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The effects of oil, emulsifier, and starch concentrations on the linear viscoelasticity of oil/water
salad dressing emulsions were studied. Oil concentration ranged between 35 and 55 wt %.
Emulsions were prepared using a mixture of egg yolk (0—6 wt %) and a highly hydrophilic sucrose
ester (0—10 wt %) as emulsifier. Starch (0—2 wt %) was included in the formulation to study the
influence of increasing continuous phase viscosity. The influence of the concentration of these
components on the linear viscoelasticity functions was generalized by using the plateau modulus
as a normalization factor. An increase in oil concentration did not qualitatively modify the linear
viscoelastic behavior. A frequency displacement of the plateau region took place when egg yolk
and sucrose ester concentrations were changed. Results were analyzed by calculating the relaxation
time spectra of these emulsions. The BSW-CW model was used to fit these spectra. The pseudo-
terminal relaxation time increases with egg yolk concentration and decreases with sucrose ester
concentration. The slope of the plateau region generally increases as oil or emulsifier concentration
does but decreases with starch concentration. These results have been related to the formation of
an extensive structural network in the emulsions.
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INTRODUCTION

Many food colloids that contain oil or fat exist in the
form of oil-in-water emulsions (Dickinson and Stainsby,
1987; Dickinson, 1992). They are typically stabilized
by an adsorbed layer of protein at the oil/water (o/w)
interface, which forms a protective steric barrier around
the droplets. Further stabilization may arise from the
presence of low concentrations of water soluble hydro-
colloids which act as thickening or structuring agents
in the continuous phase (Dickinson, 1988; Cao et al.,
1991).

However, mixtures of macromolecular and low-mo-
lecular weight emulsifiers are being increasingly used
in the food industry (Clark et al., 1992). The inclusion
of another emulsifier, i.e., a sucrose ester, in addition
to the traditional egg yolk, increases the stability of the
emulsions to which other stabilizers, i.e., hydrocolloids,
have not been added (Franco et al., 1995a). Neverthe-
less, aging of those emulsions always produced cream-
ing, a low-viscosity aqueous phase separated.

Of course, stability is the most important factor to be
considered in emulsion technology. Emulsion stability
depends on droplet size distribution, rheology of the
continuous phase, and interparticle interactions (Melik
and Fogler, 1988). The flocculation of oil droplets may
frequently be an intermediate step to the rupture of the
emulsion and is also closely related to the creaming
process since the aggregates of oil droplets have a
settling velocity higher than that of the individual
droplets. However, in concentrated emulsions, an ex-
tensive flocculation process may favor emulsion stability
by forming a weak gel-like particulate network (Dick-
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inson, 1989). Moreover, the type and the concentration
of emulsifiers play a key role in the extension of the
flocculated state. The strength and the nature of the
interactions between emulsifier molecules in different
droplets determines if the flocculation is reversible or
irreversible. This aggregation process influences the
bulk rheology of emulsions. Thus, the frequency de-
pendence of the storage and loss moduli for flocculated
dispersions is clearly different than that shown by
nonflocculated ones (Tadros, 1990, 1993).

Furthermore, the above-mentioned entanglement net-
work is highly influenced by processing. Previous work
studied the effect that several processing variables
exerted on the viscous flow, linear viscoelastic behavior,
and stability of emulsions containing a mixture of egg
yolk and a hydrophilic sucrose ester as emulsifier,
without using other emulsion stabilizers or thickeners
(Franco et al., 1995b). It was concluded that an increase
in energy input and temperature of processing produced
an extended linear viscoelasticity range and favored the
appearance of a plateau region in the linear relaxation
spectrum of the emulsions, due to the enhanced forma-
tion of an entanglement network, which led to a de-
crease in creaming rate. In any case, a comparison
between dynamic and steady-state viscosities (Franco
et al., 1995a) demonstrated that a dramatic structural
breakdown took place when these emulsions were
submitted to steady-state shear.

The creaming rate of emulsions stabilized by a
mixture of egg yolk and sucrose ester may also be
reduced by using thickening agents, which increase the
continuous phase viscosity (Cavallo et al., 1990; Caste-
lain et al., 1990). These substances would also probably
lessen the dramatic decrease in viscosity produced by
steady shear.

The main objective of this work was to investigate the
rheological properties and stability of the unperturbed
flocculated structure of food emulsions containing a
mixture of egg yolk and a highly hydrophilic (HLB =
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Table 1. Values of Stability and Sauter Diameter for
Emulsions Having Different Compositions (0% Starch)

Franco et al.

Table 2. Values of Stability and Sauter Diameter for
Emulsions Having Different Compositions (1% Starch)

oil concn  sucrose stearate egg yolk concn  stability ds

oil concn  sucrose stearate egg yolk concn  stability ds

(wt %) concn (wt %) (wt %) (days) (um) (wt %) concn (wt %) (wt %) (days) (um)
45 5 6 30 4.3 55 0 6 7 7.4
50 3 6 10 3.9 55 3 6 53 4.8
50 5 6 35 3.6 55 5 6 >180 3.2
50 7 6 >180 4.0 55 7 6 >180 3.8
50 10 6 >180 54 55 5 0 63 54
55 5 0 55 5.2 55 5 2 130 5.2
55 5 2 58 4.2 55 5 4 >180 3.7
55 5 4 50 4.1 55 5 6 >180 3.2
55 5 6 55 3.6

15) sucrose stearate as emulsifier and starch as thick-
ening agent. With this aim, the influences that the oil
weight fraction and emulsifiers and thickener concen-
trations exerted on droplet size distribution and linear
viscoelasticity of these foodstuffs were studied.

EXPERIMENTAL PROCEDURES

Different o/w emulsions having a sunflower oil concentration
of between 35 and 55 wt % were prepared. A mixture of
sucrose stearate of high hydrophilic—lipophilic balance (HLB
= 15) from Mitsubishi Food Corp. (Japan) and egg yolk from
Hijos de Ybarra (Spain) was used as emulsifier. Detailed
information about the sucrose stearate used has been given
elsewhere (Calahorro et al., 1992). Sucrose ester and egg yolk
concentrations were varied between 0 and 10 wt % and 0—6
wt %, respectively, and starch concentration was 0, 1, or 2 wt
%. Other ingredients were 4% vinegar, 4% sugar, and 0.4%
salt. The formulation was completed with the corresponding
amount of distilled water (22.6—45.6%).

Lab-scale manufacture of starch-free emulsions was carried
out using an “Ultra-Turrax T-50" homogeneizer from lka
(Staufer, Germany). Emulsions were prepared for 5 min at
8000 rpm. In contrast, emulsions containing starch were
prepared in a pilot plant colloidal mill, model “Delmix MZM/
VK-7" from Fryma (Rheinfelden, Germany), with an emulsi-
fication time of 10 min. The emulsification temperature was
fixed at 50 °C. Optimum processing parameters were previ-
ously determined (Franco et al., 1995b). Emulsions were
always stored at 5 °C.

Droplet size distributions were determined with a Coulter-
Counter model Zg apparatus from Coulter Electronics Limited
(Luton, England) with an orifice size of 100 um and NacCl (10
g/L) and sodium azide (1 g/L) as electrolyte. Values of the
Sauter mean diameter (Sprow, 1967), which is inversely
proportional to the specific surface area of droplets, were
obtained as follows:

dy= > ndiy nd/*

Dynamic shear tests were carried out in a Bohlin CS-50
rheometer (Lund, Sweden) using a cone-plate sensor system
(4°, 40 mm).

Rheological and droplet size distribution measurements
were done 6 days after emulsion manufacture. At least two
replicates of each test were performed. A statistical analysis
(ANOVA) was done in order to establish the influence of
the different variables. The significance level was set
at 95%.

RESULTS AND DISCUSSION

Stability and Droplet Size Distribution. Tables
1-3 show the maximum stability, in days, for the
different emulsions studied. The appearance of two
phases, due to a creaming process, was chosen as a
criterion of instability. Taking into account the sam-
pling errors, differences of less than 2 days are not
significant. As can be observed, an increase in oil,
sucrose ester, or starch concentration produces longer

Table 3. Values of Stability and Sauter Diameter for
Emulsions Having Different Oil Contents (5% Sucrose
Ester, 6% Egg Yolk, 2% Starch)

oil concn (wt %) stability (days) ds (um)
35 >180 3.9
40 >180 3.7
45 >180 3.8
50 >180 3.6
55 >180 3.3

resistance to creaming. An increase in egg yolk con-
centration only improves stability if the emulsions
contain starch.

The above-mentioned tables also show the values of
Sauter’s diameter as a function of the emulsion compo-
sition. Differences of less than +0.5 um in Sauter’s
diameter are not significant. Droplet size is signifi-
cantly influenced by egg yolk concentration (Tables 1
and 2), showing lower values of Sauter’s diameter with
increased concentration. Nevertheless, emulsions that
only contain egg yolk as emulsifier are very unstable
and exhibit a dramatic increase in droplet diameter. An
increase in sucrose ester concentration generally pro-
duces lower values of Sauter’s diameter, although the
most concentrated emulsions (7—10 wt % in sucrose
stearate) show an opposite tendency, due to the forma-
tion of a highly viscous continuous phase during pro-
cessing at 50 °C. As has been previously reported
(Calahorro et al., 1992), a micellar—lamellar phase
transition occurs as sucrose stearate concentration
increases at temperatures above 43 °C. On the other
hand, there is a slight tendency to lower values of the
Sauter diameter as oil concentration increases.

Linear Viscoelasticity. The evolution of the storage
(G") and loss (G'") moduli with frequency is always
qualitatively similar. The storage modulus is always
higher than the loss modulus in the frequency range
studied. In general, three characteristic regions may
be observed: (i) a pseudo-terminal region at low fre-
guencies that shows a tendency to a crossover of both
viscoelastic functions, (ii) an intermediate plateau re-
gion in which G" becomes nearly constant and the slope
of G' decreases with frequency, and (iii) the beginning
of the transition region at high frequencies.

The appearance of a minimum, or a plateau region,
in the frequency dependence of G"" has been previously
related to the formation of physical entanglements
among proteins and sucrose stearate molecules adsorbed
at the oil/water interface of the oil droplets which leads
to the formation of an structural network (Franco et al.,
1995b). However, this behavior is characteristic of
emulsions stabilized not only by macromolecular emul-
sifiers but also by low molecular weight emulsifiers,
such as CTAB (Ebert et al., 1988) or an high HLB
sucrose ester (Guerrero et al., 1996) as the only emulsi-
fiers used. The plateau modulus, Gy\°, is defined as the
extrapolation of the entanglement contribution to G’ at
high frequencies (Baumgaertel et al, 1992) and may be
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calculated from the loss tangent (tan o) as follows (Wu,
1989):

GNO = [G']tanéaminimum

where tan 6 = G"(w)/G'(w). The confidence limit of G\°
is £4.3%. Although there are more accurate methods
to calculate the plateau modulus, this method does not
supply very different values despite its simplicity (Wu,
1989).

The influence of emulsion composition on the above-
mentioned region may be easily characterized by cal-
culating the linear relaxation spectra of these foodstuffs.
Thus, the first-order approximation of Tschoegl (1989)
was used, although the Tikhonov regularization method
(Groetsch, 1984), calculated by using the software
“Rheolab 2.0” (Madiedo, 1996), gives similar results
(Franco, 1995).

An empirical model, given by De Rosa and Winter
(1994) for polymer melts, has been used by Franco et
al. (1995b) to successfully describe the experimental
regions that appear in the linear relaxation spectra of
this kind of emulsion as a function of processing
variables:

H() = A[(%)m + (%)] for A <4 < Ay

C. p

H() = A(%)C for Ay <4 < A
P

where Ac and 4, are the characteristic relaxation times
for the onset of the plateau and pseudo-terminal regions,
respectively, Amax and Amin are the reciprocal of the
minimum and maximum experimental frequencies at-
tained, m, n, and c are the power law exponents for the
three different regions, and A is an empirical constant.
This equation has also been used to fit the values of
the relaxation spectra of the emulsions studied as a
function of oil, emulsifier, and thickener concentrations
(r = 0.990).

(i) Influence of Oil Concentration. Taking into account
that the linear viscoelasticity functions always show a
qualitatively similar frequency dependence, an empiri-
cal time—concentration superposition method has been
applied, using the plateau modulus, Gn°, as normaliza-
tion factor. Figure 1 shows the normalized dynamic
master curves of the storage (G'/Gn°) and the loss (G"/
Gn°) moduli for emulsions having different oil concen-
trations, as well as the corresponding linear relaxation
spectra including the fitting to the BSW-CW model
predictions. As may be observed in Figure 1a, the only
significant influence of the oil concentration focuses on
the values of the linear viscoelasticity functions, since
Gn° increases with oil concentration. Nevertheless,
Table 4 shows that there is an increase in the value of
the slope of the plateau region, “n”, as oil concentration
increases, which may be related to the development of
an entanglement network. Thus, narrower droplet size
and lower mean diameter (Table 1), in addition to a
higher disperse volume fraction, yield stronger inter-
particle interactions (Rahalkar, 1992) which enhance
the formation of a structural network and stability
against creaming.

Figure 2 shows the normalized master curves of the
storage and loss moduli, as well as the linear relaxation
spectra, of emulsions containing different oil concentra-
tions and 2 wt % starch. The influence of oil concentra-
tion on the linear viscoelasticity functions of emulsions
containing starch is not very pronounced, showing a
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Figure 1. Influence of oil concentration on (a) the normalized
viscoelasticity functions and (b) the relaxation time spectra,
for free-starch emulsions (5% SE, 6% egg yolk).

Table 4. Some Parameters of Eq 2 for Emulsions Having
Different Compositions (0% Starch)

oil concn  sucrose stearate  egg yolk concn
(wt %) concn (wt %) (wt %) Ap (8) n
45 5 6 2.76 0.009
50 3 6 4,05 —0.088
50 5 6 2.76 0.024
50 7 6 1.87 0.013
50 10 6 1.87 0.002
55 5 0 2.76 0.034
55 5 2 1.87 0.074
55 5 4 1.87 0.071
55 5 6 2.76 0.095

slight linear increase in the plateau modulus (Figure
2a). Likewise, the values of H(1) are very similar (Table
5) except for the less concentrated systems at the
highest relaxation times because there is a sharp
increase in the slope of their spectra. This increase in
the slope is related to the beginning of the terminal
region, where the BSW-CW model fails to describe the
behavior of these emulsions. The dramatic change in
the slope of this terminal region should be associated
with the poorer elastic characteristics of the less con-
centrated emulsions (35 and 40 wt %).

In any case, there is no significant influence of the
oil concentration on the relaxation time that defines the
onset of the pseudo-terminal region of the relaxation
spectra (A, ~ 2.76 s), as can be observed in Tables 4 and
5. This pseudo-terminal region always occurs for re-
laxation times inferior to the reciprocal of the crossover
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Figure 2. Influence of oil concentration on (a) the normalized
viscoelasticity functions and (b) the relaxation time spectra,
for emulsions containing 2 wt % starch (5% SE, 6% egg yolk).

Table 5. Some Parameters of Eq 2 for Emulsions Having
Different Oil Contents (5% Sucrose Ester, 6% Egg Yolk,
2% Starch)

oil concn (% wt) Ap (S) n
35 2.76 —0.019
40 2.76 0.001
45 2.76 0.008
50 4.04 —0.034
55 2.76 —0.015

frequency at which G' = G", which defines the value of
the terminal relaxation time.

(i) Influence of Sucrose Ester Concentration. An
increase in sucrose ester concentration yields effects
similar to higher oil concentration, which means higher
values of the linear viscoelasticity functions, G' and G"'.
Figure 3a shows the normalized values of these vis-
coelasticity functions for emulsions that do not contain
starch. Results obtained for emulsions containing less
than 5 wt % sucrose ester have not been included in
the Figure 3a because they cannot be superposed to the
curves of the most concentrated systems, due to a
significant variation in the frequency dependence of the
viscoelasticity functions, showing an almost nonexistent
plateau region, as may be noticed in Figure 3b. Fur-
thermore, the plateau modulus is not sufficient to obtain
a master curve, as a horizontal shift factor, ay, is also
necessary because of a frequency displacement of the
plateau region. This fact is more clearly observed in
Figure 3b, where the relaxation spectra of emulsions
with different sucrose ester concentration are presented.
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Figure 3. Influence of sucrose ester concentration on (a) the
normalized viscoelasticity functions and (b) the relaxation time
spectra, for free-starch emulsions (50% oil, 6% egg yolk).

It is evident that lower sucrose ester concentrations
yield higher values of the relaxation time for the onset
of the pseudo-terminal region (4, values in Table 4),
which coincides with the tendency of the shift factor
values, ay, to decrease as sucrose ester concentration
increases (Figure 3a). Likewise, the slope of the plateau
region, “n”, changes from negative values (3 wt %
sucrose ester) to positive (5 wt % sucrose ester), al-
though a further decrease is noticed, which coincides
with larger values of the Sauter diameter (7 and 10 wt
% sucrose ester).

The addition of starch to these emulsions does not
modify the influence of sucrose ester content on the
linear viscoelasticity functions of these systems, which
increase with sucrose ester concentration. Neverthe-
less, the superposition of the normalized viscoelasticity
functions is seen to be quite good in the whole sucrose
ester concentration range studied, although some scat-
ter is observed in the plateau region (Figure 4a). Thus,
the plateau region is displaced to higher frequencies as
sucrose ester concentration increases, yielding lower
values of 1, and ax and an increase in the slope of
plateau region, “n” (Table 6 and Figure 4b). Conse-
qguently, for emulsions containing a mixture of both
emulsifiers, an increase in sucrose ester concentration
generally favors higher entanglement density, which
leads to increasing positive values of the slope, “n”.
Starch does not qualitatively modify this viscoelastic
behavior.

However, 1, is maximum for the emulsion that
contains egg yolk as the only emulsifier (Table 5), which
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Figure 4. Influence of sucrose ester concentration on (a) the
normalized viscoelasticity functions and (b) the relaxation time
spectra, for emulsions containing 1 wt % starch (55% oil, 6%
egg yolk).

Table 6. Some Parameters of Eq 2 for Emulsions Having
Different Compositions (1% Starch)

oil concn  sucrose stearate egg yolk concn
(wt %) concn (wt %) (wt %) Ap(3) n

55 0 6 59.32 -0.116
55 3 6 12.83 —0.053
55 5 6 4.04 0.011
55 7 6 2.16 0.054
55 5 0 0.19 a

55 5 2 2,76 —0.003
55 5 4 4.04 0.010
55 5 6 4.04 0.011

a2 Not enough experimental data available in the plateau region.

implies more important elastic characteristics at high
relaxation times. It is worth pointing out that the
emulsifier adsorption at the oil/water interface of emul-
sions containing a mixture of emulsifiers having differ-
ent molecular weights (sucrose stearate and egg yolk
proteins and lipoproteins) results from a competition
among all those types of molecules (Dickinson, 1989;
Dickinson and Stainsby, 1987) which includes protein
displacement from the interface to the continuous phase
(Brock, 1987; Dickinson, 1994). An increase in sucrose
ester concentration may favor the above-mentioned
process. When protein molecules are adsorbed at the
interface, they project numerous molecular segments or
loops outward into the aqueous phase separating adja-
cent droplets. These segments may interlink oil drop-
lets via hydrophobic bonds into a network with a weak
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Figure 5. Influence of egg yolk concentration on (a) the

normalized viscoelasticity functions and (b) the relaxation time
spectra, for free-starch emulsions (55% oil, 5% SE).

gel-like structure (Van Vliet et al., 1978; Sonntang et
al., 1982). However, the experimental results demon-
strate that the protein displacement from the interface
reduces the elastic characteristics of the emulsion but
favors the development of an extensive entanglement
network and the stability of the emulsion, probably due
to the formation of terciary entanglements involving
nonadsorbed polymer chains, as it has been proposed
for other dispersions (Aranguren et al., 1992).

(iii) Influence of Egg Yolk Concentration. Contrary
to the above-mentioned effects of oil and sucrose ester
concentration, an increase in egg yolk concentration
produces a decrease in the values of the storage and loss
moduli of emulsions with or without starch, as may be
deduced from Figures 5a and 6a. Similar results have
been obtained by other authors, analyzing the surface
viscoelasticity of egg yolk films at the oil/water interface
(Kiosseoglou and Sherman, 1983). Figures 5a and 6a
show normalized master curves of G' and G" as a
function of egg yolk concentration. A horizontal shift
factor, which increases with egg yolk concentration, has
been also used to superpose the experimental curves.
This means that the displacement of the plateau region
is opposite to that produced by an increase in sucrose
ester concentration.

For starch-free emulsions, Figure 5a, the normalized
master curve, does not include the frequency depen-
dence of the linear viscoelasticity functions correspond-
ing to the system that contains sucrose ester as the only
emulsifier. This is due to the appearance of a crossover
frequency (G' = G") in the experimental frequency range
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Figure 6. Influence of egg yolk concentration on (a) the
normalized viscoelasticity functions and (b) the relaxation
time spectra, for emulsions containing 1 wt % starch (55% oil,
5% SE).

studied, which makes the superposition less accurate.
The increase in the slope of the plateau region when
egg yolk is added to a starch-free emulsion (Figure 5b
and Table 4) is also worth noting. On the other hand,
the slope of the pseudo-terminal region for the egg yolk-
free emulsion is much more pronounced due to the fact
that a frequency crossover is found at low frequencies.

In the same way, Figure 6b demonstrates the singular
behavior of the egg yolk-free emulsions for systems
containing starch. There is a greatly reduced plateau
region, and a clear transition region that does not
appear in the remaining systems is noticed. It is also
worth pointing out the increase in 1, when egg yolk is
added to these emulsions. Furthermore, a dramatic
increase in the critical shear stress for the onset of the
nonlinear viscoelasticity region is observed when egg
yolk is added to the emulsion that only contains sucrose
ester as emulsifier (Franco, 1995).

All of these results demonstrate that the addition of
egg yolk favors the formation of an extensive structural
network due to entanglements between protein mol-
ecules adsorbed at the oil/water interface of different
droplets and/or among them and free protein molecules
displaced to the continuous phase. It may be surprising
that a higher concentration of egg yolk yields lower
values of the linear viscoelasticity functions. In this
sense, it has been suggested that optimum viscoelas-
ticity was achieved at monolayer saturation. At higher
protein concentrations the interfacial viscoelasticity
decreases because slip planes develop at the interface
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Figure 7. Influence of starch concentration on (a) the normal-
ized viscoelasticity functions and (b) the relaxation time
spectra of emulsions (55% oil, 5% SE, 6% egg yolk).

(Graham and Phillips, 1980). As has been reported by
Dickinson and Hong (1995), the viscoelasticity of the
emulsion structure depends on the surfactant/protein
molar ratio. The crucial steps in changing the bulk
rheology of the emulsions are the loss of surface vis-
coelasticity and the displacement of the adsorbed pro-
teins, both effects being caused by the action of the
surfactant.

(iv) Influence of Starch Concentration. The influence
of starch concentration mainly affects the values of the
linear viscoelasticity functions. There is a slight in-
crease with starch content as may be deduced from the
plateau modulus values (Figure 7a). Thus, the plateau
region always occurs in the same frequency range, and
the use of the plateau modulus as normalization factor
is sufficient to obtain a master curve of the linear
viscoelasticity functions. Consequently, the linear re-
laxation spectra of these systems are very similar,
although the slope of the plateau region decreases
continuously as starch concentration increases (Figure
7b).

The effect of a stabilizer, such as starch, on the
rheological characteristics of the emulsions is to increase
the viscosity of the continuous phase, reducing the
creaming rate (Dickinson, 1988). Addition of starch
slightly modifies emulsion droplet size and polydisper-
sity, as can be deduced from the values of the Sauter
diameter presented in Tables 1—3. Consequently, starch
primarily favors the stability of the emulsion and
enhances bulk steady-state viscosity due to the higher
viscosity of the continuous phase (Franco, 1995). How-
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ever, the decrease in the values of the slope of the
plateau region may be related to a hindrance of oil
droplet flocculation and, therefore, the formation of an
extensive structural network. This can also explain the
dramatic difference found in the relaxation spectrum
of an egg-yolk-free emulsion containing starch. The
presence of starch prevents the formation of a network
due to interactions between sucrose ester molecules
adsorbed at the oil/water interface of different droplets,
and consequently, the plateau region almost vanishes.
On the other hand, the above-mentioned decrease in the
slope of the plateau region (Figure 7b) could also be
associated to a thermodynamic incompatibility between
starch and egg yolk proteins. As Dickinson (1988)
stated, the formation of a phase-separated protein—
polysaccharide complex around the droplets would
improve the formation of a gel-like structure and,
consequently, the development of the plateau region,
contrary to the experimental results obtained. Never-
theless, further studies are being carried out to get
experimental evidence on this matter with, much sim-
pler, model systems.
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