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Effects of Calcium Content and Homogenization Method
on the Microstructure, Rheology, and Stability of
Emulsions Prepared with Soybean Flour Dispersions
Andr�es L. Márquez,* Jorge R. Wagner, and Gonzalo G. Palazolo
The objective is to study the microstructure, rheology, and quiescent stability of
oil-in-water emulsions prepared with defatted soybean flour dispersions, analyz-
ing the effects of calcium concentration and homogenization method. Disper-
sions are prepared without or with addition of calcium chloride at different
concentrations (30, 60, and 90mgCa100g�1) and treated by heating (100 �C,
40min) and high-pressure homogenization (HPH) at 120MPa. Emulsions are
prepared with homogenized dispersions and sunflower oil by different homogeni-
zation methods (high-speed homogenization, HSH; and HPH at 10 and 20MPa).
The addition of calcium produces a decrease of soluble protein in dispersions,
leading to emulsions with higher oil droplet size and aggregation of particles
when HSH and HPH are applied, respectively. The highest aggregation degree is
observed in the systems with 30mgCa100g�1, attributed to the formation of a
hydrated network of aggregated particles (oil droplets, protein aggregates, and
insoluble fibers). Consequently, these emulsions also show the highest viscosity
and creaming stability. The findings indicate that calcium can act as a functional
ingredient in food emulsions prepared with soybean flour dispersion, because the
texture and stability of the system can be controlled by the variation of calcium
concentration and homogenization method.
Practical Applications: In this study, the impact of calcium addition and
homogenization method on the microstructure, rheological behavior, and
quiescent stability of o/w emulsions prepared with soybean flour dispersions
is assessed. Unlike other works, the strategy used for calcium addition is to
promote the interaction of the mineral with proteins and non-starch
polysaccharides present in soybean flour and then reduce the size of
aggregates by high-pressure homogenization. The mentioned strategy can
allow the obtaining of vegetable calcium-rich emulsion-based products with
texture and consistency modulated by the amount of added calcium and the
applied homogenization method.
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1. Introduction

Defatted soybean flour (DSF) is obtained as
a by-product from the extraction of soybean
oil and constitutes a rich source of protein
and dietary fiber. The high protein content
of DSF also opens the door to its potential
use for the formulation of food emulsions,
though the presence of dietary fiber may
have a negative effect on its emulsifying
properties.[1] Nevertheless, the inclusion of
dietary fiber in the diet, as non-starch
polysaccharides, is believed to be important
for optimum health. These components
show various positive physiological effects
in the small and large intestine.[2] More-
over, it has been well accepted that calcium
is essential for the structure and function of
bone metabolism, for muscle functions,
blood pressure, bone density, coagulation
process, and releasing neurotransmit-
ters.[3] Yet, most of the worldwide popula-
tion does not satisfy their calcium needs.
Hence, calcium supplementation of food is
a worldwide health challenge.[4] Calcium
fortification is usually related to fluid
soybean products such as soymilk, because
bovine milk presents a considerably higher
content of that mineral.[5] Furthermore, it
is widely known that divalent cations tend
to bind by the storage soy proteins (glycinin
and β-conglycinin), phytate, and phospho-
lipids, inducing aggregation and destabili-
zation of the system.[6–9] Indeed, by
isothermal titration calorimetry studies,
the water molecule release, either from
the hydration shells of the calcium ion and/
or dehydration of the hydrophobic core of the proteins, may be
the driving energy source for binding of calcium by soy proteins,
instead of Coulomb interaction.[10] In addition, previous studies
concerned with the calcium fortification of enteral formulas
containing dietary fiber suggest that the divalent cation also
interacts with soy polysaccharides.[11]

It should also be considered that the application of a thermal
treatment is required to inactivate enzymes, such as lip-
oxygenase and antinutritional factors (Kunitz trypsin inhibitor
and lectin) in soy-based protein products. Although heating is a
necessary step to improve the nutritional value and taste of
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soymilk, when it is performed in the presence of calcium salts
the insolubilization by aggregation of storage soy proteins and
phytate is highly promoted.[7,12]

Different methods have been attempted in order to enhance
the stability of calcium-fortified soybean products, usually
pointing to avoid the interaction of the divalent cation with
proteins and phospholipids. Previous works showed that it is
possible to obtain a heat-stable soymilk fortified with calcium
by the addition of citrate and phosphate as sequestering
agents.[13–15] Double emulsions were used as a medium to
isolate calcium in the inner aqueous phase from soybean
components in the outer aqueous phase.[16] The results
reported in previous works show that it is also possible the
calcium fortification of soy beverages in the presence of dietary
fiber. Krongsin et al.[4] found that the addition of isolate fiber
sources, such as pomelo pectin, enhanced the stability of
calcium-fortified, acidified soymilk without addition of chelat-
ing agents. Recently, we have formulated a stable soybean
beverage with addition of calcium salts at relatively high levels,
following a novel strategy: firstly promoting the interaction of
the divalent cation with proteins and fiber during a thermal
treatment; and then homogenizing the destabilized system in
order to achieve the reduction of the size of the formed
aggregates.[17] In the present study, we proposed the prepara-
tion of DSF aqueous dispersions with addition of calcium
chloride at different concentrations using a similar strategy.
The resultant dispersions were used as the continuous aqueous
phase of emulsions prepared by different homogenization
methods.

Therefore, the objective of this work was to study the effects of
calcium concentration and homogenization method on the
microstructure, rheology, and quiescent stability of oil-in-water
(o/w) emulsions prepared with DSF dispersions and sunflower
oil as lipid phase. Unlike the previous work,[17] the lipid content
of emulsions was substantially higher. In this way, the
potentiality of a calcium-fortified food emulsion including
soybean proteins and fibers was analyzed.
2. Experimental Section

2.1. Materials

Active defatted soy flakes were provided by Bunge Argentina
S.A. (Puerto General San Martín, Santa Fe, Argentina). They
were provided without thermal inactivation of antitryptic factors;
moreover, storage soy proteins kept their native state.[18] The
flakes were ground in all purpose smashing machine (Chincan,
FW Model; China) and the resultant flour was subsequent
sieved at 500 (ASTM E-11-81, Zonytest; Buenos Aires,
Argentina) and 125 μm (ASTM E-11-70, Zonytest; Buenos
Aires, Argentina), so that 95% of the initial sample passed
through both sieves. DSF sample was finally obtained; its
proximate composition (g/100 g, as dry basis) was crude protein,
55.1� 0.4 (N� 6.25); ash, 7.7� 0.1; insoluble dietary fiber,
20.6� 0.6; soluble dietary fiber, 3.3� 0.2; galacto-oligosacchar-
ides, 10.0� 0.2; and lipids, 1.9� 0.1. The moisture content of
DSF was 8.0� 0.1 g 100 g�1.[17] The other materials were refined
sunflower oil (Molino Ca~nuelas SACIFIA; Ca~nuelas, Argentina);
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anhydrous calcium chloride (>94 g 100 g�1; Anedra, Research
AG; Talar, Argentina); bovine serum albumin (>99 g/100 g, fatty
acid free; Sigma Chemical Co.; St. Louis, MO, USA). Distilled
water was used in all assays.
2.2. Preparation of Aqueous Dispersions

DSF was dispersed in distilled water under magnetic stirring
for at least 2 h. The dispersion contained 7.5 g total solids per
100, which corresponds to 8.2 gDSF 100 g�1. Calcium chloride
was added in order to obtain dispersions with 30, 60, and
90mgCa 100 g�1 (C30, C60, and C90, respectively), without
considering the proper calcium content of DSF. An aqueous
dispersion without added calcium (C0) was prepared as control
sample. All dispersions were heated in a boiling water bath for
40min and then cooled to room temperature (�25 �C),
producing the required inactivation of anti-nutritional factors
and lipoxygenase and promoting calcium-storage protein/fiber
interactions.[11,12,17] The cooked dispersions were pre-homoge-
nized using an Ultra-Turrax T-25 high-speed rotor/stator device
with a S25-20NK-18G dispersing tool (IKA-Labortechnik;
Staufen, Germany) at 24 000 rpm for 1min. Finally, each
dispersion was recirculated three times through a twin-stage
valve high-pressure homogenizer (Panda 2 K, GEA Niro Soavi;
Parma, Italy) in order to homogenize the aggregated system;
the homogenization pressure was 120 and 12MPa in the first
and second valves, respectively. The pH values of aqueous
dispersions were determined using a pH meter (Sartorius PY-
P10-2S electrode; Göttingen, Germany); a two-point calibration
(pH 4.0 and pH 7.0 standard buffer solutions) was performed.
Sodium azide (0.02 g 100mL�1) was added as antimicrobial
agent. Homogenized dispersions were used as the continuous
aqueous phase of emulsions. Dispersions were prepared in
duplicate.
2.3. Preparation of Emulsions

Each homogenized dispersion was mixed with sunflower oil
in order to prepare o/w emulsions with 20 g lipid phase per
100 g. Emulsions were prepared by three homogenization
methods: high-speed homogenization, using the rotor/stator
device (S25-20NK-18G dispersing tool) at 24 000 rpm for
1min (HS treatment); high-speed homogenization plus
high-pressure homogenization, using the valve homoge-
nizer at 10.0 and 1.0MPa in the first and second valves,
respectively (HP1 treatment); and high-speed homogeniza-
tion plus high-pressure homogenization at 20.0 and 2.0MPa
in the first and second valves, respectively (HP2 treatment).
In this way, emulsions with different homogenization
methods (HS, HP1, and HP2) and different added calcium
concentrations in the aqueous phase (0, 30, 60, and
90mg 100 g�1) were obtained. Thus, emulsions were named
according to the combination of homogenization method
and calcium concentration, as follows: HS-0, HS-30, HS-60,
HS-90, HP1-0, HP1-30, HP1-60, HP1-90, HP2-0, HP2-30,
HP2-60, and HP2-90. Emulsions were prepared in duplicate
and stored at 7 �C for 1 week.
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2.4. Particle Size Distribution (PSD)

PSD of fresh dispersions and emulsions was determined by laser
diffraction using aMalvernMastersizer 2000E analyzer (Malvern
Instruments Ltd.; Worcestershire, UK). PSDs were expressed as
surface frequency (�100). The refractive indices applied were
1.33 for dispersant, 1.52 for dispersion particles, and 1.47 for
emulsion particles; and the absorption coefficients were 0.1 for
dispersion particles and 0.001 for emulsion particles. The De
Brouckere, volume-weighted, momentmean diameter (D4,3) was
obtained from the PSD; this parameter was used in order to
enhance the contribution of larger particles to the mean
diameter and determine the relative aggregation degree (i.e.,
aggregates size) in emulsions. Samples were diluted in water in
the dispersion system (Hydro 2000MU, Malvern Instruments
Ltd.) at a speed of 2000 rpm. Emulsions were also analyzed after
storage at 7 �C for 7 days, carefully mixing the samples to re-
disperse the cream phase. Measurements were performed at
least in duplicate.
2.5. Determination of Protein Solubility

To determine protein solubility, fresh dispersions were centri-
fuged at 10 000�g at 20 �C for 30min (Hermle 129 Z200M/H
centrifuge, Hermle Labortechnik; Wehningen, Germany) and
then the insoluble debris was separated. Appropriate dilutions of
limpid supernatants (100–500-fold) were made with distilled
water and protein concentration was determined by themodified
Lowry method, in which the increase of copper tartrate
concentration allows assay of complex samples containing
substantial amount of common interferences such as sucrose
and EDTA.[19] Bovine serum albumin was used as standard
protein. Protein solubility was expressed as g soluble protein per
100 g total protein. Assays were performed in triplicate.
2.6. Optical Microscopy

Fresh dispersions and emulsions were observed with an optical
microscope (400� magnification) to analyze their microstruc-
ture. An adapted digital camera (4� optical zoom; Canon Power
Shot A570 IS; Canon Inc., Malaysia) was used to obtain the
micrographs. Emulsions were previously diluted (1:10 v/v) with
distilled water.
2.7. Determination of Free Calcium Concentration

To determine free calcium, fresh dispersions were centrifuged at
15 000�g at 10 �C for 30min (Sigma 3-18KS high-speed
centrifuge; 19776-H rotor; Sigma Laborzentrifugen GmbH;
Osterode am Harz, Germany) and then the insoluble debris was
separated. Afterwards, supernatants were dialyzed against
distilled water (1:9 volume ratio) using a dialysis membrane
tubing (3.5 kDa molecular-weight cut-off). Free calcium was
determined on dialysis water by direct colorimetric method with
o-cresolphthalein complexone.[20] Assays were carried out in
duplicate.
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2.8. Rheological Measurements

Flow behavior and oscillatory rheology studies were carried out
using an AR-G2 rheometer (TA instruments; New Castle, DE,
USA). Flow behavior of fresh dispersions was analyzed with a
cone-and-plate geometry (gap, 55 μm; cone diameter, 40mm;
cone angle, 2�); shear rate was firstly increased from 0.1 to
100 s�1 for 210 s, then kept constant for 60 s and finally
decreased from 100 to 0.1 s�1 for 210 s. Oscillatory rheology of
fresh emulsions was evaluated with a plate-and-plate geometry
(gap, 1000 μm); the storage or elastic modulus (G’) and the loss
or viscous modulus (G”) were recorded at an oscillation
frequency of 1.0Hz, within the linear viscoelasticity range
(1.0% strain); then the complex modulus (G�) and tan δ were
calculated as [(G’)2þ (G”)2]1/2 and G”/G’, respectively. In both
experiments the temperature was controlled at 21 �Cwith a water
bath (Julabo ACW100, Julabo Labortechnik; Seelbach, Germany)
associated to the rheometer. Measurements were performed at
least in duplicate.
2.9. Creaming Stability

Creaming stability of emulsions was evaluated by visual analysis.
A sample volume of 10mLwas incorporated in 10mL graduated
glass test tubes (in divisions of 0.1mL). The creaming degree (%)
was defined as the volumemeasured from the bottom of the tube
to the inferior limit of the cream phase in percentage relation to
the total sample volume. Measurements were performed after
storage at 7 �C for 1, 4, and 7 days.
2.10. Statistical Analysis

Data were analyzed by analysis of variance (one-way ANOVA)
and test of least significant difference (LSD) using the statistical
program Statgraphics Plus 5.1 (Statistical Graphics Corp.; VA,
USA). Significance was considered at p< 0.05. The statistical
analysis of rheological data was performed with previous
transformation of G� values into their decimal logarithm.
3. Results and Discussion

3.1. Characterization of Aqueous Dispersions

The PSDs of DSF aqueous dispersions can be observed in
Figure 1, showing the effects of calcium concentration on the
microstructure of the systems with different treatments (i.e., at
different stages of the obtaining procedure). In these cases, the
particles that are able to scatter the light correspond fundamen-
tally to insoluble fibers and aggregated proteins. Dispersions
obtained before heating and homogenization showed main
populations with modes at 6–8 μm and a minor population at
0.8μm (Figure 1a). In these systems, the increasing addition of
calcium chloride increased the minor population corresponding
to smaller particles; and the D4,3 values decreased with
increasing concentration of divalent cation (Figure 2a). This
result was linked to the binding of calcium by storage soy
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Figure 1. Particle size distribution (expressed as differential surface) of
fresh soybean flour dispersions subjected to different treatments
(described in Section 2.2) without added calcium (C0) and with calcium
addition at 30, 60, and 90mg 100 g�1 (C30, C60, and C90, respectively):
no heating and no homogenization a); heating and no homogenization
b); heating and homogenization c).
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proteins (glycinin and β-conglycinin), favoring protein aggrega-
tion by electrostatic screening and hydrophobic interac-
tions.[6,8,10] This effect also was demonstrated by the decrease
of soluble protein concentration with increasing calcium
concentration in dispersions with no heating and no homogeni-
zation (Figure 2b). According to optical microscopy, the increase
of calcium content in these systems produced a higher
concentration of insoluble particles (Figure 3a–d), which can
be attributed to higher protein aggregation. The new insoluble
particles generated by this calcium-induced protein aggregation
were probably smaller than some preexisting particles (e.g.,
insoluble fibers and bigger aggregates), which would explain the
decrease of the D4,3 values.

The application of only heating no homogenization produced
a different effect, since the heat treatment led to the increase of
the D4,3 values with increasing calcium concentration until
60mg/100 g (Figure 2a). The PSDs indicate that this result was
attributed to the higher proportion of bigger particles (>20 μm)
in the systems with added calcium (Figure 1b), probably because
of further aggregation by calcium–protein interaction at high
temperature. Thus, this effect was enhanced at higher calcium
concentrations (60 and 90mg/100 g). Moreover, the possible
interaction of calcium with insoluble fiber[11] may favor the
association of fibers with protein aggregates, where the divalent
cation would act as a bridge, increasing the particle size. Indeed,
the optical micrographs of heated dispersions show more dense
structures at higher calcium content (Figure 3e–h), probably
because of a higher interaction between particles. It should be
noted that while heating increased the soluble protein
concentration in the dispersion C0, the opposite occurred in
the other systems (Figure 2b), indicating that extra insoluble
protein was produced by the treatment when the divalent cation
was incorporated. These new insoluble particles could be part of
the population at 0.8 μm and/or be integrated to bigger
aggregates. The minimum protein solubility obtained in
dispersions C60 and C90 would be given by soy whey proteins,
which would remain soluble because they have low sensibility to
aggregation by the presence of calcium. This observation is
supported by previous works, where the high solubility of
proteins isolated from tofu whey, a residual liquid with high
calcium content, was effectively observed.[21]

The high-pressure homogenization applied after heating
decreased the D4,3 values of all dispersions, below the original
values corresponding to unheated systems (Figure 2a). The
calcium-fortified dispersions now presented lower D4,3 values
than the system C0, as opposed to the results observed after the
heat treatment. The PSDs show that bigger particles were
reduced in all cases after homogenization, presenting diameters
lower than 100 μm (Figure 1c), in comparison to heated, non-
homogenized systems (Figure 1b). Moreover, a higher propor-
tion of bigger particles were observed in the dispersion C0 after
homogenization. This last result could be explained by the lower
amount of insoluble protein in the system C0, confirmed by data
of soluble protein concentration after homogenization
(Figure 2b). The optical micrographs of homogenized disper-
sions indicate that the addition of calcium led to new insoluble
particles apart from the preexisting insoluble fiber (Figure 3i–l).
Thus, the dispersion C0 contained a higher insoluble fiber/
insoluble protein ratio; and this system would have presented a
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Figure 2. Mean particle diameter (D4,3) a) and protein solubility values b) of fresh soybean flour dispersions subjected to different treatments (described
in Section 2.2) without added calcium (C0) and with calcium addition at 30, 60, and 90mg 100 g�1 (C30, C60, and C90, respectively). Values aremeans of
two replicates and error bars indicate standard deviation. Mean values with different letters indicate significant differences between dispersions with
different calcium concentration and same treatment (p< 0.05).

Figure 3. Optical micrographs of fresh soybean flour dispersions subjected to different treatments (described in Section 2.2) without added calcium
(C0) and with calcium addition at 30, 60, and 90mg 100 g�1 (C30, C60, and C90, respectively). No heating and no homogenization: C0 a); C30 b); C60 c);
C90 d). Heating and no homogenization: C0 e); C30 f); C60 g); C90 h). Heating and homogenization: C0 i); C30 j); C60 k); C90 l). Bar¼ 20 μm.
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higher proportion of bigger particles because rigid fibers would
be less prone to disruption than protein aggregates. However,
the dispersions C60 and C90 exhibited main populations with
highermode than the systemC30 (Figure 1c), probably because a
higher calcium concentration produced less breakable aggre-
gates due to the formation of a higher number of cross-
linkages.[22] In this context, the determination of free calcium
(mg free Ca/100 g) on homogenized dispersions gave the
following results: 3.26� 0.09, 10.03� 0.28, 21.18� 2.25, and
35.97� 0.18 for C0, C30, C60, and C90, respectively. From these
results, and taking into account only the added calcium content,
the following linked calcium/insoluble protein ratios (mg linked
Ca/g insoluble protein) were obtained: 5.61� 0.08, 10.33� 0.60,
and 14.25� 0.05 for C30, C60, and C90, respectively. Thus, it can
be concluded that a higher calcium amount was bound by
proteins at higher concentration of divalent cation, leading to a
higher number of cross-linkages. Furthermore, as was also
observed by Ono et al.,[7] the pH of dispersions decreased
progressively with increasing calcium concentration:
6.60� 0.01, 6.03� 0.01, 5.83� 0.01, and 5.60� 0.02 for C0,
C30, C60, and C90, respectively. This would be another factor
producing bigger or less breakable aggregates, because the pH
values at higher calcium concentration were closer to the
isoelectric point of storage soy proteins (5.1 and 4.3 for glycinin
and β-conglycinin, respectively).[23]

In addition, the flow behavior of homogenized aqueous
dispersions with varied calcium concentration is exhibited in
Figure 4. After increase and subsequent decrease of shear rate,
all dispersions showed a pseudoplastic behavior and hystere-
sis,[24] giving lower shear stress values at the last stage. These
observations indicate that the apparent viscosity of dispersions
decreased with increasing shear rate, due to the disruption of
structures mainly conformed by aggregated proteins and
insoluble fibers. The addition of calcium produced clearly
higher shear stress values, attributed to the aggregation of
proteins/fibers and the increased volume of insoluble particles
Figure 4. Flow behavior of fresh soybean flour dispersions without added
calcium (C0) and with calcium addition at 30, 60, and 90mg 100 g�1 (C30,
C60, and C90, respectively). Dispersions were heated and homogenized
as described in Section 2.2.
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(Figure 2b). Consequently, the presence of calcium increased the
interaction between particles and, thus, increased the apparent
viscosity of the systems.[13] Moreover, the divalent cation
produced a higher fall of shear stress at constant shear rate
(100 s�1) because of the disruption of a higher hydrodynamic
volume of structures. However, the highest shear stress levels
were observed in the dispersion C60, while the system C90
presented lower values. This result shows that the apparent
viscosity of dispersions increased with increasing calcium
concentration until certain point and then it decreased with
higher addition of divalent cation. The explanation of this last
observation could be related to the increase of the linked
calcium/insoluble protein ratio with increasing calcium concen-
tration. Previous studies concerned with the microstructure of
firm tofu[22] and rheological behavior of soy beverages[17]

indicated that an excess of calcium led to more packed protein
aggregates due to the production of too many cross-linkages.
This adopted structure of protein aggregates would reduce the
hydration and interaction of particles, explaining the decrease of
apparent viscosity of aqueous dispersions from 60 to 90mg
added Ca/100 g.
3.2. Microstructure of Emulsions

The PSDs of emulsions prepared with homogenized dispersions
as continuous aqueous phase and sunflower oil as dispersed
lipid phase are shown in Figure 5, where the effects of calcium
concentration and homogenization method are analyzed. The
emulsion HS-0 showed a bimodal distribution with the main
population at 7 μm (Figure 5a). In this case, the PSD was
displaced toward bigger particle diameters when calcium was
added and its concentration was increased. Consequently, the
D4,3 values of emulsions HS increased with increasing calcium
concentration (Table 1). This result was attributed to the
increased size and flocculation of oil droplets, according to
observations by optical microscopy (Figure 6a–d). As it was
previously explained, the binding of calcium by soy proteins
decreased the soluble protein concentration in the aqueous
phase, corresponding to homogenized dispersions (Figure 2b).
This would reduce the availability of tensioactive agents to be
part of the interfacial film and, thus, the total interfacial area
would be decreased and the individual droplets size would be
increased. Although some protein aggregates may also be
adsorbed at the interface, when the amount of such aggregates
increases the interfacial area decreases, because more protein is
needed to cover the same surface.[25] Among the calcium-
fortified systems, the emulsion HS-30 showed lower oil droplets
size because a higher proportion of storage soy proteins would
stay soluble, maintaining their tensioactive efficiency. In
contrast, the emulsions HS-60 and HS-90 would have lower
or null quantity of soluble storage proteins; the remaining
soluble proteins would be those from soy whey, as it was
previously mentioned. This fact would explain the bigger oil
droplets observed in the emulsions with higher calcium content.
With regard to the flocculation of oil droplets in those systems, it
could be related to their higher free calcium content, as it was
previously determined on dispersions, and the higher amount of
calcium-protein linkages. According to the blob-and-spring
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Figure 5. Particle size distribution (expressedasdifferential surface) of fresho/w
emulsionspreparedbymixingof sunfloweroil andsoybean flour dispersionswith
different added calcium concentrations. Emulsions were obtained by different
homogenization methods (described in Section 2.3): HS a); HP1 b); HP2 c).
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model,[26] soluble ions produce thinner protein layers at the
interface because they reduce the effectiveness of the repulsion
between negatively charged head groups and surface; and
binding of positive ions to adsorbed proteins reduces the
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effective charge of head groups, also leading to thinner layers;
consequently, steric repulsion between particles is reduced,
inducing aggregation. In this way, the excess of calcium could
promote the observed flocculation of oil droplets.

In the absence of calcium, the PSDs of HP1 and HP2
emulsions showed main populations at 0.6–0.8 μm
(Figure 5b and c), presenting lower D4,3 values than the
emulsion HS-0 (Table 1) due to the production of smaller oil
droplets as a result of the application of higher homogenization
energy.[27] This effect can be appreciated by optical microscopy
when the emulsions HP1-0 and HP2-0 (Figure 6e and i) are
compared to the emulsion HS-0 (Figure 6a). However, the
opposite result was observed in the presence of calcium, because
at every concentration of divalent cation the employment of
higher homogenization energy produced higher D4,3 values
(HP2>HP1>HS; Table 1). The micrographs indicate that this
result was attributed to an important aggregation of particles, as
it can be observed in emulsions HP1 and HP2 with added
calcium (Figure 6f–h and j–l). These big aggregates would be
composed by oil droplets, protein aggregates, and even insoluble
fibers. Oil droplets may also be joined with each other by
bridging flocculation,[28] because the higher homogenization
energy produced a higher interfacial area and at the same time
the presence of calcium reduced the availability of soluble
protein; thus, it is expected that different droplets may be
bridged by protein aggregates because the amount of tensioac-
tive agents would be insufficient to cover the interface. This
phenomenon would be more pronounced in emulsions HP2
because of the higher applied pressure in comparison to
emulsionsHP1. Furthermore, the interaction and aggregation of
different kinds of particles (oil droplets, protein aggregates,
insoluble fibers) would be enhanced at higher homogenization
energy due to the generation of higher superficial area and more
junction sites, explaining the higher D4,3 values of emulsions
HP2.

The PSDs of emulsions HP1 and HP2 were also modified by
the variation of calcium concentration (Figure 5b and c). In these
systems, the biggest particles at the assayed conditions were
detected at 30mgCa 100 g�1, according to the D4,3 values
(Table 1). The addition of higher calcium concentrations led to
lowerD4,3 values, indicating that the size ofmeasured aggregates
decreased from 30 to 90mgCa 100 g�1. It should be noted that
the size of individual oil droplets in emulsions homogenized at
high pressure was increased with the increase of calcium
concentration; this was more clearly observed in the optical
micrographs of emulsions HP1 (Figure 6f–h). As it was
previously stated, this result was related to the decrease of
soluble protein in the aqueous phase. Considering this fact, the
bigger aggregates measured in the emulsions HP1-30 and HP2-
30 could have different explanations: smaller droplets (i.e., a
higher number of droplets) are more prone to aggregation
because of the higher collision frequency; aggregates including
smaller droplets are able to occlude more continuous aqueous
phase within the structure, increasing their effective volume;
and the higher the number of droplets the higher the number of
junction sites, decreasing the ease of disruption of aggregates at
the measurement conditions.[27] In addition, the excess of
calcium may lead to more packed and less hydrated structures
due to the reduction of steric repulsions,[26] so that aggregation
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Table 1. Mean particle diameter D4,3 (μm) of fresh o/w emulsions
prepared by mixing of sunflower oil and soybean flour dispersions.

Homogenization method

Added calcium
concentration
(mg/100 g aqueous phase) HS HP1 HP2

0 11.97� 0.84a& 8.00� 0.66a* 9.31� 0.33a*

30 12.38� 0.54a& 56.37� 2.77d* 88.68� 2.38d

60 17.62� 0.88b& 48.80� 1.13c* 61.49� 5.85c

90 22.34� 0.48c& 35.88� 1.40b* 47.24� 2.03b

HS, HP1, and HP2 homogenization methods are described in Section 2.3. Values
are means of two replicates� standard deviation. Mean values with different letters
indicate significant differences between emulsions with different calcium
concentration and same homogenization method (p< 0.05). Mean values with
different symbols indicate significant differences between emulsions with different
homogenization method and same calcium concentration (p< 0.05).

Figure 6. Optical micrographs of fresh o/w emulsions (1:10 v/v dilution) p
different added calcium concentrations. HS-0 a); HS-30 b); HS-60 c); HS-90 d
k); HP2-90 l). HS, HP1 and HP2 homogenization methods are described in

www.advancedsciencenews.com www.ejlst.com
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of particles would be induced, but the aggregates size would be
smaller than those produced by lower calcium concentration.
3.3. Rheology of Emulsions

All emulsions HS were liquid regardless the presence of added
calcium; and emulsions HP1 and HP2 showed a liquid
appearance in the absence of added calcium and a creamy
texture when the divalent cation was incorporated. The
oscillatory rheology analysis confirmed these appreciations,
since emulsions HP1 and HP2 showed higher G� values than
that of HS emulsions at same calcium concentration (Figure 7a).
This rheological difference was attributed to the higher
interaction between particles in emulsions HP1 and HP2, as
a result of the smaller and more numerous oil droplets or the
important aggregation of particles produced by high-pressure
homogenization.[27,29] Particularly, emulsions HS showed an
repared by mixing of sunflower oil and soybean flour dispersions with
); HP1-0 e); HP1-30 f); HP1-60 g); HP1-90 h); HP2-0 i); HP2-30 j); HP2-60
Section 2.3. Bar¼ 20 μm.
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Figure 7. Complex modulus (G�) a) and tan δ values b) of fresh o/w emulsions prepared by mixing of sunflower oil and soybean flour dispersions with
different added calcium concentrations. HS, HP1, and HP2 homogenization methods are described in Section 2.3. Values are means of two replicates
and error bars indicate standard deviation. Mean values with different letters indicate significant differences between emulsions with different calcium
concentration and same homogenization method (p< 0.05).

Table 2. Creaming degree (%) of o/w emulsions prepared by mixing
of sunflower oil and soybean flour dispersions without added calcium
and with addition of calcium at different concentrations.

Storage time (days)

Emulsion 1 4 7

HS-0 34� 6 36� 6 36� 6

HS-30 Stable Stable Stable

HS-60 13� 2 17� 3 18� 3

HS-90 14� 2 16� 3 17� 3

HP1-0 Stable Stable Stable

HP1-30 Stable Stable Stable

HP1-60 11� 1 12� 1 13� 2

HP1-90 Coagulated Coagulated Coagulated

HP2-0 Stable Stable Stable

HP2-30 Stable Stable Stable

HP2-60 10� 1 10� 1 10� 1

HP2-90 Coagulated Coagulated Coagulated

HS, HP1, and HP2 homogenization methods are described in Section 2.3.
Emulsion nomenclature is described in Section 2.3. Values are means of two
replicates� standard deviation. “Stable” denotes that no creaming was observed.
“Coagulated” indicates that a heterogeneous appearance was observed.

www.advancedsciencenews.com www.ejlst.com
increase of the G� value with increasing calcium concentration
until 60mg 100 g�1 despite the increase of oil droplets size. This
result would be related to the viscosity of the continuous aqueous
phase, which exhibited the highest value at 60mgCa 100 g�1

according to the previous flow behavior analysis performed on
homogenized dispersions (Figure 4); and the flocculation of oil
droplets induced by the excess of calcium (Figure 6c and d) may
also have contributed to the increase of the G� value. With regard
to emulsions HP1 and HP2, the presence of calcium produced
clearly higher G� values than the corresponding controls
(Figure 7a) due to the aggregation of particles induced by the
divalent cation (Figure 6e–l). In a previous work on o/w
emulsions stabilized with soy protein isolate, it has been stated
that when oil droplets are bridged by protein aggregates the
viscosity of the system increases,[30] as it would also occur in
emulsions HP1 and HP2 in the presence of calcium.
Nevertheless, the increase of calcium concentration from 30
to 90mg 100 g�1 produced a decrease of the G� value in these
systems. The explanation of this result would be linked to the
lower aggregation degree in emulsions HP1 and HP2 with
higher calcium concentration (Table 1).

The rheological study of emulsions was completed with the
analysis of the tan δ values (Figure 7b). All systems showed tan δ
values below 1, indicating a more elastic than viscous character
(G’>G”). The emulsions HS-60 and HS-90 evidenced lower tan
δ values than the systems with same homogenization method
and lower calcium content. This result could be attributed to the
higher volume and interaction of insoluble particles and the
flocculation of oil droplets produced by the divalent cation,
enhancing the elastic character of the system. With respect to
emulsions HP1 and HP2, the tan δ values were always lower in
the presence than in the absence of added calcium, probably
because the aggregation of particles allowed the retention of
water within the structure, producing gel-like systems with
higher elastic character. Most emulsions HP1 and HP2 with
added calcium showed a similar result, indicating that at certain
aggregation degree the systems reached a minimum tan δ value.
Only the emulsion HP1-90 presented a higher tan δ value than
that minimum, which may be linked to its lower D4,3 value (i.e.,
smaller or less hydrated aggregates) in comparison to the other
Eur. J. Lipid Sci. Technol. 2018, 120, 1700500 1700500 (9
calcium-fortified systems homogenized at high pressure
(Table 1).
3.4. Quiescent Stability of Emulsions

The creaming stability results are shown in Table 2. Initially, all
emulsions exhibited a homogeneous appearance. Among the
liquid emulsions HS, the system HS-0 evidenced the highest
creaming degree, while the addition of calcium prevented or
reduced the ascending movement of the dispersed lipid phase.
According to Stokes’ law, the creaming rate (ν) of an isolated
spherical particle in a liquid is defined by the following
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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equation[27]:

v ¼ 2gr2 ρ2 � ρ1
� �

9η1
ð1Þ

where r is the radius of the particle, g is the acceleration due to
gravity, ρ1 and ρ2 are the densities of the continuous and dispersed
phases, respectively, and η1 is the shear viscosity of the continuous
phase. Thus, the higher creaming stability in emulsions HS with
added calciumcanbe explained by the higher apparent viscosity of
the continuousaqueousphase (Figure4)producedby thepresence
of the divalent cation. It should be noted that no creaming was
observed in the emulsion HS-30 after cold storage for 7 days, but
the systems with higher calcium contents did show gravitational
separation. The latter result was attributed to the increased
particles size of emulsionsHS-60 andHS-90 (Table 1) as a result of
bigger and flocculated oil droplets (Figure 6c and d), which
increases creaming rate according to Equation (1).

Emulsions HP1-0 and HP2-0 were liquid and evidenced
absence of creaming (Table 2). The high stability of these
systems can also be explained by Equation (1), due to the lower
oil droplets size produced by high-pressure homogenization
(Figure 6e and i) in comparison to high-speed homogenization
(Figure 6a). Moreover, emulsions HP1-30 and HP2-30 did not
show gravitational separation, but the systems HP1-60 and HP2-
60 presented slight destabilization in spite of their creamy
texture, manifested by high G� values (Figure 7a). This
observation could be related to the size and structure of
aggregates, because the aggregation of particles can prevent the
ascending movement of the dispersed phase due to the
formation of a three-dimensional network and the retention
of water within the structure; but it can increase the creaming
rate when the interaction and hydration of aggregates are low.[31]

According to the microstructure and rheological results, the
highest D4,3 and G� values in emulsions HP1 and HP2 were
detected at 30mgCa 100 g�1 (Table 1; Figure 7a), alleged to
higher hydration and interaction of aggregates. These character-
istics may increase the global density of the structure and favor
the formation of a network, explaining the absence of creaming
in these systems. On the other side, the smaller andmore packed
aggregates in emulsions HP1-60 and HP2-60 would have
insufficient water retention capacity to avoid phase separation. It
should be mentioned that all emulsions presented slightly
higher D4,3 values after cold storage for 7 days in comparison to
initial data, indicating further aggregation of particles and/or
coalescence of oil droplets, but the systems showed the same
relative order of particle sizes (data not shown). With respect to
emulsions HP1-90 and HP2-90, their creaming degree was not
measured because these systems exhibited a heterogeneous
appearance after cold storage for 1 day, probably due to the
exudation of water as a consequence of the coagulation of
proteins at excessive calcium concentration combined to the
relatively low water retention of aggregates.
4. Conclusions

This work showed that it is possible to prepare DSF dispersions
with proteins being denatured and aggregated by heating in the
Eur. J. Lipid Sci. Technol. 2018, 120, 1700500 1700500 (1
presence of calcium, employing high-energy homogenization
devices. These dispersions can be used for the elaboration of
o/w emulsions, since the aqueous systems presented adequate
emulsifying and stabilizing capacities at certain conditions. The
obtained emulsions showed varied characteristics regarding
their microstructure, rheology, and stability, as a result of the
combined variation of calcium concentration and homogeni-
zation energy. Emulsions prepared with moderate calcium
content by high-pressure homogenization reached the highest
particle aggregation degree, viscosity and creaming stability,
attributed to the formation of a hydrated network integrating
flocculated oil droplets, protein aggregates, and fibers. In this
way, calcium would not only contribute a nutritional benefit,
but it could also be used as a functional ingredient. For
instance, the formulation of vegetable food emulsions
simulating the texture of whipped dairy cream could be
accomplished, because the aggregation of fat globules by partial
coalescence would be replaced by the aggregation of particles
due to the presence of calcium.
Abbreviations
DSF, defatted soybean flour; HP1, high pressure at 10MPa; HP2, high
pressure at 20MPa; HS, high speed; PSD, particle size distribution.
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