size and distribution were measured by laser light diffraction in a
Malvern Hydro 2000 MU particle size analyzer. The stability was visually monitored at
T =30 °C for six months.

2.2.5. Rheology of Initial Dispersions

The rheological tests were performed using a control stress rheometer, model AR-G2
from TA Instruments with a cone and plate geometry (cone angle 1°5926"’, cone diameter
60 mm, and truncation 55 pm). Oscillatory measurements were made to determine the
linear viscoelasticity region; the measurements were made at 30 °C at a constant frequency
of 1 Hz. For this amplitude sweep, the shear stress was varied from 0.0001 to 100 Pa.
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Then, frequency sweeps were performed at a constant shear stress, and angular frequency
was varied from 0.00015 to 100 Hz. All samples were measured after a certain time after
being obtained (10 min) and were left for 15 min in the sensor system before making any
measurement at a constant temperature of 30 °C.

The rheological behavior was studied in those dispersed systems that contain the
liquid crystal phase in the dilution lines S/O = 25/75, S/0O = 55/45, and S/O = 70/30
(Table 1), and water concentrations of 20 and 40% wt. In addition, to study the crystal
liquid’s phase rheology of the systems with 20 and 40 wt% water (5/O = 25/75), they were
put in sealed glass bulbs at constant temperature of 30 °C until equilibrium was obtained
and the phases were separated. Once this happened, the liquid crystal phase was extracted
and measured.

3. Results and Discussion
3.1. Phase Diagram

The phase type existing in a surfactant—oil-water system in equilibrium was deter-
mined. This means that by obtaining a complete phase separation, we can know not
only the number of phases present in the different compositions but also their volume
fraction [35]. Figure 1 shows the phase proportions in a qualitative way to illustrate the
different systems.

LC in contact with Om / \
=4 LC in contact with O /. \oETERMINED
LC in contact with W UNDE

Figure 1. Diagram of phase behavior for the pseudo-ternary system of non-ionic surfactants with
HLB of 12 (S), liquid paraffin (O), and water (W) at 30 °C. The systems were drawn according to their
densities (the most dense phase at the bottom of the tube).

The phase diagram of the pseudo-ternary system of water (W) non-ionic surfactant
mixture with an HLB of 12 (S) and liquid paraffin (O) at 30 °C is presented in Figure 1. The
diagram shows three one-phase regions, of which two are isotopic: Om (W /O microemul-
sion) and Wm (O/W microemulsion), and one lamellar liquid crystal LC. According to
the literature, the Om oily region corresponds to inverse micelle structures or W/O dis-
crete microemulsions [36-38]. This phase is located practically along the surfactant-liquid
paraffin axis.

On the S/W axis, with a water content greater than 75% w/w, there is a small Wm
region that corresponds to an O/W microemulsion or normal micellar solution [36,39,40].
On the same axis, there is another monophasic region that corresponds to lamellar liquid
crystal LC that contains approximately up to 10% w/w of oil. The remainder of the diagram
presents two- and three-phase regions in equilibrium.
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For S/0O ratios between 5/95 and 35/65, a biphasic zone is located in which an oily
phase O and LC coexist. For higher dilution lines than 35/65, another region formed by the
Om and LC phases is observed.

The colors shown in the diagram (Figure 1) pretend to be similar to those observed in
the SOW pseudo-ternary system at 30 °C. In those regions where the oily phase is in contact
with the LC, the coloration of the latter turns bluish, and when it is in contact with the
isotropic phase Om, the LC takes a yellow-transparent appearance. This can be strongly
influenced by the existence of a birefringent to the movement phase at the beginning of the
O + LC biphasic zone. In the region of the two phases O + LC, with water amounts between
10 and 20 wt%, the liquid crystal phase exhibits birefringence to movement. This behavior
of some mesophases were studied and could correspond to a phase with a bicontinuous or
sponge-like structure [41-44].

As expected, the biphasic region (O + Wm) is located at the bottom of the diagram
along the W/O axis; the surfactant in this region goes to the aqueous phase because a
bluish color is observed in the aqueous phase (Wm), which implies a Winsor I system, and
within this region, all the NE were obtained. Toward the W/S axis, near the W vertex,
another biphasic zone with a liquid crystal in equilibrium with water (LC + W) is found.
Finally, at higher surfactant concentrations, a three-phase zone (O + LC + Wm) is found
over the oil (O +Wm) biphasic zone.

3.2. Electrical Conductivity

Figure 2 shows the electrical conductivity of the dispersions. The electrical conductivity
was measured for different amounts of an aqueous phase in the dilution lines studied,
5/0=25/75,55/45, and 70/30, at a constant temperature (30 °C). As expected, adding an
aqueous phase to the dispersions where S/O = 25/75 increases the conductivity when the
system leaves the zone (O + LC) and arrives to (Om + LC + Wm) with a water amount of
21 wt% and, finally, to the (O + Wm) regions with water amount of 42 wt%. Consequently,
when the water increases from 40 to 80 wt%, the electrical conductivity increases linearly
because the external phase of the dispersion is the aqueous phase.

400

i WSO = 25/75
50 WS/O = 55/45
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300
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Figure 2. Conductivity as a function of the weight percent of 0.01 M NaCl aqueous solution for
HLB = 12 emulsions with an S/O relation of 25/75, 55/45, and 70/30 at 30 °C.

When water is added to the dilution line where the ratio S/O is the highest and
5/0=70/30, it is observed that the conductivity is constant (20 uS.cm~1) from 20 to
40 wt% in the biphasic region (Om + LC). When the amount of water reaches 50 wt%, the
dispersion is inside the area (O + LC + W), and the conductivity increases linearly as a
function of the amount of added water, which confirms that the water is the external phase
of the dispersion.
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In the 55/45 dilution line, the highest conductivity values are obtained during the
addition of water to the system. This means that the inversion point occurs at lower
amounts of water and could be related to the structure that the system acquires when it is
dispersed. The inversion of the dispersed system occurs around 10 wt% of the aqueous
phase in the zone (Om + LC). It was studied that dispersed systems exhibit sudden changes
in electrical conductivity when the composition varies at a fixed temperature. Some authors
interpreted it as a process similar to percolation [32], while others argued that the change in
conductivity is caused by a reversal of dispersion that occurs independently of the volume
fraction of the conducting phase [45].

3.3. Droplet Size

Figure 3 shows the NE’s distribution of the droplet size obtained in the line S/O 25/75
as a function of the water content in the initial dispersed system. By increasing the aqueous
concentration in the initial dispersions, the proportion of bigger droplets increases, and
its effect is observed in the bimodal distribution of the droplet size of the final NE. This
behavior is also observed in the S/O 70/30 dilution line (Figure 4), where the bimodality of
the NE is also present.

20.00 %
— 40.00 %

7 rrrr—r 3
0.01 0.1 1 10 100 &
Droplet size (um)

Figure 3. NE's drop size distribution as a function of water content for the dilution line S/O 25/75.

20

20 %
—40 % =

A g

0.01 0.1 1 10 100 x\(b
Droplet size (um)

Figure 4. NE’s drop size distribution as a function of water content for the dilution line S/O 70/30.

Figure 5 shows the droplet size distribution of the NE formed in the S/O 55/45
dilution line, and in this case, it only presents one mode, resulting in an NE with a smaller
average droplet size and greater kinetic stability.
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Figure 5. NE’s droplet size distribution as a function of water content for the dilution line S/O 55/45.

Table 2 shows the droplet sizes D(0.5) in um for each of the NE formed in each
dilution line.

Table 2. Droplet size D(0.5) of the NE obtained.

S/O %wt. Water D(0.5) um
25/75 20 0.185
25/75 40 0.151
55/45 20 0.118
55/45 40 0.111
70/30 20 0.173
70/30 40 0.170

Figure 6 shows the droplet size distribution of the NE obtained by diluting the dis-
persion in the line S/O = 25/75 containing 20% water. The NEs were prepared from 1) the
liquid crystal together with the oily phase (O + LC) (All) and 2) the liquid crystal separated
from the oily phase (Only LC). The figure shows that when the NE is formed with only
the liquid crystal separated from the system, the droplet size distribution of the NE has
a single mode and droplet size D (0.5) 0.117 um. When the entire system (liquid crystal
plus oil phase) is used to form the NE, the droplet size distribution is bimodal and D(0.5) is
0.185 pm. This seems to show that if the oil phase is completely integrated into the liquid
crystal, smaller droplet sizes and more stable NE can be obtained since the largest droplets
come from the separated oil and are not integrated into the liquid crystal.

—=— All
14 —— Only LC
124
10 4
£
o 84
E
=3
2 o
44
24
0 s L, SRS
001 10 100 1000

Droplet size (um)

Figure 6. Droplet size distribution for a water content of 20.0% in the dilution line S/O 25/75 at
30 °C. All refers to the whole dispersed system (O + LC) and Only LC to the liquid crystal phase only.
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3.4. Type of Liquid Crystal

Figure 7a shows the oily lines, which are named from their appearance, of the dis-
persed S/O 25/75 system whose initial water content corresponds to 20%. This texture is
due to defects that subdivide the ideal structure composed of flat and parallel layers into
domains and appears as long bands with a complex internal structure [46].

o0um

(b)

Figure 7. (a) oily streaks and (b) mosaic texture for the dispersed system in the S/O 25/75 dilution
line with 20% of water content.

Figure 7b shows the lamellar liquid crystals’ texture, a mosaic, very fine and without a
very regular texture which is clearly noticeable. Moreover, it shows the extinction crosses
of the negative uniaxic liquid crystals for the same sample in Figure 7a.

3.5. Rheological Behavior

The case of the S/O 70/30 dilution line is presented to begin the description of the
rheological behavior. When this system contains 20% water, it behaves like a liquid with
very little viscoelasticity. In the amplitude scan (Figure 8a), it can be seen that the viscous
component (G”) remains above the value of the elastic component (G’) throughout the
range studied. Likewise, in Figure 8b, G” is greater than G’ in almost the entire frequency
range studied; the elastic, viscous component and, therefore, the complex modulus (G*,
see Figure 8c) increase with the frequency, similar to the behavior of very dilute solutions
of water-soluble polymers [47]. The little viscoelasticity of this system can be reiterated in
Figure 8c, where it can be seen that the complex viscosity maintains a constant value of
around 51 mPa.s. The latter shows that, in a steady-state test, the viscosity curve would
remain constant as the shear rate increases; that is, the system exhibits very little deviation
from Newton’s law. In fact, the viscoelastic component (G*) is only appreciable (greater
than 1 Pa) at very high deformation frequencies (above 1 Hz). Using this system composed
of LC + Om, a bimodal NE with a mean droplet diameter of around 173 nm was obtained.

On the other hand, the system in the same S/O 70/30 dilution line, but now with 40%
water content, behaves like a viscoelastic solid [48]. In the amplitude scan (Figure 8a), it is
observed that, in the linear viscoelasticity zone, the elastic modulus is slightly greater than
the viscous modulus. This elastic zone is up to a shear stress of 2.5 Pa; then, the viscous
modulus begins to increase, which indicates that the destruction of the structures formed in
the system (LC + O + Wm) begins and, subsequently, the crossing with the elastic modulus
at a stress of 3.9 Pa (flow point or flow stress) is attained. In other words, this system exhibits
dimensional stability like plastic fluids [24,30,31,48-50], where a yield stress (ty) of 3.9 Pa
must be exceeded for it to begin to deform. The rupture of the structures is accentuated (G’
decreases very quickly), and above 3.9 Pa, the viscous behavior prevails. It is important to
clarify that, despite the dimensional stability of this system, the behavior differs from that
of a gel since the magnitudes of G" and G” are similar. In the frequency sweep (Figure 8b), it
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can be seen that between 0.01 and 1 Hz, the viscous and elastic moduli remain constant, with
G’ predominating over G”. However, at frequencies above 1 Hz, the viscous component
reaches the same magnitude as the elastic component. Finally, Figure 8c shows a decrease
in the complex viscosity (In*|) of this system as the strain frequency increases. In other
words, this system would present rheofluidization in a permanent regime. Furthermore, as
the frequency decreases, the complex viscosity tends to increase, which suggests a plastic
behavior, as mentioned above. We could then describe the behavior of this system as that
of a viscoelastic solid but with very similar elastic and viscous components. When this
system is used, a bimodal NE with a mean droplet diameter of around 170 nm is obtained
(as in the previous case). In other words, these first two systems, where LC + Om and LC +
O + Wm are used for 20% and 40% water, respectively, produce two NE with very similar
droplet size distribution despite their different behavior rheology.
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Figure 8. Oscillatory tests for the system with the dilution line S/O = 70/30 at 30 °C. The liquid
crystal is in equilibrium with the Om phase and the Om and Wm phases in the case of 20% and
40% of water, respectively. (a) Amplitude shear stress sweep at 1 Hz; (b) Frequency sweep at 0.1 Pa;
(c) Evolution of 1G*| and In*| against frequency.

The S/0 55/45 dilution line system produces monomodal emulsions with both 20%
and 40% water. These two systems also exhibit different rheological characteristics. As in
the previous case, the system with 20% water can be considered a viscoelastic liquid. In
Figure 9a, an amplitude sweep is observed where G” predominates over G’ throughout
the range of measured stress, which is characteristic of viscous fluids [24,26,27,48,49,51].
In the frequency sweep, the behavior is similar to that of the S/O 70/30 system with 20%
water; that is, G and G” increase as the cutoff frequency increases (Figure 9b). Only at
very high frequencies greater than 10 Hz can it be seen that the magnitude of the elastic
component is equal to the viscous component, which denotes a mainly viscous behavior
where G” > G’ [27,48,49]. The complex viscosity (Figure 9¢) also shows similar behavior
to the previous case; this parameter does not change throughout the measured frequency
range, which allows us to affirm that in a stationary state, the viscosity would remain
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constant as a function of the rate of change applied cut (small deviations from Newton’s
law). The most notable difference with respect to the 70/30 dilution line (20% water) lies in
the complex viscosity value of 350 mPa.s, which, although constant, is almost an order of
magnitude higher. However, as described above, this system that starts with two phases
(LC + Om) is capable of producing a monomodal NE with an average diameter of 118 nm.
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Figure 9. Oscillatory tests for the system with the dilution line S/O = 55/45 at 30 °C. The liquid
crystal is in equilibrium with the Om phase and the Om and Wm phases in the case of 20% and
40 wt.% of water, respectively. (a) Amplitude shear stress sweep at 1 Hz; (b) Frequency sweep at
0.1 Pa; (c) Evolution of |G*| and In*| against frequency.

On the other hand, the S/O 55/45 system with 40% water exhibits very elastic behavior.
In the amplitude scan, it can be seen that the elastic region is below 0.5 Pa, and in it, the G’
modulus is almost one order of magnitude greater than the viscous component (Figure 9a).
From 0.5 Pa, G” increases and passes through a maximum where it coincides and intersects
with G’, at a deformation of 7.9 Pa (ty). This yield stress establishes the stress where the
rupture of the structures is important and the viscous component begins to predominate.
Figure 9b shows that G” and G” remain almost constant in almost the entire frequency range.
From 3 Hz, G” begins to increase until it coincides with the magnitude of G” at around 30 Hz.
Finally, in Figure 9¢, it can be established that the complex viscosity of this system increases
with frequency decrease in a much more important way if compared to the 70/30, 40%
water system. This is where the biggest difference between these two systems lies, for which
we can conclude that the system in the 55/45 dilution line with 40% water is more elastic.
Despite this, the NE obtained with this triphasic system (LC + O + Wm) is monodisperse.
This leads us to think that the use of a three-phase system that behaves like an elastic solid
does not have an evident relationship with the production of this type of monomodal NE.
At least, the results obtained for this system support this statement.

We will now focus on the 25/75S/0 dilution line (lower surfactant/oil ratio compared
to the previous two) to continue this discussion. The two systems studied (20% and 40%
water) offer some viscoelasticity, but in both, the viscous component is greater than the
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elastic component. It is observed in the stress sweep (Figure 10a) that for both systems, the
viscous component predominates. However, for the system with 20% water, the parameters
G’ and G” have very similar magnitudes; that is to say, despite the fact that the viscous
component is greater, the system maintains a certain elasticity, which is lost after a stress of
0.25 Pa, where the intermolecular interactions in the LC begin to be minimized (the system
is composed of LC + O). For its part, the system with 40% water, G” is around three times
greater than G’; that is, the viscous component predominates more significantly than in the
case of 20% water. In addition, both G” and G” decrease progressively as the effort increases.
This particularity reflects that this system is less stable in the face of shearing and there is a
decrease in intermolecular interactions in the LC (system composed of LC + O + Wm) as
soon as there is shearing, regardless of its magnitude. Despite this, in the frequency sweep
(Figure 10b), very similar behavior of both systems is observed. In the entire frequency
range, G” prevails over G'. Both parameters increase with frequency, and it is from 1 Hz
that their magnitudes are similar. There is a slight difference in the magnitudes of G" and
G” of these systems, which are higher for the case of 20% water, which allows us to deduce
that it has slightly higher viscoelasticity, which can also be observed in the values of the
complex modulus (| G* ) in Figure 10c. In this figure, this slight difference in the value of
the complex viscosity (In*|) at zero shear rate (1)) can also be perceived. In the case of 20%
water, this parameter has a value of 800 mPa.s, while for 40% water, it is 400 mPa.s. This
viscosity is very important because it is supposed to be the value that the system has when
the NE is being prepared with the established procedure (see materials and methods). Now,
with these two systems, the bimodal NEs of 185 nm and 151 nm, respectively, were obtained
for 20% and 40% water. If we compare the complex viscosity of these two systems with
the S/O 55/45 system with 20% water (1, = 350 mPa.s), we can affirm that the difference
is not significant, especially with the 40% solution of water (1, = 500 mPa). However, as
described above, the S/O 55/45 system is capable of producing monodisperse NEs. The
only remarkable difference between these three systems is that from a frequency of around
0.02 Hz, the S/0 25/75 systems exhibit a decrease in complex viscosity. That is, in a rotary
test, these solutions will exhibit rheofluidization while the 55/45 system behaves basically
like a Newtonian fluid.

Additionally, the rheological analysis of the LC system of the S/O 25/75 dilution line
at 20% and 40% water is presented. These systems are very interesting since the liquid
crystal is separated from the oily phase (case 20% water) and from the Wm and oily phases
(case 40% water). As described in the methods section, from these liquid crystals, two
monomodal NE with a droplet diameter of 117 nm and 121 nm, respectively, are obtained
for 20 and 40% water content. However, these two LCs exhibit very different rheological
behaviors. The liquid crystal at 20% water behaves like a viscoelastic solid, while the
liquid crystal at 40% water behaves like a viscoelastic liquid. In Figure 11a (stress sweep),
it is observed that for 20% water, G” is slightly higher than G’ in the linear viscoelastic
range (up to 0.2 Pa), while G” is basically an order of magnitude higher than G’ in the
case of 40% water. From the frequency sweep (Figure 11b), it can be inferred that the
system at 20% water has a very particular viscous/elastic duality. Both modules have a
similar value throughout the studied frequency range. However, in most of the frequency
ranges studied, it can be observed that G’ > G”, which corroborates that the crystal type
(LC) is lamellar, in agreement with other works [26,27]. This system is said to be more
like a viscoelastic solid than a liquid because its complex viscosity tends to infinity as the
frequency decreases (Figure 11c). In other words, this system must present a yield stress,
which must be exceeded in order for it to yield a deformation, despite the fact that G” >
G’ and no cutoff between these parameters is observed in Figure 11a. For its part, the
system with 40% water exhibits values of G” greater than G’ in the frequency sweep, and
its complex viscosity remains constant (see Figure 11b,c, respectively) and equal to 7 mPa.s.
The behavior is predominantly viscous; G” is greater than G’ [27,48]. The complex modulus
(1G*1) rises up to four orders of magnitude over the entire frequency range studied. In
short, these two systems are very different from the rheological point of view.
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Figure 10. Oscillatory tests for the system with the dilution line S/O = 25/75 at 30 °C. The liquid
crystal is in equilibrium with the oil phase and the Om and Wm phases in the case of 20% and 40%
of water, respectively. (a) Amplitude shear stress sweep at 1 Hz; (b) Frequency sweep at 0.1 Pa;
(c) Evolution of |G*| and In*| against frequency.
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Finally, it can be affirmed that there is no evident relationship between the rheological
behavior of the starting systems to obtain the NE of a monomodal distribution of the
nano-droplets, at least for the systems presented in this work. In this sense, it was possible
to obtain monomodal NE starting from very elastic systems (viscoelastic solids), which
need to exceed yield stress to flow and gives them dimensional stability in the absence
of stress, as well as from viscous systems (Newtonian liquids). In Figure 12, one can
see a summary of these behaviors. Figure 12a shows the complex viscosity as a function
of frequency for systems that are more viscous than elastic, while Figure 12b shows the
complex modulus (1 G* 1) for systems that are more elastic than viscous. When comparing
the most viscous systems, it is observed that the systems in the S/O 25/75 dilution line
exhibit a plateau and then a decrease in complex viscosity as the frequency increases;
bimodal NE are obtained from them. On the other hand, the other three systems present a
constant complex viscosity, which reflects that, in them, there are minor deviations from
Newtonian behavior. However, two of them were able to produce a single droplet size
distribution. Likewise, when comparing the most elastic systems, it is observed that there
are two very similar behaviors in terms of the exhibited viscoelasticity (summarized in
the |G*| values); it is the behavior of the LC 25/75 system at 20% of water content and
the 70/30 system with 40% water content. Despite their similarity, from these systems, a
monomodal NE and a bimodal NE are obtained.
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Figure 12. (a) shows the complex viscosity (In*|) as a function of frequency for systems that are
more viscous than elastic; (b) shows the complex modulus (1 G*|) for systems that are more elastic
than viscous.

Table 3 shows a summary of the values obtained of G, G”, |G*| and In*| for the
disperse systems measured at 0.1 Pa of effort at a frequency of 1 Hz; additionally, the
droplet diameter D (0.5) of the NE formed for each disperse system is shown. The table
shows that the smallest droplet particle size of the NE, when the entire disperse system is
used, is reached when the S/O ratio is 55/45.

Table 3. Values of G', G”, |G*|, and In*| and mean droplet size for the disperse systems measured
at 0.1 Pa and 1 Hz frequency. The orange are monomodal systems and black are bimodal systems.

S/O Water (%wt) G’ (Pa) G” (Pa) |G*| (Pa) Im*! (Pa.s) D (0.5) (um)
25/75 (only Lc) 20 4.772 2.561 5.416 0.862 0.117
25/75 (only Lc) 40 0.053 0.052 0.074 0.012 0.121

25/75 (All) 20 0.436 1.005 1.095 0.174 0.185
25/75 (All) 40 0.487 1.428 1.509 0.240 0.151
55/45 20 0.002 2.109 2.109 0.334 0.118
55/45 40 60.81 11.09 61.81 9.796 0.111
70/30 20 0.024 3.258 3.258 0.516 0.173

70/30 40 17.86 13.34 22.29 3.533 0.173




Nanomanufacturing 2023, 3 33

4. Conclusions

The studied pseudo-ternary system composed of a mixture of T80 and S20 surfactants,
liquid paraffin, and water, following three dilution lines (S/O 25/75 and 55/45 and 70/30),
produces a lamellar liquid crystal phase (LC). When these systems are subjected to water
dilution, they produce NE with an almost average droplet size of 100 nm. Results show
that bimodal NE can be obtained when the liquid crystal is with other phases, water, and
oil. Finally, if the initial system to be diluted contains the liquid crystal (LC) and presents a
more viscous than elastic behavior, the droplet size of the NE obtained is greater compared
to those initial liquid crystal systems in which an elastic behavior predominates over a
viscous one. There is no clear relationship between the rheological behavior and the droplet
size distribution of NEs. However, regardless of the number of phases and rheological
behavior of the initial dispersion, those NE obtained in the S/O 55/45 line are all of the
monodisperse type and of high kinetic stability. For that reason, further studies should
be performed to clarify the relationship, if any, between rheology and phase behavior in
obtaining an NE with a narrow droplet size distribution.
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