
Departamento de Ingeniería Química, Universi-
dad de Huelva, Escuela Politécnica Superior,

21819, Huelva, Spain
ABSTRACT: The influence of emulsion pH and previous ther-
mal treatment of the protein on the rheological behavior of pea
protein-stabilized emulsions has been studied. Oil-in-water
emulsions with 65% weight oil and 6% weight pea protein iso-
late were prepared. Emulsion pH was varied between 3.5 and
7.0. In addition to this, the protein aqueous phase was submit-
ted to different previous thermal treatments by modifying tem-
perature from 25 to 90°C and heating time from 20 to 60 min.
To study the influence of the above-mentioned variables,
droplet size distribution and steady-state flow curves were de-
termined, and linear viscoelastic measurements were carried
out. An increase in the pH of the emulsion initially leads to an
increase in emulsion viscosity and viscoelastic functions, as
well as to a decrease in the mean droplet size, up to an emul-
sion pH close to the protein isoelectric point, where a singular
rheological behavior is found. An increase in temperature or
heating time on the protein aqueous phase yields higher values
of steady-state viscosity and linear viscoelasticity functions, up
to a complete denaturation of the protein.
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Vegetable proteins from a wide range of plant sources are ex-
tensively employed in human foods because of their nutri-
tional and functional properties. They have been used in the
form of protein isolates and concentrates as dairy and meat
substitutes in a range of food products (1).

Oil-in-water emulsions are manufactured by dispersing the
oil phase into the aqueous continuous phase in the form of
small droplets, with most commercial emulsions having
droplet sizes in the range of 0.1–10 µm (2). To obtain stable
emulsions with suitable droplet size distributions (DSD), the
emulsification process requires a considerable amount of me-
chanical energy, in the order of 1–100 MJ/m3, depending on
the emulsification machine (3). The emulsification process is
a highly complex unit operation, which depends on many
variables, such as residence time, agitation speed, and tem-

perature (4).
An emulsifier is typically added to both improve the emul-

sification process and the emulsion stability. The emulsifier
molecules adsorb at the oil–water interface and reduce the in-
terfacial tension, thereby favoring emulsification and forming
a protective barrier around the oil droplets (5). This induces a
reduction of droplet size that increases interdroplet interac-
tions and provides enhanced stability against coalescence.
The role of these interactions is fundamental in highly con-
centrated emulsions, where droplets are tightly packed, and
the continuous phase consists of a thin film separating adja-
cent droplets. This results in solid-like responses (6) and may
lead to the development of an extensive flocculation of
droplets to form a weak gel-like particulate network, depend-
ing on the nature and concentration of the emulsifier (7). The
extensive flocculation process provides enhanced stability to
the emulsion because the creaming rate is significantly de-
creased due to immobilization of the continuous phase (8,9).
Consequently, stability, structural parameters, such as DSD
and the nature and strength of interdroplet interactions, and
the rheological behavior of emulsions are closely related, and
all of them are influenced by the processing conditions (4).

Hence, protein adsorption at the fluid interfaces is of great
importance for the food industry because it provides stability
against phase separation in food systems, such as dairy prod-
ucts, baked food, ice creams, and mayonnaises. There is a
close relationship between protein structure and protein func-
tionality. However, the former is affected by many factors in
the surrounding environment (i.e., pH, ionic strength, temper-
ature, presence of other compounds), which makes it difficult
to predict protein functionality and, therefore, the rheology in
a given food system (10).

Therefore, environmental variables, such as pH or thermal
treatments, may be considered important factors that affect
the efficiency of the emulsification process and consequently
the stability and physical properties of protein-stabilized
emulsions. Taking this into account, the overall objective of
this work was to study the effect that emulsion pH and previ-
ous thermal treatment, to which the protein aqueous phase
was submitted, exert on the rheological behavior of pea pro-
tein-stabilized emulsions.
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EXPERIMENTAL PROCEDURES

Different oil-in-water emulsions were prepared with a con-
stant sunflower oil concentration (65% wt) and stabilized by
a pea protein isolate, provided by Cosucra S.A. (Fontenoy,
Belgium). Technical information on this isolate is given in
Table 1. Protein concentration was fixed at 6% wt. Before the
oil phase was added, protein isolate was dispersed in distilled
water under different experimental conditions. Emulsion pH
was varied between 3.5 and 7, by adding to the continuous
phase different amounts of acetic acid. In addition to this, the
protein solution was submitted to different previous thermal
treatments by modifying temperature (between 25 and 90°C)
and heating time (between 20 and 60 min). Oil-in-water emul-
sions were prepared in an Ultra-Turrax T-25 homogenizer
from IKA (Staufen, Germany). Sunflower oil was added to
the protein solution at room temperature and mixed at 8000
rpm for 5 min. Emulsions were stored at 5°C.

DSD measurements were performed in a Malvern Master-
sizer-X (Malvern, United Kingdom). Dynamic viscoelasticity
and steady-state flow tests were carried out in a controlled-
stress rheometer (RS-100) from Haake (Karlsruhe, Germany).
Oscillatory tests were performed inside the linear viscoelas-
ticity region with a cone-and-plate sensor system (35 mm, 4°)
in a frequency range of 10−2–102 rad/s. Linear viscoelastic
ranges were analyzed by studying the stress dependence of
the viscoelastic functions in stress sweep tests at 1 Hz. The
critical stress values, above which the viscoelastic functions
are dependent on the applied sinusoidal stress, are comprised
between 2 and 15 Pa. Steady-state flow curves were obtained
with a serrated plate-plate geometry (20 mm). As was previ-
ously found in the same type of emulsions (11), wall-slip ef-
fects can be avoided by using rough surfaces. At least three
replicates of each test were made at 25°C. All samples had
the same recent thermal and rheological history.

RESULTS AND DISCUSSION

DSD. Figure 1 shows the effect of pH (Fig. 1A) and previous
protein thermal treatment (Figs. 1B and 1C) on the DSD
curves of these emulsions. All DSD curves show a bimodal
shape, with a secondary maximum at relatively low values of
the droplet diameter and the maximum distribution value at
higher sizes, which generally moves to lower sizes as pH in-
creases. The influence of protein thermal treatment is much
more complicated.

The wide DSD found may be explained by taking into ac-
count the fact that, during the emulsification process, the dis-
ruption of oil droplets is followed by a coalescence process,
which is favored by the intense mechanical energy supplied
and a high temperature of emulsification (12). The low diffu-
sion rate of macromolecules, such as proteins, favors a poly-
disperse DSD because the interfacial film necessary to pre-
vent coalescence during emulsification is formed more slowly
than the disruption of droplets.

Values of the Sauter diameter, dsv , which is inversely pro-
portional to the specific surface area of the droplets (13), have
been obtained as follows:
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TABLE 1
Technical Information on Pea Protein Isolate

Composition based on dry matter
Proteins (N × 6.25) 90 ± 2%
Fats (extracted with petroleum ether) Max. 0.5%
Ash 5 ± 1%
Sodium 0.7%
Calcium 0.15%
Phosphorus 0.52%
Magnesium 0.2%
Potassium 0.4%
Carbohydrates Max. 4.5%
Dry matter (102°C) 95 ± 2%

Average amino acid content (g/100 g protein)
Glycine 4.6 Phenylalanine 5.5
Alanine 4.7 Tryptophan 1.0
Valine 5.2 Proline 4.5
Leucine 8.0 Methionine 1.1
Isoleucine 4.6 Cysteine 1.2
Serine 5.4 Lysine 8.2
Threonine 4.1 Histidine 2.8
Tyrosine 4.1 Arginine 9.0
Aspartic acid 12.3 Glutamic acid 19.8

FIG. 1. Evolution of droplet size distribution (DSD) with (A) emulsion
pH, (B) temperature applied to the protein aqueous phase, and (C) heat-
ing time for pea protein-stabilized emulsions.



[1]

where ni is the number of droplets with diameter di. Sauter’s di-
ameter is an appropriate structural parameter that dominates the
flow behavior of concentrated emulsions (6), although it has
also been related to linear viscoelasticity parameters (14,15).
Table 2 shows values of the Sauter diameter for the different
emulsions studied as a function of pH and thermal treatment.

Flow behavior. Steady-state flow curves of these emulsions
(Fig. 2) always show a shear-thinning behavior, with a clear
tendency to both a zero-shear rate-limiting viscosity, ηo, at low
shear rates and, in some of them, a high-shear rate-limiting
viscosity, η∞. This behavior is closely related to a mechanism
of oil droplet deflocculation in concentrated emulsions. This
flow behavior has also been found in other types of emulsions,
such as salad dressings (8,9) or highly concentrated emulsions
(16,17). As was pointed out by several authors (9,11,17), the
Carreau model fits the foregoing behavior fairly well:

[2]

where γ̇c is a critical shear rate for the onset of the shear-
thinning region, and n is a parameter related to the slope of
this intermediate region. The values of these fitting parame-
ters are shown in Table 3 as a function of the different vari-
ables studied.

Dynamic viscoelastic measurements. Once the linear vis-
colastic region was established, frequency sweep tests were
carried out at constant stress within the linear viscoelastic re-
gion. Evolution of the storage and loss moduli with frequency
for all emulsions studied is shown in Figure 3. The storage
modulus, G′, is always higher than the loss modulus, G″,
within the experimental frequency range. Hence, the emul-
sions present a predominantly elastic response, showing an
apparent plateau region in the experimental frequency range
studied. The appearance of this plateau region has been re-
lated to an extensive flocculation process due to interactions

among the emulsifier molecules located at the oil–water in-
terface of adjacent droplets (7,9). This behavior is typically
found in highly concentrated emulsions, such as commercial
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TABLE 2
Values of Sauter s Mean Diameter (dsv) for the Emulsions Studied

Heating temperature Heating time dsv
a

pH (ºC) (min) (µm)

3.5 25 — 10.11
3.8 25 — 5.75
4.5 25 — 4.82
5.3 25 — 7.89
6.6 25 — 4.54
7 25 — 4.74
3.8 60 30 4.51
3.8 70 30 5.48
3.8 75 30 6.22
3.8 90 30 6.39
3.8 70 20 4.58
3.8 70 40 5.82
aSee Equation 1.

FIG. 2. Evolution of the steady-state flow curves with (A) emulsion pH,
(B) temperature applied to the protein aqueous phase, and (C) heating
time for pea protein-stabilized emulsions. η, viscosity, γ. = shear rate.

TABLE 3
Carreau Model Parameters for the Emulsions Studied

Heating Heating
temperature time ηo γ̇c η∞

pH (ºC) (min) (Pa·s) (s−1) n (Pa·s)

3.5 25 — 6.11·104 2.3·10−4 0.5 0.17
3.8 25 — 2.34·105 1.2·10−4 0.48 0.24
4.5 25 — 5.67·105 1.3·10−4 0.48 0.14
5.3 25 — 7.72·105 2.4·10−4 0.5 0.29
6.6 25 — 6.95·105 8·10−5 0.47 0.2
7 25 — 9.02·105 8·10−5 0.475 0.25
3.8 40 30 4.01·105 8·10−5 0.48 0.21
3.8 60 30 1.6·106 3·10−5 0.49 0.32
3.8 70 30 4.03·106 6·10−5 0.49 —
3.8 75 30 3.68·106 1.6·10−4 0.49 —
3.8 80 30 6·106 1.4·10−4 0.49 —
3.8 90 30 4.4·106 1.3·10−4 0.47 —
3.8 70 20 8.38·105 8·10−5 0.49 0.17
3.8 70 40 8.4·106 7·10−5 0.49 —
3.8 70 60 6.74·106 5·10−5 0.48 —
aSee Equation 2.



or model mayonnaises (18,19) and salad dressing-type emul-
sions (20,21). When the emulsion is only stabilized by pro-
teins (17–19), a more pronounced plateau region is observed,
which is related to the formation of a three-dimensional net-
work due to entanglements among protein segments adsorbed
at the oil–water interface.

In the plateau region, the loss tangent passes through a
minimum, which has been used to calculate an approximate
value of the plateau modulus, GN° (21–23). The plateau modu-
lus is a viscoelastic parameter, defined as an extrapolation of
the entanglement contribution to G′ at high frequencies (24).
This parameter may be estimated from the minimum in tan δ
as follows (22):

[3]

The influence that pH and thermal treatment exert on the
linear viscoelastic behavior of these emulsions will be dis-
cussed taking into account the evolution of the plateau modu-
lus with the above-mentioned variables.

Influence of pH. As shown in Figure 2A, the flow curves
of these emulsions are always quite similar in shape, a trend
to reach a zero-shear rate-limiting viscosity and no significant
differences in the slope of the shear-thinning region (Table 3).
As has been previously reported (8,25), this fact makes possi-
ble the application of a superposition method to obtain a mas-
ter flow curve, using a dimensionless viscosity and a shifted
shear rate by using an empirically calculated shift factor. Val-

G GN minimum
°

→= ′[ ]tan δ
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FIG. 3. Influence of (A) emulsion pH, (B) temperature applied to the protein aqueous phase,
and (C) heating time on the linear viscoelasticity functions for pea protein-stabilized emul-
sions. G′ = storage modules, G″ = loss modulus, ω = frequency.



ues of the shift factors for the different emulsions studied, as
a function of pH, are shown in Figure 4. A dimensionless vis-
cosity, including both the zero-shear rate and the high-shear
rate-limiting viscosities, obtained from the fitting of the Car-
reau model, was used. Thus, ηred = (η − η∞)/(ηo − η∞) vs.
apH·γ̇ leads to an empirical master curve that describes the
flow behavior of these emulsions in the range of pH studied,
where apH is the empirical shift factor (Fig. 4), which is equal
to 1 for the reference flow curve (pH = 7). The master flow
curve obtained may be described by a modified Carreau
model, as follows:

[4]

where γ̇c,pHo
and npHo

are the values of Carreau model param-

eters at the pH of reference.
Moreover, pH dependence of the shift factor must provide

information about the influence of emulsion pH on viscous
behavior. As may be deduced from Equation 4, apH is related
to the critical shear rate for the onset of the shear-thinning re-
gion, γ̇c. Consequently, this parameter gives information
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FIG. 4. pH-Reduced master flow curve and evolution of the shift factor with emulsion pH for
pea protein-stabilized emulsions. See Equation 4.

FIG. 5. Evolution of the steady-state viscosity at 0.01 s−1 and the plateau modulus (GN° ) with
emulsion pH for pea protein-stabilized emulsions.



about the resistance of the emulsion microstructure to a shear-
induced breakdown process.

Figure 5 shows the evolution of the steady-state viscosity,
at 0.01 s−1, with emulsion pH. This viscosity, well inside the
experimental shear-rate range studied, is much more reliable
than the zero-shear rate-limiting viscosity, which is obtained
at low shear rates and with a high level of uncertainty. Steady-
state flow viscosity undergoes an initial increase with pH up
to a maximal value at an emulsion pH value of 5.3, close to
the isoelectric point of the protein. A slight decrease in vis-
cosity is then observed at higher pH values. A similar ten-
dency may be found by studying the linear viscoelasticity
functions of these emulsions. Thus, if the plateau modulus
values are analyzed (see Fig. 5), a maximum in this parame-
ter is also found for a pH value of 5.3. In relationship to the
evolution of droplet size with emulsion pH, there is an initial
continuous decrease in the Sauter diameter as pH increases, a
fact that would explain the increase in the viscous and vis-
coelastic functions. The larger values of Sauter’s diameter as
emulsion pH decreases are closely related to the lower diffu-
sion rate of the protein to the oil–water interface, due to a
higher denaturation degree of the protein as pH decreases
(26). Nevertheless, a dramatic change in this tendency is ob-
served at a pH of 5.3, which shows a significantly higher
value of the Sauter diameter (Table 2). A further increase in
pH leads to lower droplet sizes and narrower distributions.
Both factors should lead to an increase in emulsion viscosity
(27). However, it has been previously demonstrated
(17,21,28) that DSD is not the only structural parameter to af-
fect the rheology of emulsions, especially in highly structured
macromolecule-stabilized systems, in which interdroplet in-
teractions may play a key role. The results previously shown
may be explained by taking into account that at the isoelec-
tric point, the pea protein isolate has its lowest solubility
(1,29). Thus, when pea protein/water systems at different pH
are centrifuged, three different phases were always obtained:
an undissolved protein fraction (upper phase), an intermedi-
ate aqueous solution, and a gel-like viscous phase (bottom
phase). The binary system with a pH close to the protein iso-
electric point shows the maximal undissolved protein fraction
(upper phase) and the least gel-like phase (bottom phase). Ob-
viously, the poor solubility of the protein around this pH sig-
nificantly reduces the effective concentration of pea protein
able to be adsorbed at the interface and, consequently, accord-
ing to our results, the Sauter diameter must increase. How-
ever, Waniska and Kinsella (26) showed that rates of adsorp-
tion and packing of β-lactoglobulin in the interfacial film
were maximum near the isoelectric point, reflecting the mini-
mum electrostatic repulsion between proteins at the interface.
A highly packed protein film at the interface leads to a high
surface viscoelasticity, which is closely related to the bulk
rheology of the emulsion (30,31) and the emulsifying capac-
ity (32). This explains why at an emulsion pH of 5.3, near the
isoelectric point of the protein, higher values of emulsion vis-
cosity and viscoelastic parameters than those expected from
its DSD may be found. Moreover, the shift factor that affects

shear rates in the master curve obtained passes through an im-
portant minimum value at pH 5.3 (Fig. 4). This indicates that
the emulsion microstructure at a pH close to the isoelectric
point of the protein shows a significantly higher shear resis-
tance than that found for other emulsion pH values. This
value of the shift factor is only comparable to that found for
the emulsion with a pH of 3.5, which shows the largest Sauter
diameter and the lowest values of steady-state viscosity and
plateau modulus, although the protein is largely denatured.
The further slight decrease in the viscous and viscoelastic
functions, at emulsion pH values above 5.3, should be related
to a decrease in interfacial viscoelasticity, in spite of lower
Sauter’s diameter.

Influence of protein thermal treatment. A more severe ther-
mal treatment of the protein aqueous phase, i.e., higher tem-
perature or longer heating time, leads to more viscous emul-
sions (Figs. 2B and 2C). As shown in these figures (emulsion
pH = 3.8), the flow curves show a similar shape and no sig-
nificant differences in the slope of the shear-thinning region
(see Table 3). As a result, a plot of a dimensionless viscosity,
ηred = (η − η∞)/(ηo − η∞) vs. aH(T )·aH(t)·γ̇ leads again to an
empirical master curve that describes the flow behavior of the
emulsion under these previous thermal treatment conditions
(Fig. 6). The shift factors, aH(T ) and aH(t), are related, respec-
tively, to the previous temperature and heating time applied
to the protein aqueous phase, and both of them are equal to 1
for the reference flow curve (pH = 3.8, 30 min and 70°C). A
modified Carreau model, expressed as follows, may describe
the master flow curve:

[5]

where γ̇c,Ho
and nHo

are the values of Carreau model parame-
ters at the reference treatment conditions.

The evolution of aH(T) with temperature is shown in Fig-
ure 6, where a maximum value corresponding to a tempera-
ture around 60°C is observed. On the contrary, aH(t) is con-
stant in the range of heating time studied. As a result, while
the previous temperature applied on the protein aqueous
phase has a remarkable effect on the resistance of the emul-
sion structural network, heating time seems not to modify this
resistance, although the emulsion viscosity significantly in-
creases.

Figures 7 and 8 show the evolution of the steady-state vis-
cosity at 0.01 s−1, and the plateau modulus with temperature
and heating time, respectively. As shown in Figure 7, both
rheological parameters dramatically increase up to a tempera-
ture around 75°C, a fact that has been reported to be closely
related to an extensive denaturation of the protein (28). High
temperatures applied during the emulsification process may
exert the same effects (9,33). As Arntfield and Murray (34)
have demonstrated, by using differential scanning calorimet-
ric (DSC) measurements, pea protein denatures at a lower
temperature (around 85°C) than other vegetable proteins. At
low pH values, the temperature-induced conformational
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changes of the protein are dampened, reflected in a lower en-
thalpy of denaturation (1,34). A decrease in protein pH de-
creases the denaturation temperature down to around 70°C at
pH 3.8, which is in concordance with the rheological results

obtained (increase in η0.01 and GN° and decrease in aH(T)) and
the increase in Sauter’s diameter when temperature rises from
60 to 70°C. The above-mentioned denaturation may also be
clearly observed after centrifugation, where an extended gel-
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FIG. 6. Temperature and heating time-reduced master flow curve and evolution of the shift factor with temperature
for pea protein-stabilized emulsions. See Equation 5.

FIG. 7. Evolution of steady-state viscosity at 0.01 s−1 and plateau modulus with temperature
applied to the protein aqueous phase for pea protein-stabilized emulsions.



like phase is found for this protein aqueous phase (pH = 7.0,
80°C). In addition to this, as Raymundo et al. (28) have re-
ported, an increase in heating time applied to the protein
aqueous phase, at a constant temperature, may exert an im-
portant effect on the rheological properties of vegetable pro-
tein-stabilized emulsions. As shown in Figure 8, the emulsion
steady-state viscosity at 0.01 s−1 and the plateau modulus ini-
tially increase with protein heating time, showing a tendency
to reach constant values of these rheological parameters at
sufficiently long protein heating times, when protein denatu-
ration has been completed.
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