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Advances in computational technology and high-throughput modeling software have given rise to the tailored design of products
that require accurate mathematical relationships for their assessment. Industrial emulsion-based products, ubiquitous to everyday
life, are complex systems driven by interfacial phenomena that require quick property-prediction tools for their commercial-
ization. In this work, by means of a multiscale approach, mathematical relationships to model oil-in-water emulsions and that can
be applied to any commercial emulsion-based product are proposed. The energy consumption during the emulsification process
(E,, which transitions from monotonic increase to exponential growth at 80% w/w), a parameter responsible for finished product
performance, was linked to final product properties at three different levels: (i) molecular, through the dynamics of the
interdroplet interactions given their distribution and structure at a microscopic level; (ii) microscopic, through average droplet
size yielding an inversely proportional exponential relationship (D, 5) oc E;*); and (iii) macroscopic, through the plateau value of
the elastic modulus and the flow behavior index leading to inversely proportional quadratic relationships (G’ oc E;? and 1 o E;?,
respectively). These relationships are valid at dispersed phase concentrations beyond the 60% w/w threshold where the packing of
the droplets changes the emulsion’s microscopic structure giving rise to Van der Waals forces-driven phenomena. Finding this
threshold allowed expanding the concentration ranges of previously reported models. The main expectation is that these results
will aid researchers and process/product designers to optimize their work in different industrial applications.

1. Introduction

Over the past decade, the design of chemical products has
been revolutionized as new methods for modeling and pre-
dicting the final properties of a product using informatics tools
have been proposed [1-4]. Recent research on product design
has led to a shift in the focus from a business-to-business
(B2B) to a business-to-consumer (B2C), bringing more at-
tention to the quality of the final product, the ingredients used
for its manufacture, and the final structure which impacts its
performance [5-7].

With this in mind, multiple integrative approaches
comprising marketing, management, finance and economics,
product design and prototyping, process design, and
manufacturing for the development of chemical-based

products have been developed [8-11]. The increased com-
puter capacity has allowed the integration of computer-aided
tools to significantly improve product design. Most of these
tools are based on optimization routines that rely on
mathematical frameworks that model different stages of the
product design (i.e., the manufacturing process, the final
properties of the product, and the economic aspects of its
commercialization) [12-14]. Thus, the importance of having a
comprehensive knowledge of the relationship between the
aforementioned stages is crucial.

A considerable number of studies have been conducted
to consolidate mathematical models of emulsions and in-
formatics tools to achieve a better product design. Among
these studies, some propose general guidelines to design
certain types of products [15-17], whilst others focus on
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specific applications [18-21]. Regardless of the type of ap-
plication, the common factor among the cited studies re-
mains understanding the basic phenomena and
mathematical formulas that allow modeling the interactions
between the properties, the formulation, and the
manufacturing process through which a product is made.

One of the most common types of chemical goods in the
B2C market is emulsion-based products [22]. Emulsions are
a type of the colloidal system made of two immiscible liquid
phases. The mixture of these phases is highly unstable from a
thermodynamic and kinetic point of view, and therefore, the
dispersion of droplets of one of the phases into the other
requires an input of energy (provided by shear through a
mixing device) and a surface-active species for stabilization.
Emulsions are used in a wide range of industrial applica-
tions, such as pharmaceutics, food additives, petrochemicals,
and cosmetics [19].

A multiscale approach for product design is based on the
premise that the final properties of a product can be related
to the process through which it was manufactured [2, 23].
Therefore, any level of a property at the macroscopic, mi-
croscopic, or molecular scale can be tailored by modifying
the manufacturing process at an industrial level. It follows
that three different types of variables can be linked: the first
ones are the requirements of a product, such as its com-
position or formulation; the second are process variables
related to the manufacturing of the emulsion, such as the
energy that was incorporated through the emulsification
process; and third, the final properties of the emulsion which
can be conceived from three scales: first, the macroscopic
properties represented by the rheology and the energy re-
quired to emulsify; second, the microscopic properties as the
structure and size distribution of the droplets, and third, the
molecular properties represented by droplet-droplet and
surfactant-surfactant interactions at the liquid-liquid in-
terface [24, 25].

Historically, mathematical links between these proper-
ties have been described by numerous authors [26, 27].
However, most of the studies were focused on specific
products, yielding mathematical relationships that are only
applicable to the same or very similar emulsion systems.
Some examples are mentioned as follows.

Regarding the petroleum industry, Azodi and Solaimany
Nazar [28] proposed a model that links the surfactant
concentration, the oil concentration, the salinity, the mixing
speed, and the temperature to the viscosity of heavy crude oil
in water emulsions. A similar study by Gingras et al. [29]
concluded that for bitumen-in-water emulsions, the mean
droplet size decreases if the agitation speed increases or if the
bitumen concentration decreases.

In the food industry, Di Bari et al. [30] pointed out that
water-in-cocoa oil emulsions shear during the emulsification
process has an inversely proportional and exponential effect
on the mean diameter of the droplets. The relationship of the
droplet size and the applied shear is attributed to the
breakdown of bigger droplets and the increased stability due
to the dispersion of smaller droplets. Furthermore, Sato et al.
[31] concluded that for emulsions stabilized by sodium
caseinate at low concentrations of the dispersed phase, the
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pseudoplasticity of the emulsions depended on the higher
structuration of their microscopic network. A link between
the final product properties with process variables, such as
the laccase treatment and the pH, was proposed.

To present more general relationships that can be ex-
trapolated to products across multiple industrial applica-
tions, some studies have been focused on a basic emulsion
model, yielding relationships that would be valid for all the
products that are based on the same colloidal system re-
gardless of the nature of the components. Some of these
studies are mentioned as follows.

Baldyga et al. [32] by means of computer fluid dynamics
(CFD) concluded that the stresses in turbulent flow during
the emulsification process were linked to the final droplet
size. The way these stresses can be controlled is by adjusting
the rotor speed of the impeller, that is, by varying the energy
incorporated into the system, which means that the tip
velocity is not being considered as a crucial parameter.

Masalova and Malkin [33] reported that in highly
concentrated water-in-oil (W/O) emulsions with the content
of the dispersed phase up to 96% w/w, the plateau value of
the elastic modulus (G') is directly proportional to the
average droplet diameter (D) and that it follows the rela-
tionship of the following equation:

G' o< Digy). (1)

This relationship was also found by Alvarez et al. [34]
using water-in-mineral oil emulsions at concentrations
higher than 90% w/w and by Paruta-Tuarez et al. [35] in W/
O emulsions within a concentration range between 89% w/w
and 97% w/w. To this date, these relationships are still used
in different product design studies [36].

Despite this, most of the available studies focused on
highly concentrated emulsions (¢ > 85 % w/w) which means
that the results are not necessarily valid for intermediate
(60 < ¢ <85% w/w), lower (5<¢<60%w/w), or dilute
(¢ <5% w/w) concentration ranges [37, 38]. Recent devel-
opments in the food and biomedical industries have benefited
from low-concentration emulsions leveraging the low
interdroplet interactions and stability [39-41]. For these
applications, the previously described relationships are in-
accurate and might lead to the incorrect design of products.
To address this issue, in this study, a complete and transversal
work is proposed to cover a wider range of concentrations
and to extend the validity of the different relationships.

The first part of this article is dedicated to the study of a
relationship between the energy incorporated through the
emulsification process (E,), the De Brouckere mean droplet
diameter (D43)), and the elastic modulus (G') in the linear
viscoelastic region (LVE) of mineral oil-in-water emulsions
(O/W) in a concentration range between 10% and 90% w/w.
The goal of this part is to expand the concentration range
studied by Pradilla et al. [23] who established relationships
between these variables using O/W emulsions in a con-
centration range between 80% and 90% w/w. In their study,
it was found that the elastic modulus and the energy are
correlated by equations (2) and (3) when the concentration
is between 80%-85% w/w and 85%-90% w/w, respectively.
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G « E!, (2)

G « E. (3)

For the same concentration ranges, a relationship be-
tween the mean diameter and the incorporated energy was
proposed as shown in equations (4) and (5). If the elastic
modulus is linked to the mean droplet diameter using these
equations, a relationship following an approximation to
equation (1) can be deducted.

D3 o« E,*%, (4)

D[4)3] (oe E;LS. (5)

The second part of this work focuses on the study of the
relationship between the flow behavior index and the dis-
persed phase packing at different concentrations considering
the different microscopic configurations, a result of different
kinetic phenomena. It is known that emulsions behave as
shear-thinning fluids exhibiting a viscosity reduction when
the shear rate increases [42]. A way to characterize this
viscosity decrease is by using the flow behavior index (n)
approximating the behavior of the viscosity to a power-law
model. Once again, in various studies, the flow behavior
index for specific systems has been measured [43-45], but a
general relationship between this variable and the incor-
porated energy has not been reported to the best of our
knowledge.

2. Materials and Methods

2.1. Materials. In order to prepare the emulsions, mineral oil
(USP-grade, viscosity 22.78cp, density 0.87g/cm’®) and
Milli-Q deionized water were used as the dispersed and
continuous phase, respectively. The emulsions were stabi-
lized using two nonionic surfactants provided by Croda®©:
Span 80® (sorbitan monooleate) HLB 4.3 and Tween 20®
(polyoxyethylene (20) sorbitan monolaurate or polysorbate
20) HLB 16.7.

2.2. Methods

2.2.1. Emulsion Manufacture. The emulsification process to
prepare all the emulsions of this work is divided into three
steps.

(1) Continuous and Dispersed Phase Prehomogenization.
Tween 20® was mixed with water and Span 80® was mixed
with the oil with a propeller-type impeller at 300 RPM using a
mixing device (Lightnin Labmaster, Germany). The total
amount of surfactant was 4% w/w, and the ratio of the two
surfactants was set to achieve a total HLB of 13. Transmission
and backscattering measurements (Formulaction Turbiscan
Lab Analyzer, France) at different total surfactant concen-
trations and HLB values were performed to follow possible
instability phenomena (creaming, sedimentation, floccula-
tion, Ostwald ripening, coalescence, or phase separation)
during the experimental window of the emulsions of this

work. As a result, the aforementioned parameters allowed
maximum stability within the experimental window avoiding
phase separation or surfactant agglomeration that could
negatively influence droplet size measurements. Within these
parameters, 0% of phase separation was observed.

(2) Incorporation of the Dispersed Phase. The oil phase was
incorporated into the aqueous phase at a rate of 0.25mL/s
using a peristaltic pump (Fischer Scientifics, USA). A pro-
peller-type impeller was used with a tip speed of 1.7m/s in a
system where the impeller-to-tank diameter ratio was 0.78.
To avoid undesired temperature effects, the process was
performed at 40°C.

(3) Homogenization. After incorporation of the dispersed
phase, emulsions were homogenized for 10 min at the same
conditions of the incorporation step.

Emulsions were prepared within a concentration range
of 10-90% w/w with concentration increments of 10% w/w.
Unless otherwise specified, reproducibility was ensured by
performing all measurements in triplicate. Results corre-
spond to the average of all tests. The standard deviation of
the measurements is shown for all figures, and its inverse was
used as weights for all the equations fits. All the emulsions
were characterized 5 min after the homogenization step.

2.2.2. Emulsion Characterization. The energy incorporated
through the emulsification process was determined by nu-
merical integration of the torque vs. time data normalized by
the final volume of the emulsion.

The rheological behavior of the emulsions was measured
using a hybrid rheometer (DHR-1, TA Instruments, UK)
equipped with a concentric cylinder geometry at a constant
gap of 5920 ym and a temperature of 40°C, whenever the oil
concentration was lower or equal to 70% w/w and a 20 mm
parallel plate geometry at a constant gap of 1000 yum and a
temperature of 40°C, whenever the oil concentration was
higher than 70% w/w. Due to the transition of the emulsion
behavior from liquid-like to solid-like, a change in the
rheometer geometry was needed to guarantee the best ex-
perimental measurements given the emulsion properties
(avoiding both the partial sample loss of liquid-like emul-
sions in the parallel plate geometry and Taylor vortices
caused by the inertia of solid-like emulsions in the con-
centric cylinder geometry).

Flow tests were performed at a shear rate range of
1-100s" and a constant temperature of 40°C. The flow
behavior index was calculated through an exponential
regression of the viscosity vs. shear rate data. The elastic
modulus (G') was obtained through angular frequency
oscillatory tests. The tests were performed in two steps:
the first one was a frequency sweep between 0.1 and
300rad/s at a constant oscillatory stress of 1 Pa and the
second one a stress sweep between 0.1 and 300 Pa at a
constant frequency in the plateau zone of the previous
step. These two steps allowed the obtention of a stress-
and frequency- independent plateau value of the elastic
modulus.



The droplet size distribution and characteristic diameters
were obtained using a MasterSizer 3000 (Malvern Instru-
ments) using the laser diffraction technique, and the results
were interpreted through the Mie theory. The mean di-
ameter that was used in the study is the De Brouckere di-
ameter also known as the Dy, 3, diameter.

3. Results and Discussion

3.1. Part I: Multiscale Approach. The multiscale approach is
implemented by linking process variables (i.e., incorporated
energy) with product properties (at the microscopic and
macroscopic scales), across a wide range of possible product
requirements (dispersed phase concentration and low shear
rate viscosity).

The rheological behavior of the emulsions of this work is
such that the elastic response is only measurable at con-
centrations of the dispersed phase greater than or equal to
60% w/w because a plateau region is observed in the first
frequency sweep as shown in Figure 1. This means that at
lower concentrations, the response of the systems is dom-
inated by viscous dissipation and a frequency-independent
response is not observed. Therefore, no elastic modulus
values could be obtained in this area. The plateau region of
the elastic modulus was associated with the rubbery behavior
of different colloids [46, 47]. Across all the emulsions of this
study, the values of the elastic modulus whenever a plateau
region was found were always higher than the viscous
modulus at the same frequencies, which yields information
on the elastic nature of the system (the complete information
of the viscous and elastic moduli is given in Figures S1-S5).

In order to explain why this behavior is only seen in
emulsions with concentrations of the dispersed phase
greater than 60% w/w, optical microphotographs (Figure 2)
were analyzed. It is seen that the concentration of 60% w/w
marks a threshold; at immediate lower concentrations (i.e.,
50% w/w), a higher interdroplet distance is observed. It can
be inferred that the distance between droplets will increase at
lower concentrations hindering the droplet-droplet inter-
actions. Experiments showed that in most cases, the inter-
droplet contact is frequent even if critical packing
(=75% w/w) has not been reached.

It can be hypothesized that the elastic moduli values in
this region are related to droplet-droplet interactions. This
hypothesis agrees with the results shown by Derkach [48]
who established that there is an increment in viscosity at
concentrations higher than 60% w/w due to the interactions
between droplets (e.g., even inducing droplet deformation).
Further than the already reported increment in the emulsion
viscosity, these interactions give the system more elasticity
because the droplets tend to align in a well-structured
network with the ability to recover their shape once stress is
applied, which is by definition an elastic-solid behavior
[42, 49]. Previous studies ascribed the increase of the elastic
modulus beyond the critical packing concentration to the
change in droplet geometry into complex amorphous
polyhedrons that increases the contact between surfaces and
their interactions as a consequence [50]. Our hypothesis also
agrees with these studies but sets the precedent that the

International Journal of Chemical Engineering

100

10

0.1

G’ (Pa)

0.01

0.001

0.0001 -
0.1 1 10 100 1000

Angular frequency (rad/s)

- 40% w/w
A 60% w/w
—=— 80% w/w

F1GURre 1: Frequency sweep of 40% w/w, 60% w/w, and 80% w/w O/
W emulsions. A plateau or rubbery behavior zone is not present at
concentrations lower than 60% w/w and is enhanced beyond the
threshold. This is indicative of the difference in the “liquid-like”
nature of low-concentration emulsions as opposed to the “solid-
like” nature of highly concentrated systems.

critical packing is not a necessary condition to see an in-
crease in the elastic modulus. We acknowledge that the
change in shape from spheres to polyhedrons will increase
the contact area between droplets (thus increasing inter-
actions), enhancing, even more, the increase in the elastic
modulus.

The increase of the elasticity in the system will signifi-
cantly affect the process variables. In order to maintain the
tip speed of the impeller during the emulsification step as the
concentration increases, a greater strain will be required to
the impeller to countervail the increase of the elasticity and
viscosity of the system. From a quantifiable perspective, the
greater strain will result in an increase in the energy used in
the process. The energy incorporated through the emulsi-
fication step as a function of the emulsion concentration is
shown in Figure 3. At concentrations lower than 60% w/w,
where the droplet interactions are minimal (as previously
stated), the energy incorporated increases linearly. When the
60% w/w concentration threshold is reached and inter-
droplet interactions start to dominate due to their proximity,
the elasticity of the system requires more energy and the
energy requirement becomes exponential.

The exponential increment in the energy can also be
analyzed from a microscopic perspective. At higher con-
centrations, additional energy is demanded from the system
to break the droplets and reduce their size in order to achieve
an increased packing degree [51]. It is known that the re-
lationship between the droplet mean diameter and the en-
ergy incorporated is exponential and the resulting exponent
depends on the emulsification process [47, 52]. The expo-
nential relationship between the mean diameter and the
incorporated energy can be fit and approximated from
Figure 4, giving rise to equation (6). This equation does not
directly agree with the previous results found by Pradilla
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F1GURg 2: Optical microphotograph of O/W emulsions in the 60% w/w proximity window. As the concentration reaches the 60% w/w
threshold, the average distance between droplets is reduced and adjacent droplets are more common. (a) 50% w/w. (b) 60% w/w. (c)

80% w/w. Scale 10 ym.

12 ¢

10

st Exponential growth

Energy (E,) (J/mL)
o

4l
2 F Linear growth
0 IR S S S T S SN T SN R SR T S SR T S TR S A ST SR S S S |
0 0.2 0.4 0.6 0.8 1
@ (w/w)

FIGURE 3: Energy incorporated per volume as a function of the
concentration of the dispersed phase for O/W emulsions within a
concentration range of 10-90% w/w. Two sections can be found: a
linear growth below the 60% w/w threshold and an exponential
growth afterwards. The change in the growth can be explained by
the decrease in the interdroplet distance which enhances the in-
teractions between droplets.
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FIGURE 4: Droplet mean diameter Dy 34m (in log scale) as a
function of the energy incorporated per volume (in log scale) for O/
W emulsions within a concentration range of 60%-90% w/w. The
exponential relationship between the droplet size and the incor-
porated energy sheds light on additional reasons why the energy
requirement increases with concentration.



etal. [23] as shown in equations (4) and (5). We hypothesize
that the difference is due to the wide concentration range
that was used in our analysis; in the case of previous studies,
the exponents were highly dependent on the concentration
and a small difference in the ranges (i.e., 80%-85% w/w and
85-90% w/w) which led to numerical variations. As the
concentration ranges distance from the maximum con-
centration, the proportionality exponent decreases until it
reaches the value of the more general exponent that was
found in this study.

D[4‘3] o E;4 (6)

The relationship between the macroscopic rheological
properties of a system and the microscopic response has
been widely studied. In this case, the elastic modulus was
related to the droplet mean diameter as shown in Figure 5. It
was found that the elastic modulus is proportional to the
inverse of the mean diameter (squared), which agrees with
the results of Alvarez et al. [34], Masalova et al. [25], Paruta-
Tuarez et al. [35], and Pradilla et al. [23] as shown in
equation (1). However, it is important to mention that these
studies were conducted on highly concentrated emulsions
where the concentration of the dispersed phase was higher
than 80% w/w. Our results expand the concentration range
where the previously proposed expression is valid to con-
centrations higher than 60% w/w.

From a molecular standpoint, the increase of the
elasticity of the system is attributed to Van der Waals
attractive forces caused by the increase of the interfacial
interactions when the droplets form structured networks
[35, 52]. As discussed before, starting from a 60% w/w
concentration, the droplets start forming a network with a
large interfacial area. As the concentration increases, the
degree of packing also increases, and droplet deformation
becomes significant. Consequently, diverse polyhedral
structures that allow larger contact areas between droplets
are formed. As the tip speed of the impeller is maintained
constant, the required strain to break the structures will
increase exponentially, making the energy consumption
increase at the same rate. This hypothesis agrees with the
results found by Franco et al. [53] who report an expo-
nential increase in the Metzner-Otto constant (i.e., the ratio
between the effective shear rate and the stirrer speed) with
increasing rheological parameters).

3.2. Part 1I: Flow Behavior Index and Energy Incorporated.
The second part of this work is dedicated to establishing a link
between the flow behavior index and the energy incorporated
through the emulsification process. Several studies have been
dedicated to developing mathematical relationships between
the viscosity of an emulsion and other properties [54].
However, recent studies have also showed the importance of
the flow behavior index in the product design [55].

Figure 6 shows the flow behavior index as a function of
the energy incorporated. From this plot, it can be seen that at
concentrations between 10% w/w and 20% w/w, the emul-
sions show a Newtonian behavior. This phenomenon can be
explained by the fact that there is not enough dispersed
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FIGURE 5: Stress- and frequency- independent elastic modulus (G’)
as a function of the droplet mean diameter Dy 3;ym for O/W
emulsions within a concentration range of 60-90% w/w (the
concentration values in descending order are 90, 80, 70, and
60% w/w). The exponential fit matches what has been found in
previous studies for highly concentrated systems. We show that the
relationships are still valid to lower concentrations having 60% w/w
as a lower bound.
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FiGgure 6: Flow behavior index (in log scale) as a function of the
incorporated energy per volume (in log scale) for O/W emulsions
within a concentration range between 10% w/w and 90% w/w (the
concentration values increase in 10% w/w intervals). Excluding the
points where the dispersed phase concentration is too low to have
an impact on the rheological behavior of the system or too high to
let the system rearrange after a strain, a novel, and concentration-
independent relationship is proposed seen in the regression of the
data.

phase to affect the viscosity of the system and so the
emulsion takes on the properties of the continuous phase, in
this case, water [56]. As the concentration increases, the flow
behavior index decreases, and so the emulsions exhibit a
more evident shear-thinning behavior.

The reduction of the flow behavior index appears to be
divided into two different semiexponential zones: the first
one determined by a concentration range between 20% w/w
and 50% w/w and a second one within a concentration range
between 50% w/w and 90% w/w. These two zones will be
described separately.
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As it was stated in the previous section and seen in
Figure 2, in emulsions at lower concentrations, the distance
between droplets is high, and the interdroplet interaction is
low. Though some of the droplets tend to flocculate, a
structured network is not formed, and the sphere-like shape
of the droplets is not compromised. On the other hand, as
the concentration increases and once the 60% w/w con-
centration threshold is reached, a structured network is
formed. Beyond the packing limit, the droplets depart from
their spherical shape to a polyhedral shape and are randomly
arranged to form ordered structures [57, 58]. Rheological
implications of droplet rearrangement have been previously
discussed [59].

In the first zone, flocculation dominates, and if high
shear is applied to the system, the emulsion will receive
enough energy to break down the flocculated network.
When flocs are formed, part of the continuous phase will be
trapped between the droplets reducing the available space to
move [60]. Flocs are continuously formed and destroyed,
and the reduction of the viscosity is associated with the high
destruction of the previously formed flocs [61]. When flocs
are broken, the continuous phase is released allowing the
system to flow without difficulty [62].

In the second zone, the formation of a structured net-
work of droplets is the predominant phenomenon. The
viscosity increases as a result of the increasing interactions
between droplets at the liquid-liquid interface when the
networks are formed [48, 49]; in this case, higher shear will
rearrange the structures in more ordered networks that
allow the continuous phase to flow, thus obtaining a re-
duction in the viscosity.

A regression was applied to the data yielding the trend
shown in Figure 6. A relationship between the flow behavior
index and the energy incorporated through the emulsifi-
cation process can be established and described by the
following equation.

n o E;z. (7)

The deviation from this relationship for emulsions at
10% w/w can be explained by considering that there is not
enough dispersed phase to change the behavior of the
system, letting the system behave solely as the continuous
phase. The deviation at 90% w/w is related to the amount
and degree of packing of the droplets that makes the system
harder to rearrange [63].

Based on this relationship, the non-Newtonian behavior
of a product based on an oil-in-water emulsion can be
avoided or enhanced by varying the energy incorporated.
This is an important remark that departs from the typical
formulation-based product design that can be helpful for
future product optimization.

4. Conclusions

In this work, a multiscale approach for studying the behavior
of emulsion-based products was conducted. Mathematical
relationships that link the incorporated energy through the
emulsification process, the average droplet diameter, and the

rheological behavior (in the form of elastic modulus and the
flow behavior index) of O/W emulsions were proposed.

The energy consumption as a function of the concen-
tration of the dispersed phase during the manufacturing
process was divided into a low-concentration region with
linear behavior and a higher concentration region with an
exponential behavior. The transition is seen at the point
where the critical packing of the droplets drives an increase
in the interdroplet Van der Waals interactions.

Our experiments show that the mean diameter is in-
versely proportional to the incorporated energy to the fourth
exponent (D3 oc E™*) and that the elastic modulus is
inversely proportional to the squared mean diameter
(G" o Dij3). These relationships are valid for all the
concentrations where the elastic modulus is predominant
over the loss modulus in oscillatory tests, improving pre-
vious concentration-specific relationships.

Finally, for a wide range of emulsion concentrations
(20-80% w/w), an inverse and quadratic relationship be-
tween the flow behavior index and the incorporated energy
(n o< E;*) was proposed.

The proposed equations can be directly applied to op-
timization models in the framework of product design.
Recent studies have explored cases where the economic
expenditures of emulsion systems are optimized considering
the energy input as it contributes directly to production costs
[4, 10, 64]. Our work adds equations that model the energy
input as a function of the final properties that are usually set
by the nature of the product (i.e., concentration of disperse
phase and elastic modulus). Other studies have explored the
effect of the flow behavior index on biomedical and food
emulsions leading to restrictions in certain products
[65-68]. Our results can be used to aid in tailoring this
important rheologic property modifying the energy input to
meet the specific requirements of the products. Further-
more, our explanations for the mechanisms behind the
proposed relationships can give a broader picture for
product design that can be considered for more complex
analysis such as CFD-based product optimization.
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Supplementary Materials

The following information is available as supplementary
material. Figure S1. The elastic and loss moduli for O/W
emulsions at a concentration of the dispersed phase of
50% w/w showing the liquid-like nature of the system.
Figure S2. The elastic and loss moduli for O/W emulsions at
a concentration of the dispersed phase of 60% w/w showing
the transition to solid-like behavior. Figure S3. The elastic
and loss moduli for O/W emulsions at a concentration of the



dispersed phase of 70% w/w showing the development of a
plateau region indicative of solid-like behavior. Figure S4.
The elastic and loss moduli for O/W emulsions at a con-
centration of the dispersed phase of 80% w/w showing a
fully developed plateau region typical solid-like response
dominance. Figure S5. The elastic and loss moduli for O/W
emulsions at a concentration of the dispersed phase of
90% w/w showing a consolidated and wide range plateau
region typical solid-like response dominance. (Supplemen-
tary Materials)
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