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Abstract

This work evaluated eight different emulsions produced with canola oil and stabilized using two different polyoxyethylene sorbitan surfactants
(Tween® 60 or Tween® 85), by evaluating their microstructure and rheological properties. The results showed that the canola-based emulsion
behaved as non-Newtonian fluids with pseudoplastic character (n or n, <0.7). Additionally, the Ostwald-de Waele (OW) and Herschel-Bulkley (HB)
models adequately described the rheological behavior of the emulsions (R? >0.98 for OW, and R? >0.99 for HB; x? <0.001 for both), highlighting that the
samples containing Tween® 60 (A, C, E and G) achieved higher values for the consistency coefficient (K <18.5) than the Tween® 85-based samples
(B, D, Fand H) (K <5.3), agreeing with the apparent viscosity data. Emulsions containing Tween® 60 at all concentrations and stirring rate conditions
achieved the lowest droplet sizes (90% droplet size distribution (DSD) up to 4.0pm), higher consistency, and a global appearance similar to that of
mayonnaise, while formulations made with Tween® 85 produced emulsions with bigger values for DSD, more fluid-like appearance and larger droplet
sizes. In general, canola-based emulsions containing Tween® 60 showed better overall performance in the assays.
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Introduction

One of the most important physical properties of dispersion
samples is the particle size, which influences many other
characteristics, being a valuable indicator of quality and
performance for products such as suspensions, emulsions, and
aerosols [1,2]. For these and many other reasons, it is important
to measure and control the particle size distribution of those
products. In addition, several imaging techniques and software are
available to evaluate the structure of particulate systems, such as
emulsions [3]. A wide variety of foods are emulsions: mixtures of
two inherently immiscible fluids, one of which is the continuous,
while the other is the dispersed phase [4]; thus, it is important to
understand their physical, rheological and microscopic properties
aiming to choose the best surfactants and process conditions
to work with this colloidal system [1]. Additionally, the image
processing and evaluation becomes important because it provides
significant quantitative data of the micro/nanostructure of the

dispersions [5], a key element in product development.

Polysorbates containing 20 units of oxyethylene are hydrophilic
non-ionic surfactants which are widely employed as emulsifying
agents in oil-in-water emulsions aiming to enhance the quality of
the products [1,6]. The canola oil is a good raw material to produce

food emulsions due to its health-promoting nutritional properties.
Itis an good source of oleic acid (50-66%), a-linolenic acid (6-14%)
and unsaturated fatty acids [7], and has been successfully applied
in vitamin E-enriched nanoemulsions [8].

Thus, this work aimed to study eight different model emulsions
produced with canola oil as the oily phase in different proportions
using two types of polyoxyethylene sorbitan surfactants in order to
investigate the influence of surfactants, stirring speed and oil phase
ratio in the rheological properties and droplet size distribution
(DSD) of the produced emulsions.

Material and Methods
Canola-based emulsions development

A solution of distilled water containing 1% (w/v) NaCl was
the aqueous phase, while the oil phase was composed of canola
oil (Cocamar, Maringg, Brazil). Tween® 60 (polyoxyethylene (20)
sorbitan monostearate) and Tween® 85 (polyoxyethylene (20)
sorbitan trioleate) surfactants purchased from Sigma-Aldrich (St.
Louis, USA) were used as surfactants.

In order to produce dispersions with different properties, eight
emulsions were prepared according to the conditions presented
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in Table 1 by using a 24-1 fractional factorial experimental design.
Emulsions were prepared in a 250mL beaker by dispersing the
surfactant in canola oil at room temperature (23+2 °C), followed by
slight manual stirring with a spatula for complete homogenization

of the surfactant and subsequent addition of the aqueous phase.
The ingredients were then mechanically stirred using a Polytron®
PT 3100 D homogenizer (Kinematica AG, Littau, Switzerland) for
Smin.

Table 1: Preparation conditions for canola-based emulsions using a 2*! fractional factorial design (original and coded components).

Sample X1 (Type of Surfactant) X2 (% Surfactant, w/v) X3 (Agitation, rpm) X4 (% Oil Phase, v/v)
A -(Tween® 60) -(3) -(8000) -(70)
B +(Tween® 85) -(3) -(8000) +(80)
C ~(Tween® 60) +(5) -(8000) +(80)
D +(Tween® 85) +(5) -(8000) -(70)
E -(Tween® 60) -(3) +(10000) +(80)
F +(Tween® 85) -(3) +(10000) -(70)
G ~(Tween® 60) +(5) +(10000) -(70)
H +(Tween® 85) +(5) +(10000) +(80)

Type and pH of the emulsions

The type of emulsion was identified by means of electrical
conductivity [1] with the help of a Gehaka CG 2500 conductivity
meter (Sdo Paulo, Brazil). High conductivity values (>0.1mS/
cm) indicate that water is the continuous phase and the oil is the
phase dispersed in an oil-in-water (0/W) emulsion, whereas for
a water-in-oil emulsion (W/0), the conductivity is low (few pS/
cm). The pH of the formulations was determined as described by
Teixeira et al. [2]. Briefly, each emulsion was dispersed in distilled
water (10%w/v) at 25 °C, followed by the direct measurement in
a Gehaka PG1800 potentiometer (Sao Paulo, Brazil). The results
correspond to the average of three determinations.

Rheological characterization of canola-based emulsions

The rheological analysis was performed in a Brookfield
Viscometer (model DV-1I+ Pro) coupled to a thermostatic bath at
25°C, using SC4-18, SC4-25, and SC4-34 spindles. The experimental
data obtained from the flow curves of the emulsions was acquired
by the Rheocalc software (v3.1-1) and adjusted according to the
rheological models of Ostwald-de Waele (Eq. 1) and Herschel-
Bulkley (Eg. 2), to obtain the rheological and statistical parameters:

r=Ky" (1)
T =70 +K, ()" (2)

where T is the shear stress (Pa), T, is the yield stress from
HB model (Pa), is the shear rate (s), Kand K, are the consistency
coefficients (Pa.s”), n and n, are the flow behavior indexes

(dimensionless).
Microstructure and droplet size distribution

The droplet size distribution (DSD) of the samples was
evaluated by optical microscopy analysis, using a Zeiss Axio
Observer D1 microscope (Zeiss Vision GmbH, Germany) with 640x
magnification. The images captured with the Axio Cam were used
to obtain the DSD with the aid of the Axio Vision software (v. 4.8.2)
using two micrographs captured by each sample analyzing the
entire extent of the image in order to measure 100 drops randomly
in each one of them, as described by Teixeira et al. [2].

Statistical analysis

Data were evaluated by analysis of variance (ANOVA) with
significance defined as p<0.05. The results were submitted to the
Tukey test at 95% confidence level using Statistica 10.0 software
(StatSoft™, Inc.). Graphs were obtained using the Origin 8.6
software (Origin lab Corporation).

Results
Emulsion type and pH

Figure 1 shows the appearance of the eight canola-based
emulsion produced. Results for the pH and conductivity analysis
are shown in Table 2. Although presenting significant differences
(p<0.05), the pH values followed a trend: samples containing
Tween® 60 presented values ~4, while those produced with
Tween® 85 showed pH values ~6. Through the conductivity
tests, the emulsions containing both Tween® 60 and Tween® 85
surfactants presented some statistical difference between their
values, but all of them were found to be oil-in-water (0/W), as the
conductivity values were higher than 0.1mS/cm (Table 2).

Table 2: pH and conductivity of canola-based emulsions

containing 70 or 80% (v/v) oil phase and 3 or 5% (w/v) Tween®
60 or Tween® 85.

Sample pH Conductivity (uS/cm)

A 4.72+0.01c 419.00+2.65b
B 6.56+0.03ab 180.20+6.44g

4.69+0.02c 265.00+6.56€
D 6.50+0.05b 308.00+1.73c

4.72+0.02¢ 452.33+0.58a
F 6.55+0.06ab 273.33+1.53e
G 4.61+0.00d 248.67+0.58d
H 6.60+0.05a 204.33+1.53f

A,C,E, and G=samples containing Tween® 60; B,D,F, and
H=samples containing Tween® 85. Lowercase letters indicate
statistical difference according to Tukey’s test (p<0.05).
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Figure 1: Appearance of canola-based emulsions prepared
with 3 or 5% (w/v) surfactants Tween® 60 (A, C, E, and G)
or Tween® 85 (B, D, F, and H).

Rheological behavior

The viscosity and flow curves for the canola-based emulsions
are shown in Figure 2. The apparent viscosity of emulsions (Figure
2a) was influenced by the surfactant type and concentration, oil
phase and the stirring speed. In addition, for all the formulations,
a viscosity decrease with the shear rate can be observed, which is
a common behavior for this type of product [2,9]. Sample C (5%
Tween® 60) had the highest apparent viscosity values, followed
by sample F (3% Tween® 85). As shown in the rheograms (Figure
2b), none of the emulsions exhibited a linear relationship between
shear stress and shear rate, that characterizes the behavior of a
non-Newtonian fluid.

The coefficient of determination (R?) for the rheological
models was higher than 0.99, and the chi-square (x?) values ranged
between 0.0004 and 7.1897, therefore, such results showed a
good fit of the data to the Ostwald-de Waele (OW) and Herschel-
Bulkley (HB) models. According to the OW model, the emulsions
with the highest values of K (consistency coefficient) were the
samples H(85.1), G(23.5), C(17.3) and B(8.1), as shown in Table
3. It is also observed that there is an interrelation of these values
with the apparent viscosity since these samples also presented

higher values for this parameter than the other samples (Figure
2a). Furthermore, the analyzed emulsions showed pseudoplastic
character (shear-thinning) as the values for the flow behavior index
(n,,) were lower than 1.0. Despite having high R*and low x* values,
samples F and H presented negative yield stress T, values, which
have no physical meaning in the Herschel-Bulkley model. Thus,
the Power-Law model is more suitable to evaluate the behavior of
those dispersions.
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Figure 2:

2a: Viscosity curves adjusted by the Ostwald-de Waele
(dashed line) Herschel-Bulkley (solid line) models recorded
at 25 °C in canola-based emulsions containing 3% (w/v)
Tween® 60 (A,C,E and G).

2b: Flow curves adjusted by the Ostwald-de Waele (dashed
line) Herschel-Bulkley (solid line) models recorded at 25 °C
in canola-based emulsions containing 5% (w/v) Tween® 85
(B,D,F and H).

Table 3: Ostwald-de Waele and Herschel-Bulkley rheological parameters adjusted for canola-based emulsions prepared with Tween®
60 (A,C,E, and G) or Tween® 85 (B,D,F, and H) and analyzed at 25 °C.

Ostwald-de Waele Parameters
Sample
K (Pa.s") n R? x>
A 1.140+0.009 0.520+0.002 0.99937 0.00099
B 8.118+0.081 0.352+0.003 0.99756 0.03312
C 17.325+0.198 0.315+0.003 0.99588 0.16415
D 0.325+0.010 0.663+0.009 0.99501 0.00243
E 1.903+0.034 0.453+0.005 0.99583 0.0094
F 0.272+0.002 0.773+0.002 0.99985 0.00014
G 23.505+0.269 0.312+0.003 0.99578 0.30069
H 85.135+1.081 0.395+0.004 0.99706 7.18975
Herschel-Bulkley Parameters
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T,,(Pa)'? K, (mPa.s")"/? n, R? x?
A 0.490+0.019 0.877+0.010 0.574+0.002 0.99998 0.00004
B 5.011+0.218 4.635+0.139 0.455+0.006 0.99986 0.0019
C 12.757+0.318 8.114+0.204 0.451+0.005 0.9999 0.0039
D 0.435+0.030 0.165+0.009 0.815+0.013 0.99943 0.00028
E 1.668+0.049 0.953+0.024 0.594+0.005 0.99989 0.00025
F - 0.293+0.007 0.755+0.005 0.9999 0.00009
G 17.509+0.315 10.835+0.202 0.451+0.004 0.99995 0.00384
H - 121.765+16.070 0.322+0.022 0.9978 5.39427

K, K =Consistency coefficients; n,n,=Flow behavior indices (dimensionless); t ,=Herschel-Bulkley yield stress; R?=Coefficient of

determination; x?>=chi-square.

Microstructure and droplet size distribution

Figure 3 shows the micrographs of each canola-based emulsion
evaluated, while Table 4 presents the droplet size distribution
(DSD). The studied variables directly impacted the internal
microstructure of the evaluated emulsions. Significant differences
(p<0.05) between the average droplet size were detected by the
Tukey test. Emulsion samples with a higher proportion of surfactant
(C,D,G,H) yielded smaller droplets than the other emulsions. As
shown in Table 4, the sample C, containing 5% (w/v) Tween® 60,
produced under stirring of 8000rpm and 80% oil phase showed
the lowest droplet sizes, exhibiting more than 99% of the DSD
in sizes <4.0um, in addition to a greater consistency, and overall
appearance similar to that of mayonnaise. Moreover, formulations
containing Tween® 85 (B,D,F, and H) also produced emulsions with
small droplet sizes (up to 8um), but with a larger variation in DSD
between sizes higher than 4.1um. It is further noted from Table 4
that emulsion A provided a DSD with almost 50% values greater
than 8.1um, which is reinforced by Figure 3 that shows the higher
droplets among all samples. It can be suggested that a 2% increase
in the surfactant plus 10% increase in oil phase substantially affects
the microstructure of the emulsion, as shown by the sample C.

Figure 3: Micrographs of canola-based emulsions stabilized
with Tween® 60 (A,C,E, and G) or Tween® 85 (B,D,F and H)
and recorded at 640xmagnification. Scale bars represent
20pm.

Table 4: Droplet size distribution (%) and average droplet size (nm) for canola-based emulsions stabilized with Tween® 60 (A,C,E, and

G) or Tween® 85 (B,D,F, and H).

Sample
Sizfur;')‘ge A B C E F G H
0.1-2.0 1 2.5 53 1 0.5 35 24
2.1-4.0 8 85 46.5 24.5 50 46.5 78.5 65.5
4.1-6.0 25.5 12.5 0.5 60.5 42.5 44 18 10.5
6.1-8.0 17 0 0 6 8 0 0
>8.1 48.5 0 0 0.5 1 0 0
Average
droplet size 8.74+4.30* 3.22+0.68 2.07+0.45% 4.74+1.16% 4.16+1.19% 4.23+1.36% 3.10+0.88° 3.00+1.06°
(um)

Lowercase letters indicate statistical difference according to Tukey’s test (p<0.05).

Discussion

Monitoring pH values from the emulsions provide information
on the chemical stability of the formulation. Decreases in these
values may be related to the oxidation of the oil phase with the

formation of oxidized chains or the hydrolysis of triglycerides,
manifested by formation of free fatty acids [10]. Since the pH of
the formulations showed slight variations, it can be inferred that
an interaction between the components of the emulsions was not
enough to harm their characteristics.
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It was verified that the rheological behavior of canola-based
emulsions is strongly affected by the droplet size. Faster stirring
can yield smaller and more uniform droplets, resulting in more
viscous and stable emulsions [1]. Important to note that, due to
the complex rheological behavior of many food products, any
modification in the product composition may alter its texture
perception and compromise food palatability [4]. As an example,
emulsions produced with cupuassu fat and Tween® 85 as
stabilizer are also reported to show higher droplet sizes with lower
stability than those produced with Tween® 60 or Tween® 80 [2].
Enhanced effects produced by the polysorbates (Tween series) may
be attributed to its high solubilization capacity, which is assumed
to form large interfacial surfactant film between inner and outer
phases in the emulsion [11].

Conclusion

The experimental data of this study showed that the
concentration of the surfactant (Tween® 60 or Tween® 85) and
the oil phase, as well as the stirring speed, are factors that influence
positively on the rheological and microscopic properties of canola-
based emulsions. Samples containing Tween® 60 showed the best
overall results in the tests, although those containing Tween® 85
also provided satisfactory performance. In addition, the rheological
behavior of the emulsions was effectively adjusted by the Ostwald-
de Waele and Herschel-Bulkley models, showing that canola-based
emulsions have non-Newtonian behavior with pseudoplastic
character. Among all analyzed emulsions, sample C had the
smallest droplet sizes. These results showed that canola is suitable
to produce emulsions using polyoxyethylene sorbitan surfactants
as stabilizers and that the production conditions can significantly
affect their microscopic properties and rheological behavior.
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