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Abstract

Emulsions are complex systems, thermodynamically unstable, and widely used
across the food, pharmaceutical, and cosmetic industries. The objective of the
research was to optimize the formulation and process for obtaining a water-in-oil
(W/O) emulsion, using a supplemented aqueous phase (pineapple and sacha inchi
wastes, and mineral salts) and sunflower oil; and to evaluate its stability during
short storage (3 days at 4°C). Response surface methodology (RSM) and a central
compound design were used to define the optimal formulation and process. The
independent variables: homogenization time (HT) (1-5 min), total hydrophile-
lipophile balance (HLBtotal) (4.7-6.7), surfactants (Tween 80+Span 60) (0.1-
0.5%), and oil (30-50%) and dependent variables: viscosity, zeta potential (),
cremated index, particle size, and the spectral absorbance stability index were
considered. In general, the independent variables and their linear interactions
affected the stability of the low viscosity emulsions. The optimal conditions were
HT: 3.73 min, HLBwta: 6.53, surfactants: 0.47%, and oil: 39.6%. A stable
emulsion was obtained as to consequence of the repulsive forces generated by the
double electrical layer formed at the interface of the particles. The models are
adequate to describe the behavior of the results found; since, the variables
presented a random distribution of the residuals, which makes it possible to
ensure that the data can be parameterized according to a normal distribution.
Additionally, spherical, homogeneous, slightly flocculated, and small size drops
were observed. During storage, the emulsion remained stable with a high negative
electrical potential (C:- 41,40+1,90 mV). The use of agro-industrial waste in the
formulation of emulsions favors the sustainability of production systems in the
context of a circular economy.

Keywords: Ananas comosus, Colloidal system, electrostatic forces, Plukenetia
volubilis, Van der Waals forces, viscosity.
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1.Introduction

The food, pharmaceutical, chemical, and cosmetic industries frequently formulate
products based on single emulsions (O/W, W/O) and double emulsions (W/O/W o
O/WI/0) [1, 2]. Consequently, there is a growing trend in demand for this of
Yproducts in the world market [3, 4]. On the other hand, colloidal systems are
thermodynamically unstable and complex (phenomena of creaming, sedimentation,
flocculation, Ostwald ripening, and coalescence) [5-7]. The instability phenomena
occur due to excess free energy at the interface of the dispersed drops; which are
caused by different forces including: attractive or Van der Waals, repulsive or
electrostatic, steric, hydrophilic, and hydrophobic [8, 9].

Multiple studies have highlighted the effect of attractive forces on emulsion
stability based on drop sizes (nano or micro) [10, 11]. Those sizes depend on the
operating conditions applied (homogenization speed, the gap of the rotor-stator
system, recirculation or direct passage, pressure, and homogenization time, among
others) [12-14]. Similarly, other research highlights the importance of repulsive
forces, due to the generation of an electrical double layer around the particles. The
double layer has a sufficiently low charge density to keep the particles dispersed
and reduce their attraction [15]. Other factors associated with emulsion instability
include the composition of the emulsions [16, 17]; formulation and process
parameters (pH, ionic force, and temperature) [11, 18], and the presence of
surfactants. The main function of surfactants is to lower surface tension, as they
have an affinity for the polar or non-polar parts of the emulsion components [14].
The use of total surfactant (Span and Tween) makes it possible to modify the
hydrophilic-lipophilic balance (HLB) and consequently to enhance its affinity with
hydrophilic or lipophilic molecules [6]. Span and Tween are non-ionic surfactants,
stable, non-reactive with ionic ingredients, and safe; therefore, they are widely used
in the formulation of colloidal systems [10, 19].

On the other hand, the constant generation of agro-industrial waste worldwide
causes an accumulation of organic materials that are difficult to handle, resulting
in drastic effects on the environment [20, 21]. For example, waste generated in
pineapple processing accounts for 50% of the total fruit weight (represented by
crown, epicarp, and core) [21]. In the process of extracting oil from the sacha inchi
seed, the byproduct represents 75% of the total seed weight [22]. These two wastes
present high concentrations of carbohydrates and proteins, and therefore, they have
great potential for use in bioprocesses [21, 22].

Agro-industrial wastes have been used in recent decades to formulate
fermentation substrates [23, 24]. However, research into the use of agro-industrial
residues continues to reduce metabolite production costs (20), produce probiotics
and metabolites [25], produce polyunsaturated fatty acids under the concept of
biorefineries [24], among other uses.

Micanquer-Carlosama et al. [25] formulated a fermentation substrate from
pineapple and sacha inchi wastes, supplemented with mineral salts. This product
showed promising results in the reproduction of the lactic acid bacterium Weissella
cibaria. This substrate could be integrated as an aqueous phase in W/O emulsion
formulations for subsequent applications (double emulsions, encapsulation of
probiotics, controlled release of bioactive compounds, among others). At present,
the scientific literature does not report investigations of the use of agroindustrial
wastes in the formulation of emulsions. Therefore, this line of research would open
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a path in the strengthening sustainable production systems, currently of great
importance given the principles of circular economy [24, 26]. In this context, the
research had two objectives: (i) to optimize the formulation and process of
obtaining a W/O type emulsion using both a supplemented aqueous phase of
pineapple and sacha inchi wastes combined with mineral salts and sunflower oil;
and (ii) to evaluate their stability during short storage.

2.Methods
2.1. Materials

The core and peel of the pineapple variety "Oro Honey" were used at maturity stage
4 according to NTC 729-1 [27], from Valle del Cauca, Colombia. The by-product
of the sacha inchi seed (cake obtained by extracting oil from the seed) from
Putumayo, Colombia (supplied by Agroincolsa S.A.S.). Analytical grade salts from
Sigma Aldrich, Germany were used: C,H3sNaO- (Sodium acetate) (purity 99.0%),
CeHs07*2NHz  (di-ammonium hydrogen citrate) (purity 98.0%), K;HPO4
(dipotassium phosphate) (purity 98.8%), MgSO4 (Magnesium Sulfate) (purity
98%). Sunflower oil for its nutritional characteristics and its high content of
monounsaturated fatty acids (oleic acid > 80%) and the surfactants Tween 80
(Oxiteno) (HLB 15) and Span 60 (Protécnica Ingenieria) (HLB 4.7) were used.

2.2.Formulation of W/O emulsions

The dispersed aqueous phase (W) was obtained according to the methodology
described by Micanquer-Carlosama et al. [25]; it was formulated from a mixture of
pineapple core and peel powder, the by-product of the sacha inchi and
supplementation salts; the continuous phase (O) was sunflower oil. The emulsions
were prepared by using a rotor-stator type homogenizer (Silverson Machines Ltd.
Model L5M. England) whit a standard emulsifier head that operated at 20000 rpm.
Initially, the Tween 80 was diluted in the supplemented aqueous phase. The Span
60 was heated until it melted and then added to the oil phase. Finally, the aqueous
phase was slowly added to the oil phase during the homogenization time (HT). For
the development of the W/O emulsion, response surface methodology was used
(central composite design, a=1, 21 experiments). It considered four independent
variables: HT (1 - 5 min), HLBta (4.7 - 6.7), total surfactant (0.1 - 0.5%), and oil
(30 - 50%); the dependent variables were: viscosity (W), zeta potential (), creaming
index (CI), particle size (percentiles Do, Dso, Dgo, and Dags), and the spectral
absorbance stability index (R). The continuous phase content was calculated from
the mass balance in batches of 200 g; the proportion of Tween 80 and Span 60 was
determined from the HLBtotal (Eq. 1). Where X and (1-X) are the mass fractions
of Tween 80 and Span 60 [28].

HLBTotaI = X HLBTween 80 + (1'X) HLBSpanBO (1)

Characterization of emulsions W/O

The p was determined by using a Brookfield DV-I1I Ultra Rotational Rheometer
(Brookfield Engineering Laboratories, Inc., EE. UU), supplemented by ULA, with
a velocity of 0.01-100 rpm, reporting at 100 rpm and 25°C [12]. The { was
determined by using the Zetasizer Nano ZS90 (Malvern Instruments Ltd.,
Worcester, UK) and following a modified methodology originally proposed by Li
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et al. [1], where the findings were diluted (1:100) and the injection in the cell was
1 mL at 25°C. The software Standard Operating Procedure produced the results.
The CI was determined by following a modified methodology originally described
by Chang and McClements [8]; Muhamad et al. [4], 10 mL of the emulsion are
transferred to 15 mL falcon tubes. Subsequently, the tubes were centrifuged at 1027
g for five minutes in a centrifuge (Hettich - Universal 320R. Germany). Finally, the
relationship between the volume of the cream layer (V¢) to the total volume of the

emulsion (Ve) determined the CI (C1(%) = %££) x 100).

VE

The Mastersizer 3000 determined the particle size by using laser light diffraction
(Malvern Instrument Ltd., Worcestershire, UK) and a Hydro LV system; sizes were
expressed in the Dig, Dso, and Dy percentiles including an equivalent volume
diameter (Da3) [8]; the refractive index of the supplemented aqueous phase (1.343 at
25°C) and the refractive index of water (1.33) were previously determined; the
absorption index of the particle was set at 0.45 and the level of obscuration of the
laser at 15 [29]. The R was determined with the absorbance relationship at 800 nm
and 400 nm (A800/A400) [12] by using a UV-Visible spectrophotometer (Thermo
Scientific Evolution 60. USA) and white like deionized water.

Finally, the microstructure of the W/Oqpima €mulsion was observed through
micrographs obtained by an optical microscope (Leica ICC50 W, Switzerland) at
40x magnification.

2.3. Mathematic model and experimental optimization

The dependent variables described above were modeled as a function of the
independent variables by means of a 2" degree polynomial model (Eq. 2), where Y
is the dependent variable, fo is the model constant; Sa, &, fic, and fo are the linear
coefficients; Ba?, Bs?, Bc?, and Bo? are the quadratic coefficients; and Bag, fac, fao,
Pec, Peo, and Sep are the coefficients of the interactions between the independent
variables (A, B, C, and D)

Y =By + PBuA+ BgB + BcC+ BpD + By2A? + Bgz2B? + B2C? + Bp2D?
2

The data were analysed by using the ANOVA, with a significance level of 5%
through the Statgraphics software, version 17.2.15. The experimental data of the
dependent variables are reported as the mean value + standard deviation, obtained
from measurements in triplicate for each experiment. The selection of the W/O
emulsion was carried out by an experimental optimization from multiple responses,
which guarantees the best physicochemical stability. Finally, validation of the
optimised independent variables was performed by experimental runs in triplicate.

2.4.Storage

The physicochemical stability of the W/Ogpima emulsion stored at 4°C, was
evaluated from a unifactorial design; it considered both the storage time (1, 2, and
3 days) as the independent variable and I, ¢, CI, Dio, Dso, Dgo, Da3, and R as the
dependent variables. A short storage time (0, 1, 2, 3 days) was considered because
this simple emulsion is not a final product, it is an intermediate phase for the
subsequent formulation of a double emulsion system, which will contain probiotic
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microorganisms. (W. cibaria), where the final colloidal system will be induced to
a process of encapsulation of the microorganism by complex coacervation.

3. Results and Discussion
3.1. Self-assembly of the colloidal W/O system

The W/O emulsion was formed by homogenizing the aqueous phase (pineapple and
sacha inchi wastes, and mineral salts) and the lipid phase (sunflower oil), in the
presence of the emulsifiers Span 60 (HLB = 4.7) and Tween 80 (HLB = 15),
capable of producing the W/O interface. For the formation of the emulsion,
different phenomenologies associated with the forces involved in the stability or
instability of the colloidal system under study converge. First, the structure of the
assembly of the dispersed particles (aqueous phase) in the colloidal system starts
from the supplied shear energy, which produces a large amount of small, dispersed
particles with a high surface area and high free energy between the dispersed and
continuous phases. This situation leads to a decrease in particle size. This ostensibly
reduces the attractive forces or Van der Waals forces, which are responsible for
colloidal instability. Second, the presence of the non-ionic surfactants used initially
generates the formation of micellar groups that end up adsorbing at the particle
interface due to their amphiphilic character (affinity of the functional groups
present in both the dispersed and continuous phases). And third, the ions produced
by dissociation of the salts present in the aqueous phase relocate in a layer attached
to the interface with the electrical potential of opposite charge to the dispersed
particles; whereas, the other ions, relocate in the electrical double layer,
contributing to the strengthening of the repulsive forces between the particles and
mainly responsible for the stability of the colloidal system.

3.2. Development of the W/O emulsion

Table 1 presents the mean values + standard deviation.

Table 1. Results of the experimental design of the W/O
emulsions based on the supplemented aqueous phase
(pineapple and sacha inchi wastes, and mineral salts) and sunflower oil.

Independent variables

Dependent variables

RUN HT Surfactant HLBrow Oil 18 g Cl D1o Dso Dgo D3 R
(min) (%) e (%) (cP) (mV) (%) (um) (um) (um) (um)
1 3 0.3 6.7 40 8.9+0.1  -49.6£1.2  8.3x0.1 1.1+0.0 4.7+0.3 150.4+4.8 41321  0.962+0.016
2 5 0.3 5.7 40  12.9+14 -47.0+16 10.3+04  3.8+0.3 84.6+1.4 185.145.1 96.3+1.7  0.859+0.035
3 3 0.3 5.7 40 9.3+0.4  -46.1+0.7 433x00 1.5+0.0 28.4+0.2 93.2+1.3 40.4+17  0.985+0.014
4 1 0.5 4.7 30 134421 -416+04 31.0+04 13.4#15  77.6x24 139.0+8.9 78.5+2.6  0.853+0.012
5 5 0.1 6.7 30 49403  -43.6#1.3 413+0.1 20.3+0.7 58.7+0.6 1448+49  214.1+22  0.919+0.013
6 3 0.3 5.7 30 3.7¢0.2  -451+04 27.3x05 1.1#0.1 11.7+0.1 26.8+0.1 12.6+13  0.996+0.004
7 5 0.1 4.7 50 7.9+0.5 -47.0+1.0 51.740.2 16.84#03  54.6+0.3 127.05.6 66.6+14  0.961+0.011
8 5 0.5 4.7 50 20.8+16 -44.2+16 49.0£0.7 26.0#2.3 167.4#57 303.8+16.1 187.2#1.8  0.941+0.003
9 1 0.5 6.7 50  19.8#14 -46.7+0.3 55.7+02  1.2+0.0 26.4+0.1 107.6+1.2 40.8+¢1.1  0.908+0.001
10 3 0.5 5.7 40  12.2+0.7 -43.6+29 45303  1.1+0.0 10.9+04 24.2+0.1 11508  0.990+0.001
11 3 0.3 5.7 40 7.3+0.2  -442+15 357+01  1.2+0.0 17.2+0.1 36.1+0.5 17.8+10  0.967+0.005
12 1 0.3 5.7 40 7.2#0.5  -47.8+05 38.7#0.1  1.620.0 47.6+0.2 88.6+0.9 473206  0.940+0.002
13 3 0.3 5.7 50  36.0#45.6 -43.8+1.9 18.3+0.3 415+23 154.0#9.6 291.6+13.2 189.0+2.0 0.833+0.013
14 3 0.3 4.7 40 8.2+0.2  -445+12 46304 10.1+04  94.3+16 170.7+4.9 97.5+0.5  0.903+0.004
15 1 0.1 4.7 30 3.8+0.0 -43.7#1.7 29702 36.4+13 138.0+6.2 262.8+13.8 159.24#1.0  0.827+0.02
16 8 0.3 5.7 40 74+05  -47.7+12 46.7+01  1.3x0.0 22.4+0.1 56.1+0.2 28.2#0.6  0.984+0.003
17 3 0.3 5.7 40 8.3+0.7  -49.8#21 39.7¢02  1.5+0.0 29.5+0.1 51.0+0.2 28.6+04  0.974+0.003
18 5 0.5 6.7 30 48109  -40.2#1.2 417406 1.1#0.1 6.2+0.0 17.4+0.1 7.74£0.2 0.991+0.004
19 3 0.3 5.7 40 74401 -45.1#16 51.0£¢02 1.2+0.0 14.2+0.0 28.8+0.1 14.4+05  0.985+0.002
20 1 0.1 6.7 50 7.2¢0.4  -48.3+08 31.74#08 53.5+21 117.2+2.7 197.4459  129.1+0.6  0.902+0.006
21 3 0.1 5.7 40 9.940.1  -48.6#15 36.7+10 54.8+37 131.6+45 237.6+9.3  153.1+0.9 0.917+0.014
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Figure 1 presents the response surface graph and the main effects of p as a
function of the independent variables. The p presented significant differences (p
<0.05) concerning the oil content and the total surfactant in addition to the HT-
HL Bt interaction. The average values fluctuated between 3.7 and 36.0 cP. This
categorizes the colloidal system as lightly viscous with significant mobility of its
particles in the continuous phase, which favors interparticle interaction and possible
colloidal instability if the collisions do not meet an energy minimum [30]. An increase
in p is observed when increasing oil and surfactant content in the emulsion. This
phenomenon can be attributed to the fact that the oil, despite being less dense than
the aqueous phase, has a higher p [7, 31]. The effect of oil viscosity is reflected a
greater extent when the emulsion is type W/O. In this case, this confers greater
opposition of the fluid to tangential deformation. Additionally, with the increase of
the oil content to the imposed homogenization conditions, the size of dispersed
particles increases with a smaller interface area. The above means that a part of the
micelles formed are absorbed in the interface of the particle with a higher
concentration of surfactants due to its amphiphilic nature. Another part of the micelles
remains dispersed in the continuous oily phase, causing the increase of u [32, 33].

Fig. 1. Response volume and surface graph of and
main effects of p in the W/O emulsions as a function of
independent variables (HT, HLBuwota, total surfactant and oil).

The hydrodynamic and colloidal interactions change the p of the colloidal
system, increasing the degree of disturbance of the normal flow of liquid [2]. The
extent to which a higher viscosity from the continuous phase is preserved, the
greater the physicochemical stability of the emulsion, due to the lower mobility of
the dispersed particles [5, 31]. On the other hand, the individual effect of HT was
not influential with any dependent variable, which affected the HT-HLBiota
interaction positively. The trend of a high p is projected to high or low values of
HT-HLBota; however, this would be consistent for low HLB:oral Values where the
higher lipophilic affinity of Span 60 would contribute to the p increase. This
situation leads us to think that the amount of oil in the emulsion prevails over this
HT- HLBuwa interaction. The rheological behavior obtained in the present study
coincides with reports from Alliod et al. [31], who evaluated the effects of the
composition and content of different mineral oils (continuous phase), reporting p
values in the final emulsion between 4.3 and 17.8 cP. On the other hand, [34], report
that the chemical composition of the oils influences the p, which is lower in
vegetable oils (14.8 - 20.2 cP) due to the higher degree of unsaturation.
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Figure 2 presents the £ response surface graph (A), where a trend of a
greater| ¢ | (> (negative electric potential) is observed mainly at a lower content of
surfactants. In effect, this could be simultaneously generating a decrease in the
dielectric constant of the continuous medium and a modification of the electrical
double layer thickness [19, 35]. Various authors have reported a strong criterion of
physicochemical stability is when the || > 30 mV because the colloidal system has
a predominance of repulsive electrostatic forces [5, 11, 18].
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Fig. 2. Response volume and surface graph of [{| (A and B)
and CI (%) (C and D) in W/O emulsions, as a function of
the independent variables (HT, HLBtwta, total surfactant and oil)

The £ represents the electric potential formed by the presence of positive and
negative charges around the dispersed particle in a colloidal system. This property the
allows prediction of medium and long-term stability [18, 35, 36]. In the W/O
emulsions, the ¢ presented statistically significant differences (p<0.05) concerning
the total surfactant. The values fluctuated between -49.8 and -41.6 mV. These results
indicate that to conditions of temperature and pH of 24 + 1°C and 5.2 + 0.2
respectively, the emulsions obtained have a high electric potential (-) in the adhered
co-ions layer at the interface of the dispersed particles (Stern layer) [37]. Duffus et al.
[38], showed that the pH and composition of emulsions significantly influence the ¢,
reporting higher negative electrical potentials (-55 mV) in acidic conditions and with
a pH between 4.6 and 6.2. The co-ions layer is represented by anions mainly
contributed by carboxylic groups dissociated to COO" of the fatty acids present in the
continuous phase (sunflower oil) and the internal surface charge of the aqueous
particles is of the sign (+) because of the presence of dissociated cations from the
supplemented aqueous phase salts (i.e. C;H3NaO,, CgHsO7*2NHs, KoHPO,, and
MgSO.). Followed by the interface ion layer, a second diffuse layer is formed, mainly
charged by ions contrary to those absorbed in the Stern layer (+). The charge density
is greater with the increase of the double layer. In addition, when there is particle-
particle interaction, it produces repulsive or electrostatic forces that are mainly
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responsible for the observed colloidal stability [11, 15]. Results near and far have
been replenished by Liu et al. [39], who reported the highest value of {=-43.9 mV.
The authors evaluated double emulsions by using hydrogenated and unhydrogenated
soybean oil in the oily phase. Similarly, Young et al. [40] obtained values between -
37.1and 87.7 mV in emulsions based on canola oil.

On the other hand, Fig. 2 (C and D) presents the CI response volume and surface
graph as a function of the independent variables. A lower CI trend is mainly observed
when the HLBya Was higher (6.3 - 6.7, blue zone). Even, the HT-Oil interaction
favors the lowest CI at conditions of 38-48% and HT ~ 2-5 min. This situation
conditions the CI response to the characteristics of the W/O emulsion production and
to the multivariate interaction of surfactants-Oil-HT, where a higher or lower CI on
the surface is accompanied by aggregation at the bottom of aqueous particles [19].
However, the greatest effect presented by the total surfactant shows its emulsifying
action against a centrifugal force when applied the accelerated stability [32]. Authors
such as Vicente et al. [2], reported a decrease in stability during 14 days of storage
(100 — 11.0%) for emulsions based on sacha inchi oil; in contrast, Duffus et al. [38],
reported greater instability in W/O type emulsions over O/W, observing phase
separation at 24 h when using sunflower oil in the oily phase.

Creaming is a reversible process induced by gravity or by centrifugal action,
which implies the formation of a vertical gradient of particle concentration
without modifying its size distribution. This has been used as a reference to
express the thermodynamic instability associated with droplet aggregation
phenomena followed by a possible coalescence [9, 14]. The CI in the W/O
emulsion presented statistically significant differences (p<0.05) concerning the
HL Bt and the linear interaction HT-Oil. The average values fluctuated between
8.3 - 55.7%; this denotes an important difference in the volume of creaming
induced by centrifugal action. Since, that action accelerates the rate of creaming
formation (accelerated colloidal instability) when given the differences in
densities between the continuous and dispersed phase [9]. The high CI values
found could be favoured by the type of W/O emulsion, the composition of the
phases, and the type of oil used. Since, the vegetable oils have low viscosity due
to their rich composition in unsaturated fatty acids and because they can cream
more easily than a more viscous oil [34].

Figure 3 presents the graphs of response surface for the D1g, Dso, Dgo, and Da 3
(A, B, C, D) percentiles and the graphs response volume for Dszand R (E and F)
in the W/O emulsions. W/O emulsions require surfactants with low HLBiota Values;
however, when studying colloidal systems under the evaluated conditions, the
particle sizes obtained were not statistically affected.

In general, the three percentiles and D4 3 showed a similar behavior: a decreasing
trend for Dio, Dso, and Dgo in formulations with lower oil content and higher
surfactant content. This situation is attributed to the fact that the decrease in the oil
content in the dispersed phase favors a higher ratio of the shear energy / mass of
the dispersed phase, which produces a smaller particle size, a greater number of
dispersed particles and a greater interfacial area. This increase in the interfacial area
favors a greater absorption of the amphiphilic surfactants, to correct the high free
energy between the continuous phase and the dispersed phase [19].
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The Dio and Das percentiles presented significant differences (p <0.05)
concerning the oil and surfactant contents. Additionally, D43 presented a linear
interaction whit HT-HLBeta, surfactant-HLBow, and surfactant-HLBeta. On the
other hand, Dso and Dgo presented significant differences (p<0.05) only concerning
oil content. The influence of these independent variables confers an important
variation in the mean values of Dy (1.1 - 54.8 pum), Dso (4.7 - 164.7 pum), Dgo (24.2
- 303.8 um), D43 (7, 7 - 214.1 pm), and in the particle size distribution all at the
same time. Particle size in colloidal systems is directly related to attractive forces,
and these colloidal interactions can lead to physicochemical instability [15, 36].
Therefore, the surfactant action plays an important role due to the large
accumulation of free energy at the interface given the lack of chemical affinity of
the phases [5].

D. _}(}lln)

Fig. 3. Response surface graph (A:Dio; B:Dso; C:Dgo; D:D43) and
volume graph (E: Da43; F:R) for particle size and R in W/O emulsions, as a
function of the independent variables (HT, HLBuwota, total surfactant and oil).

On the other hand, the presence of larger particle sizes generates a smaller
surface area that adsorbs a smaller quantity of Tween 80 and Span 60 micelles.
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However, at high concentrations of surfactants and mainly with high levels of oil,
the Tween 80 micellar distribution at the interface could have a higher affinity,
given the polarity of the dispersed particles. Even, a micellar excess of Span 60
remains in the continuous oily phase; without precipitating (no phase separation
was observed). This could be increasing the Dio, Dso, and Dgy percentiles.
Furthermore, the results of D43 are very consistent with the variability of sizes
found in the Dig, Dso, and Dgo; however, there is no well-defined trend in the
behavior of D43z with its response being dependent on the combination of the
independent variables.

Alliod et al. [31], reported in W/O emulsions, based on mineral oils (White,
Fisher, and Marcol), that the droplet size was dependent on the u of the continuous
phase, and reaching droplet sizes (Dso) between 550 - 660 nm. Likewise, Okuro et
al. [6], reported by using sunflower oil with W/O and O/W emulsions, drop sizes
are between 2 - 4 um (D3). Additionally, the W/O emulsions showed an increase
in the droplet size with the highest content of emulsifier (lecithin). Other
investigations have reported small droplet sizes (Da3: 123.45 - 180.56 nm) in W/O
emulsions based on vegetable oils (sunflower, olive, and red pepper), when
subjected to a double homogenization process [41]. Young et al. [40], reported
variability in droplet sizes (Dsp) (115.1 - 1132.9 nm) due to, the effect of applied
treatments (heat treatment, high hydrostatic pressure).

The average values of R varied between 0.827 - 0.996, presenting significant
differences (p<0.05) concerning the oil content and with the linear interactions HT -
HLBiota and Oil-HLBiota. Because R is related to the scattering properties of light
as it passes through the measurement cell. Greater light absorption is caused by the
presence of a high density of smaller droplets, contributing to greater stability of
the colloidal system [2, 12, 17]. The R values are considered high and consistent
with the poly-dispersibility in the Dio, Dso, and Dgo percentiles. However, the
emulsions were physio-chemically stable without showing phase separation, given
the high synergy with the high negative electric potential in the vicinity of the
particle interface (|| >>>). Similar results have been obtained in stable coconut-
based colloidal systems (0.830-0.900) [3]; at the same time, other authors have
reported lower values in stable colloidal systems based on avocado combined with
certain spices (0.78 = 0.03) [12], yacdn (0.460 - 0.607) [16], and the combination
of egg and mango (0.679 + 0.002) [42].

A trend for the decrease in R was observed with higher oil content, which
corresponds to a lower content of the supplemented aqueous phase and greater
action of shear energy on the size reduction. On the other hand, the linear
interactions HT- HL Byt and Oil - HLByowa Were negative, being more critical (>R)
to high HL Bt and low HT, as well as to high HLBtw and low oil content. This
high HLBuota interaction could be due to the lower non-polar affinity that the total
surfactant has under these conditions, which is empowered at low HT and oil
contents, where the effect of homogenization generates larger particle sizes.

3.3. Mathematical modeling and experimental optimization of multiple
responses

Table 2 presents the estimated regression coefficients of the 2™ order polynomial
model for the W/O emulsion and their respective R% The R? values for the
dependent variables p, ¢, Dio, Dso, Deo, Da3, and R showed a good fit of the
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mathematical model (R? > 80%); while the CI presented the lowest regression
adjustment (R? = 71%); this is possibly due to the additional effect of the
independent centrifugation operation, which could induce a greater error
concerning the value predicted by the model. It is highlighted that all the variables
presented a random distribution of the residuals, which makes it possible to ensure
that the data can be parameterized according to a normal distribution; therefore, the
models are adequate to describe the behavior of the results found.

Table 2. Mathematical modeling of regression coefficients and R? of the
dependent variables (u, & CI, D1o, Dso, Deo, D43y R) of the W/O emulsion.

Dependent variables

Regression

o 0 4 Cl D1o Dso Do Dag
coefficients ) mV) (%) @m)  @m) _ @m)  (um) R

Po 123.352 2.691 -492.07 235,581 1265.210 3836.680 1664.780 -2.000
fa -33.202 2.451 64.379 -37.346 -165.169 -401.688 -240.069 0.285
fe 41.293 2.889 -278.25 -184.79 -164.974 -368.413 -155.881 -0.164
fc 11.335 3.106 65.751 11.351 -129.367 -751.574 -229.173 0.536
fo -7.002 1.325 17.781 -9.797 -29.786 -59.349 -33.320 0.056
Pa? -0.544 0.152 - -1.934 2.397 2.323 1.931 -0.009
frs -2.952 -0.771 8.646 20.378 66.116 82.180 25.993 0.006
Pac 6.271 -1.375 5.021 8.457 30.259 55.457 46.343 -0.048
J/7%) 0.076 0.112 1.006 -0.121 -0.807 1.778 -0.781 0.001
Pe? -29.327 -18.15 299.023 437.603 368.484 83.593 455,552 0.412
Pec -6.329 ----- 16.043 -36.152 -122.410 -168.889  -209.098 0.0450
/D) 0.996 0.071 1.229 -0.059 8.437 21.139 19.957 -0.007
pc? -3.699 0224 - -4.819 -6.999 32.977 5.335 -0.005
fco 0.357 0.025 1.862 0.615 2.758 6.245 1.599 -0.008
po? 0.076 0.024 0.062 0.109 0.263 0.316 0.367 -0.001
R2 ‘ 92.573 82.414 71.156 89.566 86.105 80.279 91.545 88.076

Table 3 presents the criteria, weights, and impacts established in the
experimental optimization of the W/O emulsion, the theoretical values predicted by
the 2" order model, the experimental values obtained from three replicas at the
optimal condition, and the relative mean error (RME).

Table 3. Criteria, weights, impacts and results
of the experimental optimization of W/O emulsions.

Dependent I . Theoretical Experimental RME
vaFI)'iabIes Criteria  Weight  Impact Optimal (prtimaI (%)
R Minimize 0.5 3 0.967 0.99+0.01 2.0
u (cP) 19 cP 1.0 4 12.8 11.1+0.7 15.3
Cl (%) Minimize 1.0 4 23.9 22.3+0.5 7.2
¢ (mV) -45 mV 0.5 3 -46.1 -47.9+15 3.8
Dio (um)  Minimize 0.5 3 1.0 1.740.1 41.2
Dso (um)  Minimize 1.0 4 4.7 2.60.1 80.8
Do (um)  Minimize 2.0 5 108.3 28.5+0.1 280
Dss (UM)  Minimize 2.0 5 13.1 8.80.7 48.9

The experimental optimization of multiple responses presented the following

results: HT = 3.73 min, surfactant = 0.47%, HLBw = 6.53, and oil = 39.6%, with
a desirability value of 70.1%, which corresponds to the best stability for the W/O
emulsion. The experimental optimization validation of the dependent variables to
the optimal conditions found presented lower values in Dsy, Dgy, and Das
concerning the theoretical values, producing high values of the RME (41.2 -
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80.8%). However, the point differences of these variables are not very noticeable
(minimal), considering the poly-dispersibility observed in the particle sizes. The
differences observed in the Dgo percentile are much more notable, which is
consistent with the greater variability found under the conditions of the
experimental design (24.2 - 303.8 um). Despite the point differences found, the
experimental results of the validation of the optimum showed that the lower values
of particle sizes contributed to better stability of the W/O emulsion [7].

Figure 4 presents a micrograph of the W/O emulsion at the optimal condition
found. Spherical, well-defined, slightly flocculated droplets of varying sizes were
observed. According to the results found, it is conferred that when considering the
independent variables (HT, Surfactant, HLBia, and oil) and their linear
interactions, they do influence the morphology of the drops. This is because the
size and particle size distribution are associated with the tension of the water-oil
interface. At the same time, this depends on all the phenomena induced by the
independent variables evaluated [10]. Drop size and similar morphology were
reported by Chouaibi et al. (41), in a W/O emulsion based on olive and sunflower
oil. On the other hand, Dai et al. [9], reported micrographs with homogeneous
distribution and a size increase with a higher fraction of the short chain triglyceride
oil used. However, other investigations identified differences in the distribution of
the droplets formed in the W/O emulsions based on sunflower oil [6].

Fig. 4. Micrographs of W/Ooptimai emulsion,
obtained with an Optic Microscope (40X).

3.4. W/Ooptimal emulsion stability during storage

Figure 5 illustrates the evolution of the dependent variables, p, €, Do, Dso, Dao,
D43, and R, during the storage at 4°C for the W/Oqpima emulsion. It was observed
that the presented changes in the percentiles Dig, Dso, Dgo, D43, and R were not
significant. However, the rheological behavior of the emulsion shows a slight
increase in p over time. This could infer that various physicochemical phenomena
are being promoted due to: 1) increased energy in the interfacial region of the
emulsion, which could confer a structural reorganization in the particle size
distribution and the possible formation of flocs over time [43]; 2) reorganization of
the size of the Span 60 micelles that could be in excess in the oil phase [10], and;
3) the reorganization of the Tween 80 micelles that could be located in the
hydrophilic part of the same micelles [13].
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According to the behavior and appearance observed in the emulsions, a good
stability of the same emulsions is admitted during the 3 days of storage. This is
mainly because the important levels of the electrical potential in the Stern layer are
maintained (-47,9+1,5 and -41,4+1,9 mV). Likewise, the stability of the emulsion
through repulsive forces is guaranteed within the diffuse layer of the particles,
configuring a wide electrical double layer [15].

12
11 -
£ 10 k/oho/" w0 .,
]
a8 0,9
-]
g6 v 0,8 4
2
=
s 4 R e ——— 0.7 -
e’" k]
% 2 . . 05
57 + + +
£o . . || 05 . . .
e 0 1 2 3
0 1 2 3 X
Time (days) Time (days)
—8-DI0 —+—D0 ——D0 —A—DM43
14 1 T
12 0] 1 2 3
10 -
8 -20 4
[ =
o
= £
=6 1 =30
4 A _\40 o
2 o r/l——a’,’}
1] 1
0 2 3 -60 4 - \
Time (days) Time (days)

Fig. 5. Stability of the dependent variables (u, ¢, CI,
D10, Dso, Doo, D13y R) of the W/Ooptimai emulsion during storage.

4.Conclusions

A W/O emulsion composed of a continuous phase based on sunflower oil and a
dispersed aqueous phase formulated from agro-industrial wastes of pineapple,
sacha inchi, and supplements (sources of macro and micronutrients) was
formulated under optimized process and formulation conditions. The emulsion was
characterized by low viscosity and excellent physicochemical stability. This was
due to the predominance of the repulsive forces generated by the double electrical
layer formed at the interface of the colloidal system particles, which were stronger
than the attraction forces caused by small, spherical, homogeneous, and little
flocculated drops. The W/Oqpima €mulsion practically conserved its properties
during three days of storage: p = 12.67+0.36 cP, { = -41.40£1.90 mV, Dy =
0.84+0.01 pm, Dsp = 1.59£0.01 um, Dgg = 10.54£0.04 um, D43 = 3.91£0.09 pm,
and R = 0.97+0.01. The developed emulsion provides potential alternatives for
further applications in double emulsions, encapsulation of probiotics, controlled
release of bioactive compounds, among others, strengthening sustainable
production systems.
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Nomenclatures

1-X Span 60 mass fraction in the mix
Asgo Absorbance 400 nm

Agoo Absorbance 800 nm

Ci Creaming index

D1o Percentile 10%

Das Equivalent volume diameter

Do Percentile 50%

Doo Percentile 90%

Emulsion W/O Water in oil emulsion

HLBota Total Hydrophile-Lipophile Balance
HT Homogenization time

R Spectral absorption index

RME Relative mean error

Ve Cream layer volume

Ve Emulsion total volume

Ve Total volume of the emulsion
W/O/W - O/W/O Double emulsion

X Tween 80 mass fraction in the mix
Greek Symbols

¢ Zeta potential

u Viscosity
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