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The objective of this work was to obtain water-in-oil (w/o) emulsions with polyglycerol polyricinoleate
(PGPR) as emulsifier and to study the effect of the addition of calcium in the dispersed aqueous phase on
the stability of these systems. Emulsions were formulated with 0.2, 0.5 and 1.0% w/w PGPR and 10% w/w
water containing calcium chloride at varied concentrations or other salts (calcium lactate or carbonate;
sodium, magnesium or potassium chloride). The stability of these systems was studied with a vertical
scan analyzer during 15 days; coalescence and sedimentation were observed as simultaneous destabili-
zation processes. The increase of PGPR concentration and/or calcium chloride content gave more stable
emulsions. The stabilizing effect of calcium salt was attributed to the diminution of the water droplets
size, the decrease of the attractive force between water droplets and the increase of the adsorption den-
sity of the emulsifier. The viscoelastic parameters of the interfacial film were decreased with increasing
calcium and PGPR concentrations. Calcium chloride produced a higher increase of stability than calcium
salts with lower dissociation degree. The presence of any assayed salt in the aqueous phase also allowed
the stabilization of w/o emulsions with higher water contents.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Polyglycerol polyricinoleate (PGPR; trade name: ADMUL WOL)
is a powerful emulsifier, which can be used for the obtaining of sta-
ble water-in-oil (w/o) emulsions. Its high emulsifying properties
are attributed to the excellent water-binding capacity of the long
hydrophilic polyglycerol chain. In food industry, PGPR is com-
monly used along with lecithin to diminish the viscosity of choco-
late covertures [1,2]. It is also employed as emulsifier in high or
low fat content products, such as butter, margarines and salad
dressings [3].

The digestibility of PGPR is 98% and it does not interfere with
the normal metabolism of lipids [4]. Studies made on rats did not
evidence adverse effects on growth and reproduction [5] neither
carcinogenic danger [6]. It has been demonstrated that PGPR is tol-
erated by humans at high doses and in absence of clinical symp-
toms [7]. PGPR was considered GRAS (Substance Generally
Recognized as Safe) by the FDA [8].

W/o emulsions are less common than o/w ones and fewer stud-
ies are dedicated to them; butter and margarine are typical exam-
ples of w/o emulsions. These systems can be used as an oil phase
ll rights reserved.
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substitute in food emulsions, obtaining water-in-oil-in-water (w/
o/w) emulsions with same amount of dispersed phase but with
lower lipid content [9]. W/o/w emulsions are also a potential
method to isolate substances in the dispersed aqueous phase of
the primary w/o emulsion [10–12].

Some foods are usually fortified with calcium salts for nutri-
tional purposes. Nevertheless, calcium interacts with some food
emulsifiers (e.g. soybean proteins and phospholipids) [13–16]
affecting the stability of food products; the isolation of this cation
in the internal aqueous phase of a w/o/w emulsion could be a solu-
tion to obtain calcium-fortified systems stabilized with such sur-
factants. Thus, the obtaining of a stable primary w/o emulsion
containing calcium in the dispersed aqueous phase is required as
a first step.

Stability is a very important parameter to know the applicabil-
ity of an emulsion to produce more complex systems. Because the
w/o emulsions studied in this work are wanted to be used in the
formulation of reduced lipid content foods fortified with calcium,
a relatively high stability is needed to get a product of invariable
quality during the required time (transport, storage, etc.). W/o
emulsions are usually destabilized by coalescence and sedimenta-
tion [17,18]; these destabilization processes should be reduced
without using high concentrations of emulsifier, as PGPR should
not be used in excess in food systems. The stability of different
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types of emulsions prepared with PGPR has been previously stud-
ied by other authors [19–22], but the effect of the inclusion of cal-
cium inside the aqueous phase of w/o emulsions stabilized with
PGPR has not been reported. The present study deals with the
influence of calcium salts on the stability of w/o emulsions pre-
pared with different concentrations of PGPR, analyzing different
potential factors such as droplet size distribution, interfacial ten-
sion and interfacial rheology.

The objective of the present work was to study the effect of cal-
cium salts and surfactant concentration on the stability of w/o
emulsions prepared with refined sunflower oil, distilled water
and PGPR, in order to evaluate these systems as a potential method
for calcium fortification and oil phase reduction of foods formu-
lated on base of oil and/or fats.
2. Materials and methods

2.1. Materials

Refined sunflower oil (Molinos Río de la Plata S.A.; Avellaneda,
Argentina); distilled water; PGPR 90 (Grindsted-Danisco; provided
by CALSA; Lanús, Argentina); anhydrous calcium chloride, sodium
chloride, and potassium chloride (Anedra; San Fernando, Argen-
tina); calcium lactate and precipitated calcium carbonate (Para-
farm; Buenos Aires, Argentina); 6-hydrated magnesium chloride
(Riedel-de Haën; Germany). All salts were of analytical grade.

The solubility in water of the salts was determined at defined
concentration (0.25 M) and temperature (25 �C). All chloride salts,
which are totally dissociable, were 100% soluble. Calcium lactate,
organic salt less dissociable than calcium chloride, was 73% solu-
ble. And calcium carbonate, the least dissociable salt, was 0.025%
soluble.

2.2. Emulsion preparation

PGPR and oil were mixed at different proportions to obtain a
content of 0.2, 0.5 and 1.0 g of PGPR for 100 g of emulsion. The
w/o emulsions were prepared with oil phase containing PGPR
and 10% w/w aqueous phase containing different amounts of cal-
cium chloride (0, 10, 100 and 1000 mg Ca/100 g aqueous phase)
or other salts (calcium lactate or carbonate; sodium, magnesium
or potassium chloride) at a defined concentration (1000 mg Ca/
100 g aqueous phase or 0.25 M). For these systems, a standard
homogenization was performed with an Ultraturrax T-25 (IKA-
Works; Wilmington, USA) using a S25 N-8G rotor (IKA-Works;
Wilmington, USA; rotor/stator distance, 0.25 mm; rotor diameter,
6.1 mm) at 24,000 rpm during 2 min (sample weight, 50 g). A
higher energy homogenization, using Ultraturrax but with a S25-
NK-19G rotor (IKA-Labortechnik; Staufen, Germany; rotor/stator
distance, 0.3 mm; rotor diameter, 12.7 mm) at 24,000 rpm during
2 min (sample weight, 70 g) was applied to obtain stable w/o
emulsions with 20–40% w/w aqueous phase, 1.0% w/w PGPR and
1000 mg Ca/100 g aqueous phase.

In order to determine whether the continuous phase was oil or
water, the emulsions were observed by light microscopy. More-
over, when the continuous phase was water the emulsions had a
higher consistency because of the high concentration of oil as dis-
persed phase.

2.3. Global stability

Global stability of the w/o emulsions was determined by light
scattering measurements using a vertical scan analyzer (Quick-
Scan, Beckman Coulter; Fullerton, USA) during 15 days at room
temperature. This equipment scans the sample along the tube
where it is contained, giving a number of profiles of back-scatter-
ing (%BS) and transmission percentages as a function of time and
tube length [17]. From the obtained profiles, mean values of %BS
were calculated in the 20–50 mm zone (%BS20–50), corresponding
to the medium part of the tube. The %BS20–50 value was used as a
relative mean size of water droplets of w/o emulsions with same
water content: the higher the %BS20–50 value the lower the water
droplets size [18]. Measurements were performed at least in dupli-
cate. In order to measure the global stability of the emulsions, it
was defined the destabilization percentage (%D), as follows:

%D ¼ ½ðBSin20�50 � BSf20�50Þ=BSin20�50� � 100 ð1Þ

where BSin20–50 is the initial %BS20–50 value and BSf20–50 is the
%BS20–50 value after 7 days.

2.4. Light microscopy

Micrographs were obtained with a Leica DMLB optical micro-
scope (Leica Microsystems, GmbH; Wetzlar, Germany) with an
adapted digital camera (Leica DC100, Leica Microsystems, GmbH)
operating at 200� magnification.

2.5. Droplet size distribution

Size distributions of water droplets of w/o emulsions were ob-
tained with a particle analyzer (Malvern Mastersizer 2000E, Mal-
vern Instruments Ltd.; Workcestershire, UK). Samples were
dispersed into refined sunflower oil in the dispersion unit (Hydro
2000MU). Sauter mean diameter (d32) and De Brouker mean diam-
eter (d43) were obtained from the droplet size distributions; d32

and d43 are related to the surface and volume distributions, respec-
tively. Measurements were performed immediately after the emul-
sion preparation at least in duplicate.

2.6. Interfacial tension and interfacial rheology

Interfacial tension and interfacial rheology data were obtained
with a dynamic droplet tensiometer (Tracker, IT-Concept; Saint-
Clementtes Places, France). Measurements were performed at
room temperature (25 ± 3 �C). The oil phase (containing PGPR)
was located in the bucket of the tensiometer and the aqueous
phase was included in a syringe from which a droplet of 2 or
7 lL was formed. The time to reach equilibrium conditions was
20 min, after which the interfacial tension and the viscoelastic
characteristics of the interfacial film were evaluated during
10 min at constant strain amplitude (DA/A = 0.1) and oscillation
frequency (x = 200 mHz). The method consists of subjecting the
droplet to an automatically controlled, sinusoidal compression–
expansion, at the desired frequency and amplitude. Measurements
were performed at least in triplicate. The surface dilational modu-
lus (E) derived from the change in interfacial tension (c) (Eq. (2)) as
a result of a small change in droplet surface (A) (Eq. (3)), according
to Eq. (4) [23].

c ¼ c0 � sinðxhþ /Þ ð2Þ
A0 ¼ A0 � sinðxhÞ ð3Þ

E ¼ dc
dA
A

¼ � dp
d ln A

ð4Þ

where c0 and A0 are the stress and strain amplitudes, respectively, h
is time, / is the phase angle between stress and strain, p = c0 – c is
the interfacial pressure, and c0 is the interfacial tension in the ab-
sence of emulsifier.

The dilational modulus E is a complex quantity and is composed
of real and imaginary parts (Eq. (5)). The real part is referred to the
elastic or storage component (ed) and the imaginary part to the
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viscous or loss component (gd). For a perfectly elastic material, the
stress and strain are in phase (/ = 0) and the imaginary term is
zero. In the case of a perfectly viscous material / = 90� and the real
part is zero. The loss-angle tangent is defined by Eq. (6). If the film
is purely elastic, the loss-angle tangent is zero.

E ¼ ðc0=A0Þ � ðcos /þ i sin /Þ ¼ edþ igd ð5Þ
tan / ¼ gd=ed ð6Þ
2.7. Statistical analysis

The statistical analysis was performed by analysis of variance
(ANOVA) and test of least significant difference (LSD; p < 0.05)
using the statistical program Statgraphics Plus 7.0.
Fig. 1. Back-scattering (%BS) profiles of w/o emulsions with 10% aqueous phase as a func
1.0% PGPR. With added CaCl2 (1000 mg Ca/100 g aqueous phase): (d) 0.2% PGPR; (e) 0.5
3. Results and discussion

Fig. 1 shows the %BS profiles for w/o emulsions, with and with-
out added calcium in the aqueous phase, prepared with different
PGPR concentrations and measured during 15 days. The decrease
of the %BS values along the tube containing the sample evidences
an increase of water droplets size due to a coalescence process.
On the other hand, the increase of %BS at the bottom of the tube,
at the expense of %BS diminution on the top part, indicates a sed-
imentation process of the same water droplets. Similar results
were observed in w/o emulsions stabilized with lecithins [17]
and Spans [18]. Although the %BS profiles show that coalescence
and sedimentation occurred simultaneously, in emulsions without
added salt the former process seemed to start at a faster speed than
the latter, according to observations until 1 day. During that time,
accumulation of water droplets at the bottom of the tube was not
tion of time and tube length. Without added salt: (a) 0.2% PGPR; (b) 0.5% PGPR; (c)
% PGPR; (f) 1.0% PGPR.



Table 1
Mean initial back-scattering (%BSin20–50) of w/o emulsions with 10% aqueous phase as
a function of PGPR and calcium (as CaCl2) concentrations.

PGPR (%) Calcium (mg/100 g aqueous phase)

0 10 100 1000

0.2 57.7 ± 0.5 a 57.5 ± 1.3 a 58.6 ± 0.4 a 58.3 ± 0.6 a
0.5 62.4 ± 1.9 b 62.6 ± 0.7 b 61.9 ± 0.8 b 62.3 ± 0.5 b
1.0 65.4 ± 0.6 c 65.4 ± 1.0 c 65.7 ± 0.6 c 65.5 ± 0.2 c

Mean values ± S.D., n = 3. Mean values with different letters are significantly dif-
ferent (p < 0.05).

Table 2
Mean droplet diameters (d32 and d43) for w/o emulsions with 10% aqueous phase
without or with added CaCl2 (1000 mg Ca/100 g aqueous phase).

Salt PGPR (%) d32 (lm) d43 (lm)

No salt 0.2 2.946 ± 0.035 a 6.061 ± 0.117 a
0.5 2.366 ± 0.036 b 4.067 ± 0.014 b
1.0 1.275 ± 0.170 d 2.471 ± 0.087 d

Calcium chloride 0.2 3.058 ± 0.003 a 3.340 ± 0.003 c
0.5 1.811 ± 0.020 c 2.414 ± 0.048 d
1.0 1.421 ± 0.013 d 1.711 ± 0.025 e

Mean values ± S.D., n = 2. Mean values with different letters are significantly dif-
ferent (p < 0.05).
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observed, despite the evident %BS diminution at the top part
(Fig. 1a–c). However, during the next days coalescence was slowed
while sedimentation was accelerated. These results indicate that
sedimentation became faster when water droplets size was in-
creased by coalescence, inducing the gravitational separation [24].

With regard to the effect of PGPR concentration, an increase of
stability to both destabilization processes with the increase of the
emulsifier amount was observed in those emulsions with no added
salt. This effect of PGPR increase on the stability of w/o emulsions
was previously reported in systems prepared with soybean oil and
homogenized with a two stage valve homogenizer [20]. This result
was attributed to the lower initial size of water droplets produced
by the higher surfactant content, according to observations by
optical microscopy (Fig. 2) and manifested by a higher initial
%BS20–50 value (p < 0.05; Table 1) and lower mean droplet diame-
ters (d32 and d43; p < 0.05; Table 2). This droplet size diminution
with the increase of PGPR concentration was also evidenced by
the droplet size distributions (Fig. 3a). A lower droplet size reduces
the coalescence process as a consequence of a lower collision effi-
ciency [24]. Moreover, increasing PGPR concentration increases the
viscosity of the emulsion [20], which may lead to reduced rates of
coalescence of water droplets. These w/o emulsions with PGPR
were much more stable than those prepared under the same con-
ditions with different types of Span as emulsifiers [18], which dem-
onstrates the higher capability of PGPR to obtain these systems.

The addition of calcium chloride in the aqueous phase produced
a notorious effect on the stability of these systems: the w/o emul-
sions became more stable. This is evidenced by comparing the %BS
profiles of the emulsions with no added salt (Fig. 1a–c) against the
emulsions with 1000 mg Ca/100 g aqueous phase (Fig. 1d–f). The
Fig. 2. Optical micrographs of w/o emulsions with 10% aqueous phase, immediately after
added CaCl2 (1000 mg Ca/100 g aqueous phase): (d) 0.2% PGPR; (e) 0.5% PGPR; (f) 1.0%
coalescence process was highly reduced as it can be appreciated
by the slower %BS diminution as a function of time. Sedimentation
was also slowed, as a direct consequence of the coalescence inhibi-
tion. The emulsion with 0.2% w/w PGPR (Fig. 1d) and, in a lower
preparation. Without added salt: (a) 0.2% PGPR; (b) 0.5% PGPR; (c) 1.0% PGPR. With
PGPR. Bar = 5 lm.



Fig. 3. Volume droplet size distributions of w/o emulsions with 10% aqueous phase.
(a) Without added salt. (b) With added CaCl2 (1000 mg Ca/100 g aqueous phase).

Fig. 4. Effect of PGPR and calcium (as CaCl2) concentrations on the destabilization
percentage (%D) of w/o emulsions with 10% aqueous phase. Mean values ± S.D.,
n = 2.
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extent, the sample with 0.5% w/w PGPR (Fig. 1e) showed an in-
crease of the %BS values during the first day; this effect could be
attributed to the incipient sedimentation process, as water drop-
lets tend to descend to the bottom of the tube while their size is
not sufficiently increased. This would also explain the relatively
high %BS values at the bottom of the tube after 7 days (Fig. 1d),
since relatively small water droplets were accumulated. The higher
stability was observed in the emulsion with added calcium and
1.0% w/w PGPR (Fig. 1f).

Fig. 4 summarizes the combined stabilizing effect of PGPR and
calcium chloride. It can be observed that the stability of w/o emul-
sions increased (%D decreased) with increasing PGPR and/or cal-
cium concentrations (p < 0.05). The addition of 10 mg Ca in 100 g
aqueous phase produced a higher increase of stability than dou-
bling PGPR concentration in emulsions with no added salt. At high-
er calcium concentrations %D tended to a minimal value;
emulsions with 0.5 and 1.0% w/w PGPR reached a similar lowest
%D value at 1000 mg Ca/100 g aqueous phase, while 0.2% w/w
PGPR was not enough to stabilize the system until that level. It
was also detected a significant interaction between PGPR and cal-
cium concentrations (p < 0.05), confirming a synergic effect be-
tween the emulsifier and the salt.

The stabilizing effect of calcium salt can be partially explained
by the droplet size distributions of these emulsions. The addition
of relatively high concentrations of calcium chloride in the aqueous
phase produced a clear change: the distributions were bimodal
with no added salt (Fig. 3a) while they were monomodal with
1000 mg Ca/100 g aqueous phase (Fig. 3b). It was also detected a
diminution of the d43 values when the salt was added at same
PGPR content (p < 0.05; Table 2). However, the addition of calcium
chloride did not produce a significant change of the d32 values at
0.2 and 1.0% w/w PGPR (p > 0.05; Table 2); it was neither observed
a significant variation of the initial %BS20–50 values at same PGPR
content (p > 0.05; Table 1), indicating that %BS20–50 correlates bet-
ter with d32 than with d43. The differences between the results gi-
ven by d32 and d43 can be explained by the droplet size
distributions: in the emulsions with calcium chloride the droplet
diameters of the unique population were located between the
two populations of the systems with no added salt, whose distribu-
tions were wider (Fig. 3). Since d43 is more sensitive to the pres-
ence of small amounts of large particles than d32, its higher
values for the emulsions with no added salt were attributed to
the presence of larger water droplets, which can be observed in
the optical micrographs, especially at 0.2% w/w PGPR (Fig. 2). The
presence of those larger droplets would affect the stability of these
systems, increasing the coalescence and sedimentation rates. This
would explain the higher stability of the emulsions containing cal-
cium chloride in the dispersed aqueous phase. Nevertheless, other
factors must be considered since, for instance, the d43 value of the
emulsion with 1.0% w/w PGPR and no added salt was not signifi-
cantly different than the d43 value of the emulsion with 0.5% w/
w PGPR and 1000 mg Ca/100 g aqueous phase (p > 0.05; Table 2),
despite the considerably higher stability of the second system
(Fig. 4).

Park et al. [25] explained that the addition of electrolytes in the
aqueous phase increases the w/o emulsion stability to coalescence
because electrolyte lowers the attractive force between the water
droplets. According to Israelachvili [26], the attractive force (by
van der Waals interactions) between two aqueous droplets in the
oil continuous phase is at minimum when the refractive indices
and/or the dielectric constants of the two phases are matched.
Increasing the electrolyte concentration increases the refractive in-
dex of the water phase, and thus decreases the refractive index dif-
ference between oil and water phases [25]. Moreover, the dielectric
constant of the aqueous phase is decreased with increasing electro-
lyte concentration [27], reducing the dielectric constant difference
between both phases. Thus, the addition of calcium salt into the
water phase would decrease the attractive force between water
droplets, reducing the collision frequency. In this way, calcium salt
would allow the production of w/o emulsions with higher stability
to coalescence and, consequently, sedimentation.

An alternative way by which calcium salt could increase stabil-
ity to coalescence is through its effect on the adsorption density of
PGPR at the interfacial film. A necessary condition for this



Table 3
Effect of calcium (as CaCl2) concentration on the interfacial tension (c), elastic dilational modulus (ed), viscous dilational modulus (gd), and tan / (gd/ed) of the interfacial film of
w/o emulsions with 1.0% PGPR. Droplet volume: 7 lL.

Calcium (mg/100 g aqueous phase) c (mN/m) ed (mN/m) gd (mN/m) tan /

0 4.95 ± 0.41 a 13.29 ± 0.11 a 7.15 ± 0.17 a 0.538 ± 0.008 a
10 4.86 ± 0.24 a, b 13.59 ± 0.18 a 6.79 ± 0.13 a 0.500 ± 0.014 a
100 4.46 ± 0.09 b 13.58 ± 0.15 a 6.17 ± 0.03 b 0.454 ± 0.007 b
1000 3.11 ± 0.04 c 11.24 ± 0.24 b 4.17 ± 0.40 c 0.372 ± 0.042 c

Mean values ± S.D., n = 3. Mean values with different letters are significantly different (p < 0.05).
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mechanism to operate is that calcium salt must reduce the oil/
water interfacial tension in the presence of the emulsifier [28]. Ta-
ble 3 shows that increasing calcium concentration in the aqueous
phase decreased the interfacial tension (p < 0.05), indicating a
higher adsorption density of the emulsifier. Since PGPR is a non-io-
nic surfactant, this effect of calcium salt could be explained by the
presence of ionic surface active components such as free fatty acids
from the emulsifier, as it was proposed by other authors in assays
made with mineral oil as continuous phase [28]. In our case, the
sunflower oil could also contribute free fatty acids. Calcium would
bind by those fatty acids reducing their competitive adsorption and
favoring the adsorption of PGPR at the interface. The reduction of
the interfacial tension would also explain the diminution of the
d43 values when calcium chloride was added in the aqueous phase
(Table 2).

Apart from reducing the interfacial tension, calcium salt could
affect the interactions between PGPR molecules adsorbed at the
interface by two ways: (a) modifying the ionic strength of the
medium (more hydrophilic environment) and, thus, promoting
interactions between the hydrophobic chains of PGPR; and (b)
the cation could act as a bridge to join the hydrophilic polyglycerol
chains, due to the negative charge density of the hydroxyl groups.
Both effects should be reflected in an increase of the viscoelastic
parameters of the interfacial film. However, the effect of the salt
on the interfacial rheology of the studied w/o emulsions was the
opposite: the increase of calcium concentration led to decreased
elastic and viscous dilational modules (p < 0.05; Table 3). Similar
results were obtained with increasing PGPR concentration, which
also reduced the interfacial tension and the elastic and viscous
dilational modules (p < 0.05; Table 4). This indicates that the inclu-
sion of calcium salt had an effect comparable to the increase of
emulsifier content, explaining its stabilizing action. However, the
effect of calcium was more important on the viscous dilational
modulus, leading to lower tan / values (more elastic behavior; Ta-
ble 3), while the effect of PGPR was more important on the elastic
dilational modulus, leading to higher tan / values (less elastic
behavior; Table 4). These results lead to the conclusion that the in-
crease of stability as a consequence of a higher calcium or PGPR
concentration was attributed to the reduction of the interfacial
tension rather than to the viscoelastic properties of the film.
Although a higher stability to coalescence would be suspected to
be attributed to the viscoelasticity of the film, other authors did
not find direct correlation between emulsion coalescence stability
Table 4
Effect of PGPR concentration on the interfacial tension (c), elastic dilational modulus
(ed), viscous dilational modulus (gd), and tan / (gd/ed) of the interfacial film of w/o
emulsions without added salt. Droplet volume: 7 lL.

PGPR (%) c (mN/m) ed (mN/m) gd (mN/m) tan /

1.0 4.95 ± 0.41 a 13.29 ± 0.11 a 7.15 ± 0.17 a 0.538 ± 0.008 a
2.0 3.07 ± 0.21 b 7.03 ± 0.14 b 4.93 ± 0.12 b 0.702 ± 0.030 b
3.0 3.05 ± 0.22 b 6.70 ± 0.34 b 5.02 ± 0.11 b 0.751 ± 0.022 c
4.0 2.91 ± 0.02 b 4.42 ± 0.14 c 4.23 ± 0.13 c 0.958 ± 0.007 d

Mean values ± S.D., n = 3. Mean values with different letters are significantly dif-
ferent (p < 0.05).
and the rheological properties of protein adsorption layers [29]
and other types of surfactant layers [30]. Moreover, in w/o emul-
sions stabilized with Span 80, other authors observed a relatively
low dilational elasticity at relatively high emulsifier concentration
despite the strong stability of the system [31].

Comparative measurements with different calcium and chloride
salts were performed. The inclusion of every salt in the dispersed
aqueous phase enhanced the w/o emulsion stability in comparison
to the systems with no added salt. The addition of equal calcium
amount in form of different salt types produced emulsions with
different stability. The order of emulsion stability coincided with
the order of dissociation degree of the salts (p < 0.05): carbon-
ate < lactate < chloride (Fig. 5). Calcium chloride and calcium lac-
tate produced lower interfacial tensions than calcium carbonate
(p < 0.05; Table 5), explaining the higher stability given by the
more dissociable salts because of a higher adsorption density of
the emulsifier [28]. However, calcium lactate produced a lower
interfacial tension than calcium chloride (p < 0.05), despite the
higher stability given by the second salt. Thus, the reduction of
the attractive force between the water droplets as a consequence
of a higher electrolyte concentration [25] would be a more impor-
tant factor than the reduction of the interfacial tension, since more
dissociable salts contribute a higher amount of free electrolytes. On
the other hand, the addition of different chloride salts (sodium,
magnesium, and potassium) at equivalent concentration in the
aqueous phase (0.25 M) did not produce significant differences in
stability in comparison to calcium chloride (p > 0.05; data not
shown), despite the different interfacial tensions given by the dif-
ferent salts (p < 0.05; Table 5). This reinforces the theory that the
effect of the salts on the attractive force between the water drop-
lets is a more important factor than their effect on the interfacial
tension. With regard to the effect of the salts on the rheological
properties of the interfacial film, no correlation was observed be-
Fig. 5. Effect of the variation of calcium salt types (1000 mg Ca/100 g aqueous
phase) on the destabilization percentage (%D) of w/o emulsions with 10% aqueous
phase and 1.0% PGPR. Mean values ± S.D., n = 2.



Table 5
Effect of added salt in the aqueous phase (at 0.25 M concentration) on the interfacial tension (c), elastic dilational modulus (ed), viscous dilational modulus (gd), and tan / (gd/ed)
of the interfacial film of w/o emulsions with 1.0% PGPR. Droplet volume: 2 lL.

Salt c (mN/m) ed (mN/m) gd (mN/m) tan /

No salt 3.37 ± 0.06 a 8.20 ± 0.08 a 5.57 ± 0.18 a, b 0.680 ± 0.023 a
Calcium carbonate 2.91 ± 0.06 b 11.90 ± 0.87 d 5.93 ± 0.18 a 0.499 ± 0.025 c
Calcium lactate 1.67 ± 0.06 e 7.93 ± 0.86 a 4.41 ± 0.61 c 0.564 ± 0.127 b, c
Calcium chloride 2.24 ± 0.35 d 8.14 ± 0.31 a 4.82 ± 0.09 c 0.593 ± 0.023 a, b
Sodium chloride 2.16 ± 0.03 d 10.73 ± 0.35 c 5.42 ± 0.01 b 0.505 ± 0.017 b, c
Potassium chloride 2.51 ± 0.09 c 11.41 ± 0.24 c, d 5.97 ± 0.13 a 0.523 ± 0.017 b, c
Magnesium chloride 1.65 ± 0.05 e 9.19 ± 0.35 b 4.91 ± 0.32 c 0.534 ± 0.037 b, c

Mean values ± S.D., n = 3. Mean values with different letters are significantly different (p < 0.05).
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tween the viscoelastic parameters and the stability of the emul-
sions (Table 5).

Another important effect of the addition of salt on these emul-
sions was the variation of the inversion point: with no added salt,
emulsions were oil-in-water (o/w) with 15% w/w or more water
content; the addition of calcium chloride (at concentrations higher
than 10 mg Ca/100 g aqueous phase) or the other assayed salts al-
lowed the production of w/o emulsions with higher water con-
tents. However, with the standard homogenization condition the
addition of salt only produced relatively stable w/o emulsions with
up to 20% w/w aqueous phase; at higher water contents w/o emul-
sions were formed but rapidly destabilized (during the first min-
utes after homogenization), even with 2.0% w/w PGPR. When the
water content is increased, the number of droplets increases and
so their interaction, which favors the coalescence process [24].

The higher energy homogenization allowed the formulation of
stable w/o emulsions with up to 40% w/w aqueous phase (1.0%
w/w PGPR; 1000 mg Ca/100 g aqueous phase; %D � 0), due to the
formation of smaller water droplets. This condition produced ini-
tial %BS20–50 values higher than 70 in w/o emulsions with 10% w/
w aqueous phase (1.0% w/w PGPR), which were higher than those
obtained with the standard homogenization (Table 1). The increase
of stability was limited by the amount of emulsifier, since at rela-
tively low PGPR concentrations (0.2% w/w) w/o emulsions pre-
pared with higher energy were even more unstable than with
standard energy, because there was not enough emulsifier to cover
the produced interfacial area. These results indicate the need of
reducing water droplets size when more water is wanted to be sta-
bilized; since emulsifiers like PGPR should not be used in excess for
the elaboration of food products, the right equilibrium between
homogenization energy and emulsifier concentration must be
found to produce stable w/o emulsions.
4. Conclusions

The stability to coalescence and sedimentation of w/o emul-
sions prepared with PGPR was enhanced with the increase of
emulsifier concentration due to the diminution of water droplets
size. The addition of calcium salt in the aqueous phase of these
emulsions allowed the production of more stable systems. This re-
sult would be partially explained by the presence of larger water
droplets in the systems with no added salt. The higher stability
in presence of calcium salt could also be attributed to a lower
attractive force between water droplets and a higher adsorption
density of the emulsifier manifested by a lower interfacial tension.
The stabilizing effect of the salt and the emulsifier was not attrib-
uted to the rheological properties of the interfacial film because its
viscoelastic parameters were decreased with increasing calcium
and PGPR concentrations. Higher stability was obtained with more
dissociable calcium salts, while the presence of different chloride
salts produced similar stability. The addition of salts allowed the
production of stable w/o emulsions with higher water content.
This work contributes to the knowledge on the influence of the
addition of electrolytes in w/o emulsions, which are a field not usu-
ally approached in colloid and interface science. The obtained re-
sults lead to the conclusion that calcium not only contributes its
nutritional property, but it also acts functionally by allowing the
obtaining of w/o emulsions with higher stability and lower emul-
sifier content. These systems could be utilized as lipid substitutes
in the production of foods based on oil and/or fats, working as
the dispersed phase for the formulation of w/o/w emulsions; thus,
products such as reduced fat creams and mayonnaises highly for-
tified with calcium could be obtained.
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