Influence of Concentration and Temperature
on the Flow Behavior of Oil-in-Water Emulsions
Stabilized by Sucrose Palmitate

P. Partal®, A. Guerrero?*, M. Berjanob, and C. Gallegosb

Departamento de Ingenieria Quimica, Universidad de Huelva, Escuela Politécnica Superior, 21819, Huelva, Spain,
and bDepartamento de Ingenierfa Quimica, Universidad de Sevilla, 41012 Sevilla, Spain

ABSTRACT: To study the influence that concentration and
temperature exert on the viscous behavior of emulsions stabi-
lized by a sucrose ester (SE) of high hydrophilic-lipophilic bal-
ance (HLB), flow curves and droplet size distributions were de-
termined. Flow curves of presheared emulsions always exhib-
ited a shear-thinning behavior at intermediate shear rates, a
tendency to a limiting viscosity at high shear rates, and a
metastable region at low rates. This behavior can be fitted to a
Carreau model. Both SE and oil concentrations increase emul-
sion viscosity as a result of a more structured system with a
lower droplet size and polydispersity. An increase in tempera-
ture usually leads to a decrease in emulsion viscosity. However,
at high oil concentration, coalescence and phase separation
take place at low temperature. On the other hand, at high tem-
perature, droplet bursting due to shear forces, leading to an in-
crease in viscosity, may result. Despite the strong structural
breakdown caused by steady shear, master flow curves may be
obtained by using superposition methods.
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Highly concentrated oil-in-water (o/w) emulsions are struc-
tured materials of great technological interest in view of their
many industrial applications (e.g., foodstuffs, cosmetics,
pharmaceuticals, agrochemicals, bitumen, etc.).

The role of the emulsifier is to provide long-term stability
to the system because it prevents droplet coalescence by ad-
sorbing at the o/w interface and increasing the repulsive in-
teractions among droplets (1). However, the development of
extensive flocculation of droplets to form a weak gel-like par-
ticulate network is also desirable to enhance stability because
the creaming rate is significantly decreased (2).

New emulsifiers must possess suitable functional proper-
ties to confer stability against coalescence and creaming, and
they must be competitive in terms of costs, availability, and
toxicity. Sucrose esters are good candidates as emulsifiers for
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the food industry because they are nonionic surfactants that
may be produced from natural products, such as sucrose and
vegetable oil (3). Moreover, a wide range of hydrophilic-
lipophilic balance (HLB) values exist for sucrose esters,
although, as stated by Akoh and Nwosu (4), a suitable emul-
sifier should be selected by experimentation because the HLB
value indicates behavioral characteristics but does not imply
emulsifying efficiency.

Knowledge of the droplet size of the dispersed phase and
its polydispersity, as well as the rheological behavior of the
emulsion, is important in characterizing emulsion stability
and improving the understanding of the emulsification
process (5).

The flow properties of concentrated emulsions are gov-
erned by the different interaction forces that occur in the
system, which in turn depend on the volume fraction of the
disperse phase, the concentration and nature of the emulsifier,
the chemical composition of the continuous phase, and inter-
facial properties. Other structural parameters important to
emulsion rheology are droplet size and shape, polydispersity,
and rheological properties of the continuous phase (6,7).
Shear forces may substantially modify the balance between
repulsive and attractive forces and therefore the stability
and viscoelasticity of the emulsions. Several modifications
may then take place, depending on shear magnitude and
shear time, namely, a reversible flocculation—deflocculation
process, shear-induced coalescence, and disruption of the
droplets (8,9).

The ability of the sucrose palmitate studied to form highly
stable emulsions was established in a previous paper (10).
This work explores the influence that sucrose ester and oil
concentrations and temperature during treatment exert on the
flow behavior and droplet size of o/w emulsions that are sta-
bilized by a sucrose palmitate of high HLB and stored at low
temperature.

EXPERIMENTAL PROCEDURES

Different o/w emulsions were prepared with a Ryoto sucrose
palmitate (P-1570, HLB = 15) from Mitsubishi-Kasei Food
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Corporation (Tokyo, Japan). This emulsifier was used as re-
ceived. Sunflower oil was purchased off the shelf. The o/w
emulsions were prepared in an Ultra-Turrax T-50 homogenizer
from Ika (Staufen, Germany). Sunflower oil was added to a
solution of the emulsifier in distilled water at 55°C and mixed
at a speed of 5000 rpm for 3.5 min. The sucrose ester concen-
tration (SE) ranged from 1 to 5% (w/w) and the oil concentra-
tion (O) from 60 to 85% (w/w). Emulsions were stored at 5°C.

Flow curves and transient tests were measured with Haake
Rotovisco RV-20 and RV-100 rheometers (Karlsruhe, Ger-
many), equipped with CV-100 and CV20N measuring heads
and ME15 (R /R;=1.078), ME16 (R /R;=1.037), and ME31
(R/R;=1.037) sensor systems. All samples had the same re-
cent thermal and rheological history. Before flow curves were
obtained, samples were presheared for 10 min at a shear rate
of 300 s_l, and then the shear rate was decreased to 0.1 s7! in
15 min. Three replicates of each test were done.

Droplet size measurements were conducted in a Coulter
Counter Model Z apparatus from Coulter Electronics Lim-
ited (Luton Beds, England) with a 100-um orifice tube, whose
measurement range was from 1.6 to 40 pm.

A multifactor analysis of variance (MANOVA) was car-
ried out on the resulting rheological and droplet size experi-
mental values.

RESULTS

Droplet size distribution. Droplet size distribution curves
were obtained for each emulsion according to the foregoing
experimental procedure. The experimental results deviate
from a normal distribution and show a wide range of sizes (1
to 30 um). Results are shown in Figure 1, in which the vol-
ume percentage of droplets is plotted vs. diameter d as a func-
tion of sucrose palmitate and O, respectively.

The high degree of polydispersity obtained is a conse-
quence of the emulsification conditions. Thus, disruption of
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droplets is followed by a coalescence process, which is fa-
vored by the intense mechanical energy supplied and above
all by the high temperature during emulsification (11). This
high temperature is required to solubilize the surfactant in the
continuous phase. Moreover, the turbulent flow field achieved
during emulsification (the Reynolds number for the emulsifi-
cation process is in the order of 104), as well as the increase
in viscosity produced during emulsification, contributes to the
spread in droplet size. This last effect was observed before
(12).

A sigmoidal-type equation was used to fit the undersize
cumulative frequency f, for the experimental size distribution
curves (10):

L= [1+ (dypfd)'] [1]

where d|, is the median for the droplet diameter and b is a
parameter that varies inversely with the spread or dispersion
of sizes. Furthermore, values of the Sauter mean diameter,
which is inversely proportional to the specific surface area of
the droplets (13—15), have been obtained as follows:

dsv = 2”1‘ di3/2ni d12 [2]

where 7, is the number of droplets with diameter d;. Accord-
ing to Otsubo and Prud’homme (16), d_, is the appropriate av-
erage diameter dominating the flow behavior for concentrated
emulsions.

The key parameters are b, dsv, and, to a lesser extent, d, 1
They have been successfully related to some rheological pa-
rameters (10) as well as to the influence of some processing
variables on the rheological characteristics of emulsions
(14,15).

Flow behavior. The flow curves shown in this work were
obtained, after a period of intensive shear, by continuously
decreasing the shear rate. Thus, they must be considered de-
pendent on the kinetics of restructuring of these systems;
these resulted from the experimental protocol followed,
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FIG. 1. Droplet size distribution curves: (A) influence of sucrose ester concentration (SE); (B)
influence of oil concentration (O). Abbreviation: d, droplet diameter.
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FIG. 2. Flow curves obtained at 25°C: (A) influence of SE; (B) influence of O. Abbreviations: n,

viscosity; ¥, shear rate; for others see Figure 1.

which was the same for all emulsions studied. The flow be-
havior under these experimental conditions was qualitatively
similar. Flow curves show three clearly different regions
(Figs. 2 and 3). The first one, for low shear rates, exhibits a
tendency to a constant viscosity, 1M,, which may be consid-
ered as a metastable equilibrium between the restructuring ki-
netics and the shear rate decrease. After this, the flow curves
present a power-law decrease in viscosity, followed by a ten-
dency to a high-shear limiting viscosity, 1_. This flow behav-
ior has also been found in other types of emulsions, such as
salad dressing (14,15). Otsubo and Prud’homme (17) have
also reported a strong dependence of viscosity on shear rate
for o/w emulsions in the highly concentrated region. These
authors, however, have not found a low-shear constant vis-
cosity, although the results reported by these authors do not
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refer to presheared samples. The Carreau model fits the fore-
going behavior fairly well:

(n=n)f(n=mng) = 1/[1 +93)% [3]

where 7, is a critical shear rate for the onset of the shear-thin-
ning region, and s is a parameter related to the slope of this
intermediate region.

The rheological results will be discussed on the basis of
the influence that the variables considered in the present study
exert on the Carreau model parameters.

Statistical analysis. A MANOVA with three replicates of
each emulsion was carried out to establish which variable ex-
erts a significant influence on both the rheological and size
distribution parameters. A variation of a given factor was
considered significant when the probability P for this factor

Carreau model
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FIG. 3. Influence of temperature on flow behavior of emulsions with 3% sucrose palmitate
and A, 60% oil; B, 80% oil. See Figures 1 and 2 for abbreviations.
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was less than 0.05. The probability was determined from the
F-ratio of the mean squared deviations to the residual mean
squared deviations.

The multifactor analysis of variance performed on size dis-
tribution parameters showed that, except for d,,, (P[SE] =
0.44; P [O] =0.701), O and SE have a significant influence
on size distribution parameters. The MANOVA carried out
on the parameters of the Carreau model showed that all vari-
ables studied (SE and O and temperature) exert significant in-
fluence. The only exception is the influence of temperature
on the critical shear rate P [y.] = 0.14.

DISCUSSION

Influence of sucrose ester concentrations. According to the
results shown by Abran et al. (18), sucrose monopalmi-
tate produces collapse of the air/water interface at about
30 A%/molecule. Extrapolation of this result to the o/w emul-
sions studied indicates that the surfactant is always in excess
(from 5 to 15 times the amount necessary to saturate the in-
terface as a monolayer). Hence, the previously reported good
results of stability against coalescence shown by these emul-
sions can be explained (10). The only significant destabiliza-
tion mechanism found in absence of shear was creaming at
low O or very low SE.

As shown in Figure 2, an increase in SE produces a signif-
icant rise in viscosity (P < 0.0001). Thus, low- and high-shear
rate-limiting viscosities undergo an exponential increase with
SE (Fig. 4).

These results agree with those obtained from the droplet
size distribution curves. Figure 4 shows that an increase in SE
leads to emulsions with lower Sauter mean diameters and nar-
rower size distributions (parameter b increases). Both factors
can produce a rise in viscosity (6). An increase in viscosity
may also be related to a higher level of droplet flocculation as
emulsifier concentration is raised, although in this study, the
preshear applied on the samples must have produced an al-
most complete breakdown of the gel-like particulate network.

Furthermore, the statistical analysis shows a significant in-
fluence of SE on parameter s (P < 0.0001). Thus, Figure 4
shows a linear increase of s with SE, which suggests either
that the emulsion becomes more sensitive to the variation of
shear rate or that the emulsion restructuring rate is higher.

Influence of oil concentration. Figure 2 shows that an in-
crease in O leads to an important increase in viscosity (i.e.,
1, increases one order of magnitude when O is raised from
60 to 85%). Thus, 1, and N, undergo an exponential increase
(Fig. 5). These results may be related to the values of droplet
size and polydispersity (Fig. 1). Consequently, an increase in
O decreases both polydispersity, [because parameter b in-
creases (P < 0.0001)] and the Sauter mean diameter (P =
0.003), which means that the specific surface area of the
droplets is raised (Fig. 5). However, the dependence of vis-
cosity on droplet size seems to be qualitatively affected by O.
Thus, the decrease in d, is much greater at low O, at which
only a slight increase in viscosity takes place. At high con-
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FIG. 4. Influence of SE: A), B) Carreau model parameters; C) size distri-
bution parameters. (A) Carreau model parameters M, (constant viscos-
ity) and m_, (limiting viscosity); (B) Carreau model parameters ¥, (critical
shear rate) and s (slope); (C) size distribution paramters b (a parameter
that varies inversely with size dispersion) and dg,, (average diameter).

centration, however, a small decrease in dSV produces a much
higher increase in viscosity. Otsubo and Prud’homme (16)
also found a change in the dependence between viscosity and
interfacial specific area above a critical value (¢ = 0.63).

On the other hand, the statistical analysis demonstrated a
significant influence of O on s (P < 0.0001) and ¥, (P < 0.001).
Thus, a linear increase in the slope and an exponential increase
in the critical shear rate were found as O is raised (Fig. 5).

In summary, the influence of O on the flow properties for
these emulsions is qualitatively similar to the influence of the
emulsifier content. Nevertheless, an increase in O has a
greater influence on ¥, than a rise in sucrose ester concentra-
tion, which is related to the onset of the metastable region
(Mg)- All changes observed may be understood by taking into
account that O increases the emulsion packing of droplets,
even above the value that corresponds to a suspension of
monodispersed spherical particles. Under such conditions, a
thin liquid film of continuous phase is formed among adja-
cent drops (16,19). At the highest O, the network structures
of the previously mentioned films are considered to control
the rheological properties.
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FIG. 5. Influence of oil concentration: (A,B) Carreau model parameters;
(C) size distribution parameters. For abbreviations see Figures 1, 2,
and 4.

Influence of temperature. Figure 3 shows flow curves of
two selected emulsions as a function of temperature. Within
the range of concentrations studied, an increase in tempera-
ture always produced a decrease in emulsion viscosity. A par-
ticular situation was shown by the emulsion with the highest
O (80% oil and 3% SE). It was not possible to obtain flow
curves at temperatures below 15°C. Droplet coalescence was
induced under the experimental shear conditions, and finally
phase separation occurred. Otsubo and Prud’homme (17) re-
cently reported shear-induced coalescence at very high O.
Furthermore, this system also shows anomalous thermal be-
havior at high temperature.

The statistical analysis, carried out on the Carreau param-
eters, showed a definite influence of temperature on Mo (P <
0.0001) and M, (P < 0.0001), as well as a lesser effect on pa-
rameter s (P = 0.034). However, temperature does not exert
any significant influence on parameter y, (P = 0.14).

Thus, a typical exponential decrease was found for param-
eters M, and M, with absolute temperature, which can be de-
scribed by an Arrhenius-type equation (Figs. 6 and 7):

My =A exp (E /RT) [4]

1207

TABLE 1
Activation Energies as a Function of Emulsion Concentration?
SE O E, My E,M.)
(%) (%) (k)/mol) (k)/mol)
1 70 15.7 36.3
3 70 32.9 37.4
5 70 32.7 35.4
3 60 59.2 423
3 80 — 35.0
aAbbreviations: SE: sucrose ester concentration; O: oil concentration.

M., =A exp (E/RT) [5]

where A is a preexponential constant, which represents the
viscosity (1, or 1) of the emulsion at infinite temperature,
and E  is an activation energy. The values of these parame-
ters are presented in Table 1 as a function of O and SE. The
temperature dependence of M, and M, for emulsions contain-
ing 3% and 5% SE is similar, as may be deduced both from
Figure 6 and from the values shown in Table 1.

The influence of temperature on parameter s depends on the
emulsion studied (Figs. 6 and 7). Generally, the sensitivity of
the emulsion to shear (parameter s) does not seem to be influ-
enced by temperature. There is a slight tendency for s to in-
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FIG. 6. Influence of temperature on Carreau model parameters for emul-
sions with different sucrose palmitate concentrations. For abbreviations
see Figures 1 and 4.
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crease with temperature up to 30°C. This increase is more im-
portant when the SE or the disperse phase concentrations are
high. Under these conditions, at which the network structures

P. PARTAL ET AL.

of the continuous-phase film are fully developed, thermal agi-
tation enhances structural breakdown. A completely different
effect was observed for the less-concentrated emulsion (60%
0), where temperature produced a significant decrease in
parameter s (Fig. 7). This emulsion is below the maximum
packing volume fraction for monodisperse spheres. The low
content in disperse phase and the unfavorable values of the
structural parameters b and d_, shown by this emulsion lead to
a decrease in viscosity and stability, as may be deduced from
the stability diagram shown in a previous paper (10). This ex-
plains why the emulsion presents the lowest values of s and
M, at high temperature. Nevertheless, this emulsion was also
most affected by shear (s) and had the highest value of 1, at
the lowest temperature (Fig. 7). This emulsion probably re-
structures to a higher extent under such conditions.

Shear produces phase separation of the emulsion with 80%
oil and 3% sucrose ester at low temperatures. This emulsion
also presents a deviation from Arrhenius behavior at 35°C. At
this temperature, an increase in Ng» €ven higher than that cor-
responding to 25°C, has been observed (Fig. 7). When this
emulsion is sheared at constant shear rate (i.e., 300 s7! at
25°C), a minimum in viscosity may be observed (Fig. 8).
After this minimum, which is also known as stress under-
shoot, the emulsion viscosity increases with time. A possible
explanation for this increase follows: When a certain value of
shear rate is exceeded, so that the shear stress relative to the
interfacial stress (the capillary number, Ca = nY dgy/20, ©
being the interfacial tension) overcomes a critical value, the
drops become unstable and eventually burst (20,21). Because
the critical capillary number depends on several factors, such
as the type of flow, the internal-to-external viscosity ratio, the
development of interfacial tension gradients, and the shear
history (22,23), only a rough estimation should be considered
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FIG. 8. Transient flow curve obtained at constant shear rate (300 s™') for the emulsions con-
taining 3% SE and 80% O. For abbreviations see Figures 1 and 2.
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for a highly concentrated emulsion. By assuming a value of 5
mN-m~! for the interfacial tension, which is close to the val-
ues reported for sucrose stearate or sucrose palmitate aque-
ous solutions against different oil phases (5,24,25), the criti-
cal diameter above which droplets become unstable is about
1540 pum, under the experimental conditions. Bursting of the
largest droplets might be responsible for the above-mentioned
increase in viscosity and therefore for the deviation from Ar-
rhenius behavior. Further studies are being carried out on the
evolution of droplet size under shear flow for highly concen-
trated emulsions.

As a result, this atypical thermal behavior may be ex-
plained by taking into account the following considerations:
The flow curves are obtained after an intense prior shear;
shear induces deformation and even breaks up the oil droplets
(1,8); as a consequence, the flow curves obtained for this type
of food emulsion are the result of strong structural break-
down, which can be attributed to either irreversible (coales-
cence, droplet bursting) or reversible processes (defloccula-
tion) (26-28); and finally, a high concentration of the dis-
persed phase leads to a close packing of droplets, which may
be distorted from their spherical shape (6) and may favor both
the break-up of droplets, because interfacial tension gradients
appear, and shear-induced coalescence. Therefore, at high
temperature and O (35°C and 80% O), a redistribution of
droplet size may be induced by shear, leading to an increase
in viscosity. On the contrary, at high O and low temperature
(80% O and 5°C), shear-induced coalescence prevails, and
phase separation takes place. This effect happens less at lower
O, where droplets are less distorted, as may be deduced from
the highest value of 1, at 5°C for the emulsion with 60% oil.

1000
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Master flow curves. The superposition methods are based
on theoretical approximations that imply the formulation of
molecular models. The best known are based on the theories
of Rouse (29) and Bueche (30,31), which were developed for
diluted monodisperse molecular solutions of polymers. The
theoretical predictions of Bueche allow the use of a shift fac-
tor to obtain a master flow curve by using a dimensionless
viscosity.

Temperature or a concentration shift factor, calculated em-
pirically, has been used extensively to apply the superposi-
tion methods to more complex systems, such as concentrated
polymer solutions (32,33), liquid crystals (34), surfactant so-
lutions (35), or emulsions (14).

Time—temperature superposition. According to the Bueche
theory, a plot of the dimensionless viscosity vs. a,7, where
ar is a shift factor, should be universal for all temperatures.
The curve shape would represent the shear rate dependence
of the viscosity at a constant temperature and would be ex-
tended through a wider shear rate range than the one studied
experimentally. Moreover, the dependence of the shift factor
on temperature would provide information about the influ-
ence of temperature on viscous behavior.

However, the shift factor cannot be calculated directly
from the Bueche theory for such complex systems as the
concentrated emulsions of this study. The superposition
has been carried out by plotting a dimensionless viscosity
NTT)M(T) (plus an arbitrary constant A used for clarity in
distinguishing the curves) vs. the shifted shear rate (a,}) by
using a shift factor that was calculated empirically (35,36).
Figure 9 shows that a master flow curve was obtained for each
emulsion. This fact suggests that these emulsions are ther-
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FIG. 9. Temperature-reduced master curves for different oil-in-water sucrose palmitate emul-

sions.
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morheologically simple when they have been submitted to
high preshear and the immediate flow response is studied. The
only exception was the emulsion with 60% O and 3% SE,
whose flow curves undergo a change in the slope of the power
law region at low temperature (Fig. 3).

Each master flow curve may be described by a modified
Carreau model, expressed as follows:

(VM. = Mee,g/Mor (1 = Mee, r0/M0.70) = {1/ [1 + (arfy, To)z] ] STO
(6]
1.5

where nO’To, nm’TO, YC’T , and s, are the values of Carreau
model parameters at the%emperature of reference, 25°C.
Variation of the shift factor with temperature for emulsions
containing 70% oil at different SE is shown in Figure 10. The
differences between the values of a, at each temperature, are
small and randomly distributed. Thus, there is no definitive
relationship with SE concentration. Therefore, an average a,
may be used to superimpose the flow curves of all emulsions,
independently of the SE (except for 60% O). Figure 11 shows
the values of the shift factor of the flow curves from emul-

L4 Arrhenius equation

3% SE, 80% O

1.3
1.2 -
1.1
1.0 -

0.9 | |
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08F =
0.7 F
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0.5 —_—

285 290 295
T (K)

300 305 310

FIG. 11. Influence of temperature on the shift factor for the emulsion 3% sucrose ester and

80% oil. See Figure 10 for abbreviation.
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FIG. 12. SE-reduced master flow curve for the emulsion with 70% oil. For abbreviations, see

Figures 1, 2, and 10.

sions with 80% oil and 3% sucrose ester.

The dependence of the shift factor upon temperature may
be described by an Arrhenius-type equation, as has been re-
ported by previous authors (32,37):

ap=A exp (EIRT) [7]

where E has a value of —13.2 kJ/mol for the emulsion with
80% O and 4.1 klJ/mol for the average a,. Because the flow
curves are normalized by using M, and the slope of the power
law region was not significantly modified by the thermal agi-
tation, the changes produced in the shift factor are due to the
modification of the critical shear rate by temperature. Statisti-
cal analysis did not show any significant influence as a conse-
quence of the error inherent in the fitting procedure. In fact,
ay changes in inverse proportion to 7§, as reported before (35).

These results show that the influence of shear rate on the
structural recovery/breakdown process does not depend on
temperature, as may be deduced from the applicability of the
time—temperature superposition. Furthermore, the SE does
not modify the influence of temperature on critical shear rate
for the onset of the metastable region because a; does not de-
pend on the concentration of the emulsifier.

Time—concentration superposition. Superposition of the
flow curves, at 25°C, from emulsions with 70% oil and dif-
ferent SE was carried out by the previously described proce-
dure. A dimensionless viscosity, n(Y,SE)/nO(SE), was plotted
vs. a7y, where a, is the shift factor calculated empirically and
which only depends on SE (Fig. 12). The master curve ob-
tained may be described by a modified Carreau model:

(n/nO’SEO - nw,SEo/nO,SEo)/(l - nm,SEO/nO’SEO)
= { l/[l + (ac"\.{/’Y(r,SEo)z] }SSEO [8]

where MNo.sEq> Meo,SEq '\'{C,SEO, and sy are the values of the Car-
reau model parameters, corresponging to the reference con-
centrations, 3% SE and 70% O.

The values of a_, obtained as a function of SE, are shown
in Figure 12. An initial increase followed by a tendency to
stabilization at a plateau value was obtained for the shift
factor a..

Because a master flow curve was obtained, SE does not
substantially modify the influence of shear rate on the emul-
sion during the structural recovery process, although the criti-
cal shear rate is clearly modified. However, this influence de-
creases when SE is raised, as may be deduced from the ten-
dency of factor a, to reach a constant value above 3% SE
(Fig. 12).
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