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Abstract
Due to their aqueous nature and biocompatibility, water/water emulsions are particularly advantageous in the production
of low calorie functional food and bioactive carrier microparticles. The aim of this study was to investigate the stability
of water/water emulsions formed by gelatin and carboxymethycelullose through the Pickering effect, by addition of
whey protein particles. The effect of phase composition and pH on emulsion stability over 3 days of storage was studied
and the emulsion properties were characterized. Finally, the effect of the addition of different concentrations of whey
protein particles on the emulsion stability was investigated. The added protein particles contributed to reduce the rate
of phase separation and higher protein concentration showed this effect more clearly. The time of complete phase
separation increased 12 h after addition of 15% (w/w) protein. Emulsions at pH 5.5 with protein particles, however,
showed lower stability than those at pH 7.5 without particles.
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1. Introduction
Kinetically stable water/water (W/W) emulsions have
been focus of great interest due to their strategic potential
application in cosmetics[1], foods[1-3] and biomedicine[4,5].
Originated from an aqueous binary polymeric system, W/W
emulsions can be formed by completely biocompatible
ingredients, such as proteins and polysaccharides[6], and
are ideal for the formulation of fat free food or for the
encapsulation of sensitive ingredients, such as cells and
proteins[5-9]. Several studies on the properties and applications
of W/W emulsions have been reported in the literature[1-9].
Because W/W emulsions are completely aqueous system,
with extremely low interfacial tension and an ill- defined
interface, they cannot be stabilized by conventional surfactants,
as commonly occurs in water/oil (W/O) and oil/water (O/W)
emulsions[1-14]. One of the notable mechanisms of stabilization
is the Pickering method, in which a solid particle added to
the system adsorbs at the droplet interface and provides a
physical barrier against droplet coalescence[1-14]. Recent
advances in the research of different substances to adsorb
at interfaces between immiscible aqueous solutions have
been reliably reported by Dickinson[14]. Protein microgels
are an example that has already proved to be efficient in
stabilizing W/W emulsions[10-12].
In this context, the present study aims to produce and
characterize W/W emulsions from an aqueous two-phase
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system composed of gelatin and carboxymethylcellulose
and evaluate the effect of whey protein on kinetic stability.

2. Materials and Methods
2.1 Materials
Gelatin type B and sodium carboxymethylcellulose
(NaCMC) of medium viscosity (400-800 cps), purchased
from Sigma Aldrich (Saint Louis, USA), and whey protein
isolate (WPI) 90% (Glanbia Nutritionals, Springfield, United
States) were used for the preparation of emulsions. Sodium
chloride (NaCl), sodium hydroxide (NaOH), hydrochloric
acid (HCl) and sodium azide were purchased from Vetec
Química Fina (Duque de Caxias, Brazil). All solutions
were prepared in ultrapure water with a conductivity of
0.05 ± 0.01µS.cm-1 (Gehaka-Master P&D, Brazil).

2.2 Molecular weight determination
The average viscosity molecular weight of gelatin and
NaCMC was determined by viscometric measurements[15].
Samples of gelatin (1-10 g.cm-3) and NaCMC (0.4 – 1.0 g.cm-3)
were prepared using aqueous solutions of NaCl 0.1 mol.L-1as
solvent. The relative viscosity was measured with a capillary
(Schott, Cannon Fenske, Germany) in a thermostatic water
bath at 25.0 ± 0.1°C (Schott, CT52, Germany). Intrinsic
viscosity [ƞ] is defined as (Equation 1):
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The intrinsic viscosity was obtained by extrapolating
the reduced viscosity, ƞRED ,vs the concentration (C) data
to zero concentration. The intercept on the abscissa is the
intrinsic viscosity. The average viscosity molecular weight
was calculated based on the Mark-Houwink-Sakurada
equation (Equation 2):

[η ] = kM v a

(2)

where the constants k=2.69x10-3 and a=0.88 are defined
for gelatin[16] and k=1.23x10-2 and a=0.91 for NaCMC[17].

2.3.1. Phase diagram construction
A phase diagram was constructed by visually observing
the formation of two distinct layers and was used to choose
the composition of the W/W emulsions[18]. A stock solution
of gelatin (16% w/w) was prepared by diluting the protein
in ultrapure water at 60.0 ± 1.0 °C under magnetic stirring
for 1 h. A stock solution of NaCMC (2% w/w) was prepared
by dilution in ultrapure water at room temperature under
magnetic stirring for 12 h. Sodium azide (0.05% w/w) was
added to prevent the microbial growth. The pH was adjusted
to 6.0 by the addition of NaOH or HCl. The stock solutions
were diluted to the appropriate ratio in a transparent glass
tube and left in a thermostatic water bath (Huber, Germany)
at 45.0 ± 0.1 °C, avoiding any gelation. The mixtures were
stirred in a vortex (Phoenix, AP56, Brazil) for 1min and
stored in a water bath for 48 h with temperature controlled
at 45.0 ± 0.1 °C.
2.3.2. Emulsion preparation
To induce the segregative phase separation (repulsive
interactions between the polymers), which is necessary
to form W/W emulsions[19], the pH of the stock solutions
was adjusted to 5.5, 6.5 or 7.5. The solutions were placed
in a glass tube (11 mm diameter and 150 mm height) and
vortexed (Phoenix, AP56, Brazil) for 1 min. Thereafter, the
emulsions were stored in a water bath (Huber, Germany) for
48 h with temperature controlled at 45.0 ± 0.1 °C.
2.3.3. Kinetic stability
The kinetic stability of the emulsions was evaluated by
visually observing the formation of two distinct layers over
3 days of storage[20]. The phase separation is expressed by
the separation index (SI), which is calculated as the relation
between the upper phase volume (V) and the original
volume (Vo), as described by Equation 3[21,22]:
V
x100
V0

(3)

2.4 Emulsion characterization
The emulsion properties were characterized only for
those that remained stable for a period longer than 8 h.
All measurements were performed immediately after
emulsion preparation.
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The superficial tension of the gelatin and NaCMC
aqueous solutions was measured with the pendant drop
method using a tensiometer with (Teclis Scientific, Easytrack,
France) connected with a thermostatic water bath (Julabo,
Corio-CD BC4, Germany) at 45.0 ± 0.1 °C. To create the
air-water interface, a bubble was formed at the end of a
needle connected with a syringe and immersed in a glass
cuvette filled with a gelatin solution (6%, 8%, 10% and
12% w/w) or NaCMC solution (0.10%; 0.25%; 0.50% and
1.00% w/w). The superficial tension was determined by
bubble shape analysis and measured during 1300 s from
bubble formation.
2.4.2. Particle size and ζ potential analysis

2.3 Emulsion stability

SI =

2.4.1. Dynamic superficial tension

The size, size distribution and ζ potential were
determined by laser diffraction using a Zetasizer (Malvern
Instruments, Nano ZS90, England). Before the measurement,
the emulsions were diluted in ultrapure water at a ratio
1:10 (v/v). The optical properties adopted were refraction
index (1.335) and absorption (0.01). The results obtained
correspond to the mean and corresponding standard deviation
of three replicates.
2.4.3. Viscosity measurements
The viscosity of the emulsions was measured by a
rotational viscometer (Thermo Fisher Scientific, Haake
Viscotester D, Germany) using the LCP spindle at different
speeds. The viscosity and percentage of torque were manually
recorded when the viscosity reading reached apparent
equilibrium. The measurement temperature was controlled
at 45.0 ± 0.5 °C with a circulating water bath (Quimis,
0214M2, Brazil). The measurements reported correspond
to an average of three replicates.

2.5 Effect of the addition of whey protein isolate on
emulsion stability
The effect of the addition of WPI on emulsion stability
was tested on samples that showed poor stability in previously
performed tests. The preparation of WPI microgel particles
was based on the method of Murray and Phisarnchananan[10].
A WPI solution (10% w/w) was prepared by the dispersing
the protein in ultrapure water under magnetic stirring for
12 h. The solution was transferred to a glass bottle, heated in
a thermostat water bath (Huber, Germany) at 90.0 ± 1.0 °C
for 30 min and suddenly cooled under running water for
15 min. The gel formed was roughly broken with a spatula
to obtain fine gel fragments which were diluted in water
and homogenized by an Ultraturrax system (IKA, T25D,
Germany) for 5 min at 10,000 rpm, and again by ultrasound
(Hielscher, UP100H, Germany) for 2 min with an amplitude
of 100%. The suspension obtained was centrifuged
(Digicen 21R, Spain) with the RT504 rotor at 9,000 rpm
until the microgel sedimented to leave a clear upper aqueous
phase which was carefully removed via a pipette. To prepare
the emulsions, different concentrations of the WPI microgel
particles (5, 10 and 15% w/w) were added to the aqueous
system of gelatin-NaCMC before homogenization in the
vortex. The influence of the WPI on emulsion stability
was statistically evaluated by application of the analysis of
variance (ANOVA) using the software Statistical Analysis
System version 9.2 (SAS Institute Inc, Cary, NC).
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immiscible aqueous phases caused by repulsive interactions
between the polymers[19].

3. Results and Discussion
3.1 Molecular weight determination
The intrinsic viscosity [ƞ] and the average viscosity
molecular weight (Mv) of gelatin and NaCMC are presented
in Table 1.
In the literature, it is possible to find a wide variety
of molecular weight values for gelatin, resulting from a
polydisperse protein with broad molecular weight distribution
in solution[23]. According to Ledward[24], the molecular
weight of gelatin type B can vary between 100 and 500 kDa.
Riihimaki[16] determined the molecular weight of gelatin
type B from different origins using the viscometer method
and found values between 45 and 170 kDa and Masuelli[25]
found [ɳ]=48.65 cm3.g-1 in a 0.01 mol.L-1 NaCl solution and
Mv=67.44 kDa, using the same method.

NaCMC, as well as many other derivative polysaccharides,
has a heterogeneous molecular weight distribution and
chemical composition, which explain the diversity of molecular
weight values found in the literature. Vázquez et al.[26]
characterized the average molecular weight of NaCMC of
medium viscosity using a capillary viscometer and found
[ƞ]=535 mL.g-1 and Mv=124.94 kDa. Sharma et al.[27]
determined [ɳ]=198 cm3.g-1 and Mv=90 kDa and Gomez‑Diáz
and Navaza[28] found [ɳ]=643.9 cm3.g-1 and Mv=386 kDa.
Rinaudo et al.[29] characterized CMC samples by size
exclusion chromatography and found molecular weights
between 55.83 and 578.58 kDa. CMC is highly heterogeneous
polymer whose molecular weight depends on the internal
structure, mainly the degree of polymerization and the
degree of substitution[30].

3.2 Emulsion stability
3.2.1 Phase diagram construction
Figure 1 shows the visual phase diagram constructed
for gelatin and NaCMC solutions in water at pH 6.0
and 45.0 ± 0.1 °C. According to the phase diagram, two
distinct regions could be visualized: a one-phase region
(homogeneous system), corresponding to the area below
the binodal line, and a two-phase region (non-homogeneous
system), corresponding to the area above the bimodal line.
At relatively low gelatin and NaCMC concentrations the
systems formed a single phase. The minimum concentrations
for phase separation are approximately 3.0% (w/w) gelatin
and 0.1% (w/w) NaCMC. Furthermore, higher gelatin
concentrations increased the minimum concentration of
NaCMC necessary for macroscopic phase separation to
occur. Soon after preparation, the solutions in the one‑phase
region appeared clear, and those in the two-phase region
initially appeared turbid followed by macroscopic phase
separation after a few hours. This behavior suggests a
segregative phase separation, with the formation of two

3.2.2 Kinetic stability
In the test of kinetic stability, it was observed that both
the phase composition and the pH of the solution influence
on biopolymer interactions and, hence, on the kinetics of
phase separation. Figure 2 shows the SI of the emulsions
prepared at pH 5.5, 6.5 and 7.5 over 3 days of storage at
45.0 ± 0.1 °C. Because null values of SI for a long period
of time are indicative of good stability of emulsions, it can
be observed that, for all compositions tested, pH 5.5 is the
condition of lowest stability while pH 7.5 is the condition of
highest stability. At pH 7.5, macroscopic phase separation
was not observed for 3 different compositions: 8% gelatin
and 0.10% NaCMC, 10% gelatin and 0.50% NaCMC and
12% gelatin and 0.50% NaCMC. This result suggests that
emulsions are more stable as pH moves from the isoelectric
point of the protein due to an increase in repulsive interactions
between the polymers. According to Dickinson[14], the pH of
the solutions controls the molecular charge distribution and
the higher the polymer charge is, the lower the tendency of
phase separation. A similar result was verified by Perrechil
and Cunha[18] who observed phase separation only at low
pH values.
In addition to pH, phase composition also influences the
kinetics of phase separation. At pH 5.5, the emulsion with 6%
gelatin and 0.25% NaCMC presented fastest phase separation,
which was completed approximately 1 h after preparation,
followed by emulsions with 8% gelatin and 0.1% NaCMC,
8% gelatin and 0.25% NaCMC, 10% gelatin and 0.50%
NaCMC and, lastly, 12% gelatin and 0.50% NaCMC, which
started phase separation approximately 8 h after preparation.
The same sequence of phase separation was observed in
emulsions prepared at pH 6.5 and 7.5.The increase in stability
as a function of gelatin concentration can be explained
by an increase in the viscosity of the continuous phase
which limits the movement of the droplets and, therefore,
their approximation and aggregation. Similar results were
observed by Singh[19] and Perrechil and Cunha[18], where
emulsions with higher polysaccharide concentrations were

Table 1. Intrinsic viscosity ([ƞ]) and average viscosity molecular
weight (Mv) of gelatin and NaCMC.
Polymer
Gelatin
NaCMC

[ƞ] (cm3g-1)
58.86
394.05
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Mv (kDa)
85.48
89.38

Figure 1. Phase diagram of gelatin-NaCMC system at pH 6.0
and 45.0 ± 0.1 °C. The solid line represents the tendency of the
binodal line.
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Figure 2. Separation index of W/W emulsions at pH a) 5.5; b) 6.5; c) 7.5, over 3 days at 45.0 ± 0.1 °C (● 12.0% gelatin, 0.50% NaCMC;
○ 10.0% gelatin, 0.50% NaCMC, ★ 8.0% gelatin, 0.25% NaCMC; ■ 8.0% gelatin, 0.10% NaCMC; □ 6.0% gelatin, 0.25% NaCMC).

more viscous and stable. Furthermore, the small difference in
density between the two phases contributes to a slow phase
separation. According to Dickinson[14], a small difference
in density between two aqueous phases implies a creaming
rate up to 100 times lower than that of O/W droplets of the
same size. Another important observation was that the final
SI of the emulsions is connected with the concentration
of the disperse phase, with lower concentrations inducing
higher SI values. Emulsions with 0.50%, 0.25% and 0.10%
NaCMC presented separation indexes of approximately
41, 52 and 62%, respectively. The picture of the emulsions
at different moments during the analysis is presented in
Figure 3. After phase separation, a translucent upper layer
and a turbid bottom layer were observed, indicating that the
NaCMC droplets sedimented because they were denser and
more opaque than the gelatin solution.

3.3 Emulsion characterization
3.3.1 Dynamic superficial tension
As shown in Figure 4, the gelatin-air and NaCMC‑air
systems presented a reduction in superficial tension with
time until they reached equilibrium, indicating the migration
of one or more components in solution to the interface[31].
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Figure 3. Pictures of the W/W emulsions prepared at pH 5.5,
6.5 and 7.5, at different moments over 3 days of storage at
45.0 ± 0. 1°C. From left to right, sample compositions corresponds
to: 6% gelatin and 0.25% NaCMC; 8% gelatin and 0.10% NaCMC,
8% gelatin and 0.25% NaCMC, 10% gelatin and 0.5% NaCMC
and 12% gelatin, 0.10% NaCMC.
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This behavior can be explained by the partially hydrophobic
nature of proteins and polysaccharides or by the presence of
impurities in solution active in the interface. The NaCMC
solutions presented an initial superficial tension of approximately
65 mN.m-1 followed by a fast reduction and a tendency
for the rate of reduction to decrease until a steady state of
approximately 50 mN.m-1 was reached. The gelatin samples
presented lower initial superficial tension, approximately
47 mN.m-1, because of larger amount of solutes in solution.
Compared to that of the NaCMC solutions, a low rate of
reduction was observed, which was related to the poor
interfacial adsorption. In addition, a low tension variation
and short time to reach the steady value could be observed.
The test of ANOVA showed that for NaCMC solutions,
the concentration of the solutions does not have a significant
influence (p<0.05) on the equilibrium superficial tension,
which may be related to the small difference in density
between the solutions. However, it was verified that the
gelatin concentration significantly influences the equilibrium
superficial tension (p<0.05).
3.3.2 Droplet size and ζ potential
The mean diameter (dm) of the emulsion droplets
prepared at pH 7.5, the polydispersity index (PDI) and
the ζ potential, with the respective standard deviation are
presented in Table 2.
These data show the formation of nanoemulsions, provided
by the low interfacial tension that requires low energy to
promote droplet breaking. The highly varied droplet sizes
and the high PDI values show the formation of emulsions
with broad size distribution. This result can be related to the

Figure 4. Superficial tension (σ) with time (t) of the polymer‑air
systems at 45.0 ± 0.1 °C (○ gelatin 6.0%, □ gelatin 8.0%,
∆ gelatin 10.0%, ∇ gelatin 12.0%, ■NaCMC 0.10%, ● NaCMC
0.25%,▲NaCMC 0.50% and ▼NaCMC 1.0%).

polydisperse characteristics of the polymers in addition to the
occurrence of Ostwald Ripening, a common phenomenon
in nanoemulsions, meaning that smaller particles submit
themselves to the larger ones and start growing larger[32].
The magnitude of the ζ potential is indicative of the
stability of the colloidal system. According to Freitas[33],
a minimum ζ potential higher than |60 mV| is needed for
excellent stability, and one higher than |30 mV| is needed
for good physical stability. All the emulsions presented
ζ< |20 mV|, indicating weak electrostatic repulsion between
droplets. Thus, it may be assumed that any change in the
physicochemical properties of the medium can cause
instability in the system or that these emulsions would show
phase separation if evaluated for longer periods. In addition,
it can be considered that repulsive forces exceed attractive
forces (van der Waals interactions), inhibiting the droplet
approximation. The ζ potential value, however, is only one
of many indications of emulsion stability and in some cases,
this is not a relevant direct parameter to assess stability[34].
3.3.3 Viscosity
The measurement of emulsion viscosity showed that
this property is highly dependent on phase composition.
The mean apparent viscosity of emulsions with 6% gelatin
and 0.25% NaCMC, 8% gelatin and 0.25% NaCMC and
8% gelatin and 0.10% NaCMC, as well as their respective
standard deviation, are presented in Table 3.
Emulsions with 10% gelatin and 0.50% NaCMC and 12%
gelatin and 0.50% NaCMC presented different behaviors.
In addition to the high viscosity, above 10 times the value
of viscosity for the other compositions, it was observed
that while shear is applied, the viscosity tends to increase
and when shear is stopped, the emulsion reverts back to
the original structure, a typical behavior of rheopectic
fluids. By definition, rheopectic fluids show an increase
in structure strength during the application of stress and
consequent recovery of the structure and viscosity at the
end of the stress period[35]. One of the main reasons for this
behavior is that the shear increases both the frequency and the
efficiency of collision between the droplets, which induces
aggregation and, thus, increases the apparent viscosity[19].
Rheopexy in highly concentrated emulsions was discussed
by Masalova et al.[36], according to them, the restoration of
the initial viscosity can be explained by elastic deformations
of the droplets in the disperse phase.

3.4 Effect of adding whey protein isolate on emulsion
stability
As shown in Figure 5, the WPI particles influenced
the SI value and the rate of phase separation of emulsions
prepared at pH 5.5. The extent of the effect was dependent

Table 2. Mean diameter (dm), polydispersity index (PDI) and ζ potential of the disperse phase of emulsions with different compositions
at pH 7.5.
Composition
12% gelatin, 0.50% NaCMC
10% gelatin, 0.50% NaCMC
8% gelatin, 0.25% NaCMC
8% gelatin, 0.10% NaCMC
6% gelatin, 0.25% NaCMC
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dm (nm)

PDI

ζ (mV)

84.27 ± 5.52
110.90 ± 26.88
83.73 ± 9.71
144.00 ± 23.42
77.87 ± 22.91

0.95 ± 0.04
0.70 ± 0.12
1.00 ± 0.00
0.76 ± 0.33
0.84 ± 0.20

-17.00 ± 1.16
-18.00 ± 1.57
-15.94 ± 1.03
-10.96 ± 0.19
-16.44 ± 1.97
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Figure 5. SI of emulsions with a) 12% gelatin and 0.50% NaCMC; b) 10% gelatin and 0.50% NaCMC; c) 8% gelatin and 0.25% NaCMC;
d) 8% gelatin and 0.10% NaCMC; e) 6% gelatin and 0.25% NaCMC over time with different concentration of WPI (● 0%; ○ 5%; ■ 10%;
□ 15%) at pH 5.5.
Table 3. Mean apparent viscosity (ƞ) of the emulsions with different
phase composition measured at different rotation speed (v) at
45.0 ± 0.5 °C and pH 7.5.
Composition
8% gelatin, 0.25% NaCMC
8% gelatin, 0.10% NaCMC
6% gelatin, 0.25% NaCMC

v (rpm)
30
60
50

ƞ (mPa.s)
15.44 ± 2.60
8.00 ± 0.41
9.94 ± 0.50

on the phase composition and the amount of protein added.
The formation of a white and thick product in addition to
high foaming was observed. Few minutes after the emulsion
formation, it was possible to identify a thin clear upper layer,
indicative of the beginning of the phase separation process,
while emulsions without WPI remained homogeneous for
approximately 1 h. However, whereas emulsions without
6/8

WPI showed complete phase separation in no more than 6 h
after formation, those with WPI particles showed complete
phase separation only 24 h after formation, demonstrating
that the protein particles were able to slow the rate of phase
separation. Another relevant effect was the reduction of the
SI compared to the formations without WPI. The emulsion
with 8% gelatin and 0.1% NaCMC presented this effect
clearly: the SI, which was 62% before the addition of WPI,
decreased to 36% after the addition of 15% WPI.
It was also observed that the addition of WPI influenced
the kinetics of phase separation of the emulsions at almost
all compositions, with the only exception being those with
12% gelatin and 0.50% NaCMC. The addition of 15%
WPI caused a lower rate of phase separation and higher SI
reduction. The application of the ANOVA test ensured that
Polímeros, 29(4), e2019051, 2019
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the addition of WPI had a significant influence (p>0,05)
on the SI value at any phase composition regardless of the
amount of protein added.
The use of WPI microgel particles as stabilizing agents in
O/W emulsions is extensively well known[37-39] however, the
use of these particles in stabilizing W/W emulsions is very
recent and still question still remain about the best conditions
for using them. This is because the heat treatment induces
the aggregation of protein molecules in solution, and stable
suspensions of protein-based soft hydrogels are obtained.
These hydrogel particles could adsorb on the interface much
more strongly than could native untreated protein. As a
result, remarkable stable water-in-water emulsions could be
obtained because of the Pickering mechanism[6,12]. Recent
discoveries have revealed that the Pickering effect is efficient
only when the particles undergo an aggregation process at
the interface[10,12] and when the particle is preferably solvated
by the continuous phase[14]. According to Dickinson[14], one
significant disadvantage of WPI microgel as W/W emulsion
stabilizers is the tendency of the particles to flocculate in
the vicinity of the isoeletric point of the protein (pI~5) and
thus, it is expected that the particles might be more efficient
on stabilizing emulsions prepared at pH>5.5. Although the
addition of WPI particles retarded the phase separation, the
stability time of the emulsions prepared at pH 7.5 could not
be exceeded without the addition of particles.

3.

4.

5.

6.
7.

8.

9.

4. Conclusions
Under specific conditions of pH and phase composition,
it is possible to produce stable W/W emulsions for at least
3 days of storage without the addition of stabilizing agents.
Emulsions prepared at the pH furthest from the isoelectric
point of gelatin and with high protein concentration presented
the best stability. WPI particles added to emulsions at pH 5.5
showed the ability to reduce the phase separation speed
and 15% WPI showed this effect clearly. Emulsions at
pH 5.5 with WPI remained less stable than those prepared at
pH 7.5 and 12% gelatin without WPI. Reducing the rate of
phase separation opens new possibilities for research using
particles to stabilize emulsions with practical applications in
the formulation of functional food and in the encapsulation
of bioactive components.
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