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a b s t r a c t

The emulsifying behavior of four different commercial types of hydroxypropylmethylcellulose (HPMC)
was studied and correlated with the properties of the interfacial films.

Emulsions resulted multimodal when made by a high speed blender (Ultraturrax, UT), with droplets
higher than 10 mm. The average diameters D32 resulted higher for UT emulsions stabilized by the higher
molecular weight HPMC (E4M and E50LV). However, E4M emulsions presented the highest variation in
D32 with pH.

Emulsions made by high intensity ultrasound, presented a monomodal populationwith the majority of
the droplets around 0.3 mm. In all cases, the droplets sizes were smaller than 0.5 mm. As for UT emulsions,
higher average diameters (D32 and D43) were obtained for all HPMCs at pH3.

Emulsions at pH3 destabilized quicker than emulsions at pH6, mainly when made by Ultraturrax.
At pH3 hydrophobic interactions are impeded thus elastic films are not formed upon emulsification,
resulting in droplets with higher initial diameters than at pH6.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Emulsions are thermodynamically unstable systems and tend to
separate in order to minimize the interfacial area between the
aqueous and the oil phase, yet they are among the most important
colloids in numerous applications in the food and pharmaceutical
industry. Long term physical stability is crucial, and kinetic stability
is clearly an important goal in the development of a new emulsion
formulation. Common requirements of a stable emulsion over the
time scale of desired shell-life are no discernible changes in size
distribution of the droplets or their state of aggregation, or in the
spatial arrangement within the vessel (Dickinson, 2003). This can
only be achieved by adequate control of the instability processes
which often is challenging since emulsion instability is a complex
process and may involve a combination of different mechanisms
such as creaming or sedimentation, flocculation and coalescence
(Friberg & Larsson, 1997; Sjöblom, 1996).

Typically, the droplet size of conventional emulsions is larger
than 1 mm, making these droplets susceptible to gravity forces.
Depending on the preparation method, different droplet size
distributions might be achieved, explaining why the route of
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preparation can have an influence on the emulsion stability
(Fernandez, André, Rieger, & Kühnle, 2004). The formation of an
emulsion may involve a single step or a number of consecutive
steps, depending on the nature of the starting material and the
method used to create it (McClements, 1999).

Nano-emulsions are a class of emulsions with a droplet size
between 20 and 500 nm (Fernandez et al., 2004; Porras et al., 2004;
Weiss, Takhistov, & McClements, 2006). Due to their characteristic
size, nano-emulsions possess high stability against sedimentation
or creaming (Solans, Izquierdo, Nolla, Azemar, & Garcia-Celma,
2005).

The preparation of emulsions with droplet sizes in the sub-
micrometer range involves high e energy input that is generally
achieved by higheshear stirring, high-pressure homogenizers or by
ultrasound generators (Weiss et al., 2006).

Schulz and Danields (2000) have reported the obtention of
submicron-emulsions with shorter chained HPMC using a high-
pressure homogenizer. Gu, Decker, and McClements (2005) also
obtainedmultilayer nano-emulsions stabilizedwithb-lactoglobulin,
i-carrageenan and gelatin using also a high-pressure homogenizer.
Alvarez Cerimedo, Huck Iriart, Candal, and Herrera (2010) reported
submicron-emulsions stabilized by sodium-caseinate and trehalose
homogenizing with an high intensity ultrasound equipment.

Another important factors influencing the functionality of an
emulsion are the interfacial properties of the emulsifier used. An
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Table 1
Properties of E4M, E50LV, E15LV and E5LV.

HPMC E4M E50LV E15LV E5LV

% methyl 28.0 29.1 29.2 29.5
% hydroxypropyl 10.2 9.2 9.3 9.7
Methyl/hydroxypropyl ratio 2.3 3.2 3.1 3.0
Methyl substitution (DS) 1.90 1.90 1.90 1.90
Hydroxypropyl substitution (MS) 0.23 0.23 0.23 0.23
Total substitution (DS þ MS) 2.13 2.13 2.13 2.13
Viscosity (cp), 2% wt solution, 20 �C 4965 41 15 5.4
Molecular weight (Da) 90000 18000 6000 2000

N.A. Camino, A.M.R. Pilosof / Food Hydrocolloids 25 (2011) 1051e10621052
effective emulsifier should rapidly adsorb to the freshly formed
droplet surface, reduce the interfacial tension by an appreciable
amount to facilitate droplet disruption and provide a protective
coating that prevents the droplets from aggregating with their
neighbors (McClements, 2004).

There are two classes of molecules that have a strong tendency
to adsorb at fluid interfaces: proteins and small molecule surfac-
tants (Courthaudon & Dickinson, 1991). Most high molecular
weight polysaccharides, being hydrophilic, do not have much
tendency to adsorb at the air water interface. However, some gums
have been found to stabilize emulsions and exhibit interfacial
activity (Baeza, Carrera Sanchez, Pilosof, & Rodríguez Patino, 2004;
Huang, Kakuda, & Cui, 2001; Perez, Carrera Sanchez, Rodriguez
Patino, & Pilosof, 2006). The hydroxypropylmethylcelluloses are
included in this group.

The resulting ability of HPMCs to reduce the interfacial tension
as well as increase the viscosity of the water phase make them
suitable as emulsifying agents. Some studies have been reported on
the use of HPMC in oil-in-water emulsions (Daniels & Barta, 1993,
1994; Kiekens, Vermeire, Samyn, Demeester, & Remon, 1997;
Schulz & Danields, 2000; Wollenweber, Makievski, Miller, &
Daniels, 2000). Additionally, the usefulness of HPMC for the food
or pharmaceutical industry is based upon its capacity to form
reversible thermal gels that melt upon cooling (Perez, Wargon, &
Pilosof, 2006; Yuguchi, Urakawa, Kitamura, Ohno, & Kajiwara,1995).

This work is part of a more comprehensive study, which leads to
a consistent understanding of the main properties of HPMC at
interfaces, foams and emulsions. In previous works we determined
the dynamic and equilibrium characteristics of the HPMCs at the
sunflower oilewater interface (Camino, Carrera Sanchez, Rodriguez
Patino, & Pilosof, 2011; Camino, Perez, Carrera Sanchez, Rodriguez
Patino, & Pilosof, 2009). We found that the dynamic light scat-
tering analysis of particle size distribution in HPMCwater solutions
indicated cluster formation at pH6 for most types. The dynamics of
adsorption showed that the surface pressure (p) values and the rate
of adsorption/penetration were lower at pH3. The surface dilata-
tional modulus of films at pH6 showed a continuous increase
indicating a slow formation of a viscoelastic interfacial film.
Nevertheless, at pH3 in most cases a viscoelastic film was not
formed.

Among all the HPMC studied, E5LV showed over all the best
performance at this oilewater interface due to its low molecular
weight and high decrease of interfacial tension. Its high hydro-
phobicity allows a strong tendency to interact at the interface and
form elastic films.

Thus, the aim of the present work was study the performance
of the same four different types of HPMC in emulsions at pH3
and pH6 and the impact of interfacial properties on emulsions
characteristics.

2. Materials and methods

2.1. Materials

Methocell E5LV, E15LV, E50LV and E4M (food grade) from
the Dow Chemical Company were kindly supplied by Colorcon
Argentina and used without purification. Table 1 shows some
characteristic properties, such as methyl and hydroxypropyl
content,methyl/hydroxypropyl ratio,molar substitution, the degree
of substitution, the viscosity (20 �C) of 2%wt solutions, and molec-
ular weight. The moisture content of HPMC powders was 1.6%.

HPMC solutions at 2%wt, were prepared at 90 �C by dispersing
the powder in buffer Sörensen solutions, phosphate for pH6 or
citrate/chlorine for pH3, and cooled down to room temperature.
MillieQ ultrapure water was used for buffer preparation. The pH
and ionic strength (I ¼ 5 mM) were kept constant. The solutions
were stored at 4 �C for 24 h to achieve the maximum poly-
saccharide hydration.

Commercial sunflower oil was used as the oil phase in this
research without further purification in order to study the perfor-
mance of HPMCs in a real interface (i.e. commercial oil widely used
in the food industry).

2.2. Methods

2.2.1. Emulsion preparation
2.2.1.1. Ultraturrax (UT). The oil and HPMC solutions were emul-
sified in a 10:90 ratio respectively, for 3.5 min at room temperature,
using a high speed blender, Ultraturrax T8 (IKA eWERKE, GMBH &
Co. KG, Staufen, Germany) at 25000 RPM, with a dispersion unit S8
N-5G.

2.2.1.2. High-intensity ultrasound (HIUS). The oil and HPMC solu-
tions were emulsified in a 10:90 ratio, for 20 min, using an ultra-
sonic processor Vibra Cell Sonics, model VCX 750 (Sonics &
Materials Inc., Newtown, CT, United State) at a frequency of 20 kHz
and an amplitude of 20%. A 13 mm (1/2 inch) high grade titanium
alloy probe threaded to a 3 mm tapered microtip was used to
sonicate 5 ml of sample in a 15 ml glass tube reactor that was
glycerinee jacketed at 0 �Cwith a circulating constant temperature
cooling bath (Polystat, ColeeParmer). At this temperature, the heat
produced during sonication was dissipated, keeping the sample
temperature below 25 �C.

In some experiments, premixing of oil and HPMC solutions was
done with the UT at 25000 RPM for 1 min at room temperature and
further homogenized for 20 min with HIUS.

2.2.2. Droplet size distribution
The droplet size of emulsions was measured by light scattering

using a Mastersizer 2000 with a Hydro 2000MU as dispersion
unit (Malvern Instruments, Worcestershire, United Kingdom). The
pump speed was setted at 1800 RPM. The refractive index (RI) of
the disperse phase (1.47) and its absorption parameter (0.001) was
used. The RI of the interfacial HPMC layer was not taken into
account because when considered, the change produced was less
than 1%, taking into account that the thickness of an adsorbed layer
is about 2e10 nm (McClements, 1999). Droplet size is reported
as the volume-surface mean diameter or Sauter diameter
(D32 ¼ Sni di

3/Sni di2) and the equivalent volume-mean diameter or
De Broucker diameter (D43 ¼ Sni di

4/Sni di3), where ni is the number
of droplets of diameter di (Galazka, Dickinson, & Ledward, 1996; Gu
et al., 2005; Guzey, Kim, & McClements, 2004; Huang et al., 2001;
Leroux, Langendorff, Schick, Vaishnav, & Mazoyer, 2003).

D32 provides a measure of the mean diameter where most of the
particles fall (Gu et al., 2005). D43 is related with changes in particle
size involving destabilization processes so is more sensitive to fat
droplet aggregation (Alvarez Cerimedo et al., 2010; Relkin &
Sourdet, 2005).
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The specific surface area (SSA) and the polidispersity obtained
by the software are also reported.

The polidispersity is calculated as: (D0.9� D0.1)/D0.5 where 10, 50
and 90% represent the oil volume in the emulsion contained in
droplets with diameters below or equal to D0.1, D0.5 and D0.9
respectively. The SSA is calculated using the diameter D32 (Carrera
Sanchez & Rodriguez Patino, 2005; Cornec et al., 1998).

The droplet sizes are reported as the average and standard
deviation of ten readings made on a sample.

2.2.3. Zeta potential measurements
Zeta potential measurements (x) were carried out in a Dynamic

Laser Light Scattering instrument (Zetasizer Nano-Zs, Malvern
Instruments, Worcestershire, United Kingdom) provided with
a HeeNe laser (633 nm) and a digital correlator, Model ZEN3600.
Measurements were carried out at a fixed scattering angle of 17�.
Emulsions at 2% wt were previously diluted 1:100 to a droplet
concentration of 0.02% wt with the corresponding buffer solution
and then contained in a measurements chamber of a particle
electrophoresis instrument. The zeta potential was determined by
measuring the direction and velocity of the droplets moving in the
applied electric field at 25 �C. The zeta potential measurements are
reported as the average and standard deviation of measurements
made on two samples, with ten readings made per sample.

The Zetasizer Nano series calculates the zeta potential by
determining the Electrophoretic Mobility and then applying the
Henry equation. The electrophoretic mobility is obtained by per-
forming an electrophoresis experiment on the sample and
measuring the velocity of the particles using Laser Doppler Veloc-
imetry (LDV).

Henry equation:

UE ¼ 23zf ðkaÞ
3m

(1)

where, z is the Zeta potential, UE is the Electrophoretic mobility, 3 is
the Dielectric constant, m is the Viscosity, and f(Ka) is the Henry’s
function. Two values are generally used as approximations for the f
(Ka) determination either 1.5 or 1.0. In aqueous media and low
electrolyte concentration, as in this work, the 1.0 value is used
(Huckel approximation).

2.2.4. Emulsion viscosity
The emulsion viscosity was determined in a Brookfield DV-LVT

viscometer (Brookfield Engineering Laboratories, Inc., Middleboro,
United States) with a cone-plate arrangement at 25 �C without
previous dilution. The cones CP41 and CP52 of diameter 4.8 mm
and 2.4 mm respectively were used. The deformation velocities
were setted in the range of 0.5 and 120 s�1.

The shear stress vs. deformation velocities curves were
obtained. The results were adjusted using the power law:

s ¼ K$yn (2)

where s is the shear stress, y is the deformation velocity, K is the
consistent index, n is the flux index.

The viscosity measurements are reported as the average and
standard deviation of at least three samples.

2.2.5. Emulsion stability
The global stability of emulsions was determined through the

use of a vertical scan analyzer Turbiscan MA 2000 (Formulaction,
Toulouse, France). This equipment allows the optical characteriza-
tion of any type of dispersion (Alvarez Cerimedo et al., 2010;
Mengual, Meunier, Cayré, Puech, & Snabre, 1999). The reading
head is composed of a pulsed near-IR light source (l¼ 850 nm) and
two synchronous detectors. The transmission detector receives the
light, which goes through the sample (0�), while the backscattering
detector receives the light back scattered by the sample (135�)
(Alvarez Cerimedo et al., 2010).

The samples were put in a flat-bottomed cylindrical glass
measurement cell and scanned from the bottom to the top in order
to monitor the optical properties of the dispersion along the height
of the sample placed in the cell. The backscattering (BS) and
transmission (T) profiles as a function of the sample height (total
height ¼ 60 mm) were studied in quiescent conditions at 25 �C. In
this way, the physical evolution of this process is followed without
disturbing the original system and with good accuracy and repro-
ducibility (Alvarez Cerimedo et al., 2010; Mengual et al., 1999).
Thus, by repeating the scan of a sample at different time intervals,
the stability or the instability of dispersions can be studied in detail.
The profiles allow calculation of either creaming, sedimentation or
phase separation rates, as well as flocculation and the mechanism
making the dispersion unstable can be deduced from the trans-
mission or the backscattering data (Alvarez Cerimedo et al., 2010).
The emulsions recently prepared were loaded into the measure-
ment cell and the backscattering percentage profiles (%BS) all along
the tube were immediately monitored every 5 min for emulsions
prepared with UT and every 15 min for emulsions prepared with
USAI during the first 2 h. The cells were stored at room temperature
for 20 days and another individual value for %BS was taken every
24 h.

The curves obtained by subtracting the BS profiles at t ¼ 0 from
the profile at t ¼ t (DBS ¼ BS � BS0), display a typical shape that
allows a better quantification of creaming, flocculation and other
destabilization processes.

Creaming was detected using the Turbiscan as it induced
a variation of the droplets concentration between the top and the
bottom of the cell. The droplets moved upward because they had
a lower density than the surrounding liquid. When creaming takes
place in an emulsion, the DBS curves show a peak at heights
between 0 and 20 mm. The variation of the peak wide, at a fixed
height, during the studied time, can be related to the kinetics of
migration of small particles (Alvarez Cerimedo et al., 2010; Mengual
et al., 1999). The creaming destabilization kinetics was evaluated by
measuring the peak width at 50% of the height at different times
(bottom zone). The slope of the linear part of a plot of peak width
vs. time gives an indicator of the migration rate (Alvarez Cerimedo
et al., 2010).

BS mean values (BSav) change with the increasing particle size.
Flocculation was followed by measuring the BSav as a function of
storage time in themiddle zone of the tube. The optimum zonewas
the one not affected by creaming (bottom and top of tube) that is,
the 20e50 mm zone.

The results are reported as the average and standard deviation
of at least two samples.

2.2.6. Microstructure
The Olympus FV300 (Olympus Ltd., London, UK) confocal laser

scanning microscope (CLSM) with a Ar gas laser (l ¼ 488 nm) was
used to collect the images. A 2.5� ocular was used, together with
a 60� objective for a visual magnification of 150�. The laser
intensity used was 20%. Images were recorded by using confocal
assistant Olympus Floview version 3.3 software provided with the
FV300 CLSM.

2.2.7. Statistical analysis
The datawas statistically analyzedwith the program Statgraphic

5.1 plus. All the measurements were conducted and reported as
means � 95% confidence limits. Statistical analysis was performed
using t-test and one-way analysis of variance (ANOVA) to identify
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which groups were significantly different from other groups
(P < 0.05).
3. Results and discussion

3.1. HPMC emulsion droplet size distribution

3.1.1. Droplet size distribution of emulsions homogenized with
Ultraturrax (UT)

Fig. 1 shows the droplet size distribution for 10/90 O/W emul-
sions respectively, prepared with UT at pH3 and 6 (Fig. 1A and B
respectively). At both pHs, the droplet size distributions were tri-
modal for all the HPMCs, with a predominance of population II
(peak maximum at 10 mm). Mitidieri and Wagner (2002) and
Palazolo (2006) also obtained trimodal distributions when
studying soy protein stabilized emulsions prepared with UT.

Population I has the maximum peak at 0.2 mm for all the HPMCs
emulsions at pH6 (Fig. 1B) and for E5LV and E15LV at pH3 (Fig. 1A).
This peak shifted to 0.3 mm for E50LV emulsions and to 1 mm for
E4M emulsions at pH3.

Population III presents a maximum at 100 mm for both pHs.
E5LV, E15LV and E50LV emulsions at pH3 presented a small
proportion of these droplets size but was predominant for E4M
emulsions. Only E5LV emulsions did not present droplets at this
size range at pH6 (Fig. 1B).
0.01 0.1 1 10 100 1000 10000
0

2

4

6

8

10

)
%(

e
mulo

V

droplet size (μm)

A III

II

I

0.01 0.1 1 10 100 1000 10000
0

2

4

6

8

10

)
%(

e
mulo

V

droplet size (μm)

I

II

III

B

Fig. 1. Volume droplet size distribution (%) of 2% wt O/W HPMC emulsions homoge-
nized with Ultraturrax at pH3 (A) and pH6 (B). E5LV (-,,), E15LV (:,6), E50LV
(;,7) and E4M (A,>). I: droplets in population I, II: droplets in population II and III:
droplets in population III.
The number droplet size distributions (not shown) were similar
for all the HPMCs emulsions and presented a high proportion of
droplets in the range of population I and less in the range of pop-
ulation II. This means that population I contributed largely to the
area created during the homogenization process but did not
contribute to the total volume of the dispersed phase (Palazolo,
2006). Population II and III concentrated almost all the volume of
the dispersed phase of the emulsions. Ventureira, Martinez, and
Añon (2010) studying amaranth proteins emulsions, also found
that the population lower than 2 mm did not contribute to the total
volume of the dispersed phase but its importance increased if the
area created during the homogenization process is considered.

The behavior of these colloidal systems, when referring to
creaming and coalescence, is governed by the presence of higher
droplet sizes, even when they represent a small proportion of the
total number of droplets in the emulsion (McClements, 1999).
When higher are the droplet sizes in an emulsion, it would present
a higher tendency to coalescence induced by collision. The impact
forces and their magnitude during a collision are higher when
higher is the droplet size (McClements, 1999).

Table 2 shows the average diameters, the polidispersity and the
specific surface area for the HPMCs emulsions recently prepared
with UT.

During the homogenization process with a high velocity agitator
(UT), the aqueous and oily phases are submitted to an intense
mechanical agitation in laminar and turbulent regime. In conse-
quence, the resulting interfacial area is a balance between the
rupture (interfacial area creation) and coalescence (interfacial area
reduction) processes (McClements, 1999; Palazolo, 2006; Walstra,
1993).

In this work, the homogenization conditions were equal for all
the emulsions, so the SSA variation is mainly attributed to the
HPMCs used, which favored or inhibited the processes before
mentioned. When lowest the D32, higher the SSA.

The average diameter D32 decreased with the molecular weight
of HPMCs (Tables 1 and 2). Nevertheless at pH3 E4M exhibited
a much higher D32 value than the other HPMCs.

Hayakawa, Kawaguchi, and Kato (1997) also found that the size
of the oil droplet of HPMC-silicone oil emulsions increased with the
molecular weight of HPMC at a fixed concentration of the
polysaccharide.

The polidispersity and the D43 diameters, related with the
destabilization processes, were higher for all the emulsions at pH3.

In a recent work (Camino et al., 2011) we reported that the
interfacial films of HPMCs at pH3 presented a low viscoelasticity
and poor solid character. The interfacial film around the oil droplets
should be strong enough to avoid the fusion of them during the
homogenization process (McClements, 1999; Palazolo, 2006). In
consequence, pH3 emulsions would present a higher tendency to
coalescence during their formation.

Sun, Sun, Wei, Liu, and Zhang (2007) also demonstrated that the
hydrophobically modified hydroxyethylcellulose (HMHEC) could
form a solid film at the oilewater interface and prevent the coa-
lescence of the emulsion droplets.
Table 2
Average diameters de Sauter (D32), De Brouker (D43), polidispersity and specific
surface area (SSA) from 2% wt HPMCs emulsions prepared with UT. Maximum
standard deviation: 5%.

HPMC E4M E50LV E15LV E5LV

pH3 pH6 pH3 pH6 pH3 pH6 pH3 pH6

D32 (mm) 21.30 2.92 2.91 2.48 1.51 1.99 1.44 1.81
D43(mm) 52.21 25.41 20.31 20.91 17.24 12.77 18.74 10.77
polidispersity 4.95 3.89 4.53 3.76 3.43 2.54 4.16 2.16
SSA 0.28 2.98 2.07 2.42 3.00 3.98 3.14 3.32
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Dickinson (2001) studied the influence of the interfacial prop-
erties in whey protein stabilized emulsions and found that surface
interfacial rheology had a great influence in the emulsion stability.
Carrera Sanchez and Rodriguez Patino (2005) also observed
a correlation between the stability of sodium-caseinate emulsions
and the equilibrium surface pressure, the dilatational modulus and
the surface viscosity.

The polidispersity followed the same order as the HPMCs
molecular weight (Table 2, E4M > E50LV > E15LV > E5LV). This
order was also evident in the droplet size distributions (Fig. 1),
mainly in population II.

The lower molecular weight HPMCs (E15LV and E5LV) resulted
more efficient as their emulsions showed the lower droplets sizes
(D32 and D43) at both pHs. As discussed previously (Camino et al.,
2011) these HPMCs could produce a faster increase in the interfa-
cial pressure and could generate elastic interfacial films.

The viscosity of the continuous phase has also influence in
the formed droplet size. Huang et al. (2001) sustained that the
viscosities of gums dispersions may have contributed to the
observed differences in emulsion stability. The viscosity is a quali-
tative measurement of the molecular interactions, the higher the
viscosity the higher the attractive forces between the poly-
saccharide molecules and the higher the energy delivered to the
system to obtain smaller droplet sizes (Behrend, Ax, & Schubert,
2000). The emulsion viscosity is influenced by various factors,
mainly by the continuous phase viscosity, interfacial film viscosity
and droplet size. For all the HPMCs emulsions analyzed (Table 3),
the consistent index followed the same order of molecular weight/
viscosity (Table 1), being E4M emulsions the most viscous.

3.1.2. Droplet size distribution of emulsions homogenized with high
intensity ultrasound (HIUS)

There are in the literature several works where a pre-emulsion
is prepared previously to the ultrasound or high-pressures treat-
ments (Alvarez Cerimedo et al., 2010; Carrera Sanchez & Rodriguez
Patino, 2005; Gu et al., 2005; Schulz & Danields, 2000) to obtain
smaller droplet size.

In consequence, it was determined if premixing the HPMCs
solutions and oil with UT for 1 min and then treated with HIUS for
20 minwould deliver to smaller sizes (Fig. 2). It can be observed, as
example for E5LV 2%, that the HIUS emulsionwas monomodal with
the peak maximum at 1 mm. The pre-mixed emulsion before the
HIUS treatment resulted multimodal with well defined four pop-
ulations. There are two populations with droplet size higher than
10 mm, one with a peak maximum at 30 mm and the other one at
200 mm. The major population presented a peak maximum at 2 mm.
Behrend et al. (2000) suggested that a wide range of ultrasound
frequencies is necessary to obtain a predominant droplet size in an
emulsion and thus a monomodal and narrow distribution.
McClements (1999) pointed out that ultrasound homogenizers are
capable of producing emulsions with small droplet sizes directly
Table 3
Flow parameters of HPMC 2%wt emulsions prepared with UT, obtained by Ostwald
model.

HPMC pH3 pH6

K n K n

E5LV 0.050 � 0.006 1.036 � 0.025 0.340 � 0.087 0.927 � 0.055
E15LV 0.272 � 0.067 1.015 � 0.077 0.377 � 0.005 0.917 � 0.006
E50LV 0.273 � 0.063 1.015 � 0.073 5.399 � 0.304 0.935 � 0.012
E4M 43.030 � 1.056 1.034 � 0.026 67.370 � 1.833 1.024 � 0.047

K: consistence flow index (N m�2s�n).
n: flow index.
R2 > 0.97.
from separate oil and water phase. Therefore, in the present work
the HPMCs solutions and oil phasewere directly homogenizedwith
HIUS.

Fig. 3 shows the droplet size distribution for 10/90 O/W emul-
sions, prepared with HIUS. The populations were almost bimodal at
both pHs. E5LV, E15LV and E50LV emulsions resulted polidispersed
with a broad population between 0.15 mm and 3 mm and the peak
maximum at 1 mm E4M emulsions presented droplets between
0.15 mm and 6 mm with the peak maximum of the principal pop-
ulation at 2 mm.

The number droplet size distributions (not shown) were similar
for all the HPMCs emulsions and presented a monomodal pop-
ulationwith themajority of the droplets around 0.3 mm. In all cases,
the droplets size was smaller than 0.5 mm. This means that the
droplets with sizes higher than 0.5 mm contribute largely to the
total volume of the dispersed phase but not to the area created
during the homogenization process with HIUS.

It is important to point out that all the droplet sizes for HIUS
emulsions were below 2 mm. This implicates a higher stability since
higher droplet sizes accelerate the destabilization processes as
creaming and flocculation (McClements,1999). The HIUS emulsions
should have higher stability than UT emulsions since the last ones
present droplet sizes higher than 10 mm and trimodal distributions
in almost all cases (Fig. 1).

Table 4 shows the average diameters, the polidispersity and the
specific surface area for emulsions recently prepared with HIUS.
When comparing the UT emulsions (Table 2 and Fig. 1) and the
HIUS emulsions (Table 4 and Fig. 3), it can be observed a high
influence of the homogenizer used. The emulsions prepared with
HIUS presented lower average diameters and polidispersity for all
the HPMCs studied. The specific surface area (SSA) created was
remarkable higher for HIUS emulsions which is associated with
lower droplet size (Carrera Sanchez & Rodriguez Patino, 2005).

As for UT emulsions, higher average diameters (D32 and D43) are
obtained for all HPMCs at pH3 for HIUS emulsions (Table 4). The
polidispersity also followed the same order of decreasing HPMC
molecular weight (E4M > E50LV > E15LV > E5LV). The E4M
resulted more polidispersed at both pHs, which is reflected in the
distribution curve (Fig. 4). The SSA was higher for all HIUS emul-
sions at pH6 and the lower molecular weight HPMCs also resulted
more efficient to obtain lower droplet sizes (D32 and D43) at both
pHs. Schulz and Danields (2000) when studying HPMC O/W
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emulsions homogenized with a high-pressure homogenizer,
obtained smaller droplet sizes with the shorter chained and lower
molecular weight HPMC.

Jafari, He, and Bhandari (2007)when studying O/Wemulsions of
D-limonene with maltodextrin and modified starch with mechan-
ical agitation and ultrasound, found that D32 and D43 resulted three
times higher for emulsions prepared by mechanical agitation. The
droplet size distribution (volume %) was bimodal for this
homogenizer.

Abismail, Canselier, Wilhelm, Delmas, and Gourdon (1999)
studied comparatively emulsions of Tween 60 and sunflower oil
prepared withmechanical agitation (UT) and ultrasound. For all the
treatments times analyzed, they found that the D32 was higher for
Table 4
Average diameters de Sauter (D32), De Brouker (D43), polidispersity and specific
surface area (SSA) from 2% wt HPMCs emulsions prepared with HIUS.

HPMC E4M E50LV E15LV E5LV

pH3 pH6 pH3 pH6 pH3 pH6 pH3 pH6

D32 (mm) 0.81 0.71 0.62 0.55 0.62 0.59 0.61 0.54
D43(mm) 1.53 1.37 0.92 0.84 0.94 0.87 0.96 0.81
polidispersity 2.05 2.09 1.71 1.85 1.69 1.81 1.59 1.59
SSA 7.37 8.47 9.68 11.00 1.59 10.20 9.77 11.20

Maximum standard deviation: 5%.
emulsions prepared with UT. The HIUS emulsions were less poli-
dispersed and more stable during storage.

The differences are ascribed to the energy delivered to the
system. When a mechanical agitator is used, the force involved is
shear stress in laminar flowwhich does not produce a good rupture
of the droplets. That is the reason for the presence of populations of
higher sizes (droplets higher than 10 mm, Fig. 1). The cavitation is
the cause for the droplets rupture during emulsification by high
intensity ultrasound. There are also other phenomena like heat,
dynamic agitation, shear rate and turbulence which cause physical
and chemical changes in the system trough the generation and
collapse of the cavities. The fast collapse of these cavities produce
shear forces strong enough to rupture covalent bonds in polymeric
materials (Guzey, 2002). Therefore, when emulsifying with HIUS,
submicronic droplets are obtained (Jafari, He, & Bhesh, 2006).

The reduction of the droplet size is noticeable when emulsifying
with HIUS (Tables 2 and 4). When comparing the HIUS emulsions,
differences between them are found. Table 4 shows higher D32 and
D43 for E4M emulsions at both pHs. Their volume distribution
curves presented a bimodal distribution at higher sizes than that of
the other three HPMCs at both pHs (Fig. 3). Loning, Horst, and
Hoffmann (2002) sustained that the higher the viscosity of the
continuous phase, the more difficult results the cavitation
phenomenon induction. This could be the reason for the higher
average diameters (Table 4) and a bimodal distribution (Fig. 3) for
E4M emulsions.

As for UT emulsions, the flow parameters were obtained for
USAI emulsions (Table 5). A higher value of consistent flow index
Table 5
Flow parameters of HPMC 2%wt emulsions prepared with HIUS, obtained by Ost-
wald model.

HPMC pH3 pH6

K n K n

E5LV 0.058 � 0.005 0.916 � 0.020 0.056 � 0.004 0.968 � 0.015
E15LV 0.129 � 0.003 0.973 � 0.005 0.121 � 0.001 0.979 � 0.003
E50LV 0.070 � 1.165 0.820 � 0.035 0.086 � 0.018 1.170 � 0.043
E4M 3.843 � 1.694 0.749 � 0.091 1.099 � 0.028 0.978 � 0.005

K: consistence flow index (N m�2s�n).
n: flow index.
R2 > 0,97.



Table 6
Zeta potential for 2%wt HPMC emulsions prepared with UT and HIUS.

HPMC E4M E50LV E15LV E5LV

pH UTa USAIa UTa USAIa UTa USAIa UTa USAIa

3 �1.040 �1.320 �0.683 �1.910 �1.080 �2.340 �1.510 �2.590
6 þ0.239 þ0.687 þ0.125 þ0.118 þ0.253 þ0.413 þ0.291 þ0.928

Maximum standard deviation: 1%.
a Average of at least n ¼ 5.
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(K) was exhibited by E4M emulsions at both pHs. The effect of the
ultrasound is higher for emulsions stabilized with the higher
molecular weight HPMCs. As we have discussed previously
(Camino, Perez, & Pilosof, 2009) the ultrasound waves promotes
a partial dehydration and/or modification in the E4M structure,
provoking a global decrease in the emulsion viscosity.

Table 6 shows the superficial charge of HPMC droplets at pH3
and pH6 obtained by UT and HIUS. The same tendency observed for
HPMC solutions (Camino et al., 2011) was observed for the emul-
sions, a negative charge at pH3 and a positive one at pH6. The
absolute zeta potential value resulted significantly higher for
HIUS emulsions, which is related with their lower droplet size
(McClements, 1999).
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3.2. HPMC emulsion stability during stationary storage at ambient
temperature

3.2.1. Emulsion characterization immediately after homogenization
The term stability for an emulsion refers to the ability to resist

changes in its properties through time. When higher the emulsion
stability, lower the changes in its properties (McClements, 1999).
The time during which the emulsion should be stable depends
mainly from the nature of the food product (Dickinson,1992). Some
emulsions are generated during a stage of the manufacturing
process, so they need to be stable only a few seconds, minutes or
hours. Others emulsions must be stable during days, months or
years before the consumption.

The emulsions with low volumetric relation between dispersed
and continuous phases, like these HPMC emulsions, tend to
destabilize by creaming. The flocculation presents a high influence
in the creaming process and could favor the gravitational separa-
tion, depending on the droplets size and flocks structure
(McClements, 1999; Palazolo, 2006).

After a period of stationary storage, a cream phase is observed in
the top of the emulsion (concentration of droplets at the top). The
low phase or serum is depleted in droplets.

In absence of external forces, the coalescence is a slow desta-
bilization process, in comparison with creaming and flocculation.
Therefore, with the exception of not effective homogenization
process or emulsification agent, the coalescence takes place when
the cream phase has been previously formed and the creaming
and flocculation processes are in an advanced stage (Palazolo,
2006).

In a more concentrated dispersed phase, the droplets lose
their mobility and could stay in an intimate contact during
a long period which induces the coalescence (Palazolo, 2006).
The nature of the colloidal interactions between the droplets and
the interfacial film resistance would determine the destabiliza-
tion degree (McClements, 1999). In consequence, the emulsion
stability to coalescence was evaluated through the characteris-
tics of the cream phase after the stationary storage (Palazolo,
2006).

The HPMCs emulsion stability was analyzed through the global
backscattering profiles (BS%) as a function of tube length. These
profiles constitute the macroscopic fingerprint of the emulsion
sample at a given time (Alvarez Cerimedo et al., 2010; Mengual
et al., 1999).

Although themain objective of this study is the evaluation of the
global emulsion stability, the initial backscattering profiles give
information of the microstructure of the recently prepared emul-
sions (BSo%) (Palazolo, 2006). Márquez, Palazolo, and Wagner
(2005) have found a relation between BSo% and the D32 in soy
stabilized emulsions.

Figs. 4 and 5 shows the initial backscattering profiles (BSo%) for
HPMCs emulsions prepared with UT and HIUS, respectively. The
BSo% depends not only on the droplet diameter but also on the
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volumetric fraction of the dispersed phase (4) (Mengual et al., 1999;
Palazolo, 2006). The BSo% profiles correspond to recently prepared
emulsions, where the droplets are uniformly distributed in all the
tube length, with a constant 4 value. Then, the BSo% profiles
depend only on the droplets diameter.

Fig. 4 shows the initial backscattering profiles for UT emulsions
of two extreme viscosity HPMCs (Table 1, E4M and E5LV) at both
pHs.

At constant volumetric fraction, the lower droplet size dispersed
a higher quantity of light, which means higher percentage of BSo.
This behavior could be appreciated in Fig. 4 where the E4M droplet
size at pH3, dispersed a lower quantity of light and gave lower BSo%
values. Then, the average diameters obtained for this emulsion
resulted an order higher than for E5LV emulsions (Table 2).

There was a great increase in the BS at the top of the tube for
pH3 emulsions, which suggested that immediately after homoge-
nization, a migration occurred. For E4M emulsions the curve shape
at the top of the tube indicated migration of individual droplets
while for E5LV emulsions there was migration of aggregates/floc-
culates (Alvarez Cerimedo et al., 2010).

Higher BSo% were obtained for HIUS emulsions (Fig. 5) in
comparison with UT emulsions (Fig. 4), indicating a lower droplet
size (Table 4). There are higher differences between the HPMCs
emulsions at pH3 while at pH6 these differences are almost absent
(Fig. 5A and B).

Figs. 6 and 7 show the confocal images for HIUS recently
prepared emulsions at pH3 and 6 respectively.

In optical microscopy, the easily observed droplets are those of
higher size which dominate the creaming process. However, they
Fig. 6. Confocal images (60�, zoom 2.5�) of HPMC emulsions recently prepared with high in
are not the majority in number, then the optical images offer
a partial information of the emulsion microstructure. It can be
easily observed if the droplets are flocculated or not and the flocks
characteristics (Palazolo, 2006).

Neither pH3 emulsions (Fig. 6) nor pH6 emulsions (Fig. 7)
showed a higher tendency to flocculation. In all cases all the
droplets are uniformly distributed, with low polidispersity in
comparison with UT emulsions (Tables 2 and 4).

3.2.2. Creaming-flocculation stability
All the emulsions remained fully turbid along the tube during

the 20 days of storage. Therefore, the transmission profiles were
excluded from the analysis and only backscattering profiles were
analyzed to evaluate the emulsions creaming kinetics.

Figs. 8 and 9 show the backscattering profiles, BS (%), for E4M
and E5LV emulsions as examples, prepared with UT and USAI
respectively.

A great variation with time could be observed in the BS (%)
profiles for UT emulsions (Fig. 8), especially for E5LV emulsions,
the HPMC with the lowest molecular weight and viscosity
(Table 1). Even though E4M emulsions presented the higher
droplet size (Table 2), the creaming and flocculation processes
were minimized due to its higher viscosity as droplet velocity is
lower.

The profiles of emulsions at pH3 greatly changed with storage
time (Fig. 8A and B) in comparison to pH6 emulsions (Fig. 8C and
D). The strong effect of pH on creaming would be the consequence
of the pH effect on the viscoelasticity of HPMC films. In fact, the
HPMCs films at pH3 have a very low viscoelasticity and poor solid
tensity ultrasound at pH3. (A) E4M, (B) E50LV, (C) E15LV y (D) E5LV. White bars: 20 mm.



Fig. 7. Confocal images (60�, zoom 2.5�) of HPMC emulsions recently prepared by high intensity ultrasound at pH6. (A) E4M, (B) E50LV, (C) E15LV y (D) E5LV. White bars: 20 mm.
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character (Camino et al., 2011) that enhances destabilization,
specially in low viscosity emulsions.

For the emulsions at pH3 (Fig. 8A and B), and specially for E5LV
(Fig. 8B) there was a great increase in the BS at the top of the tube,
which suggested the migration of droplets. In addition, during that
time, there was also a noticeable decrease in BS% profiles indicative
of an increment in the mean particle size. This behavior may be
associated to coalescence or flocculation (Alvarez Cerimedo et al.,
2010).

The HIUS emulsions profiles (Fig. 9) showed less variation with
storage time in accordance to their lower droplet diameter (Table
4), which is indicative of a higher stability. Only E5LV emulsions
at both pHs, presented a small migration of individual particles
(Fig. 9B and D), in accordance to its lower viscosity.

The slope of the plot of peak width vs. time is an indicator of the
creaming rate; these kinetic constants (c) are given in Table 7 for UT
and USAI emulsions at both pHs.

The higher the c value, the higher the degree of creaming
(Palazolo, 2006). The creaming rate for both UTand HIUS emulsions
Table 7
Slope of the linear zone evaluated from the peak-width vs. time curves (not pre-
sented) showing migration in the bottom part of emulsions.

HPMC C � 102 (mm/h)

UT HIUS

pH3 pH6 pH3 pH6

E5LV 340.60 � 0.13 291.90 � 0.80 1.68 � 0.15 1.05 � 0.12
E15LV 154.25 � 0.26 103.76 � 1.02 1.43 � 0.32 0.85 � 0.11
E50LV 50.21 � 1.11 43.04 � 0.90 0.93 � 0.20 0.57 � 0.13
E4M 30.30 � 1.51 27.20 � 1.07 0.80 � 0.11 0.44 � 0.13
resulted higher at pH3. This would be related to the higher droplet
diameter obtained at this pH (Tables 2 and 4). For UT and HIUS
emulsions the order for creaming rate resulted E5LV >

E15LV> E50LV> E4M, reflecting the huge impact of the viscosity of
the dispersed phase (Table 7) (Camino et al., 2011) and emulsion
viscosity (Tables 3 and 5) in the creaming process. In these emul-
sions, E4M having the highest droplet diameters (Tables 2 and 4),
presented the lowest creaming velocity because of the viscous
effect.

A great difference is observed between UT and HIUS emul-
sions, being the creaming constant (c) two orders lower for the
last ones. This keeps relation with the lower droplet size of HIUS
emulsions. The size distribution (Fig. 3) and the average diame-
ters (Table 4) were similar for all the HPMCs, in addition to the
low polidispersity. The populations were mainly monomodal
with a predominant droplet size, also evident in the confocal
images (Figs. 6 and 7).

The creaming rate would be higher than the flocculation rate in
HIUS emulsions because of their low tendency to flocculate as
detected by microscopy (Figs. 6 and 7) and also reflected in the BS%
profiles shape (Fig. 9).

The UT emulsions presented a higher difference between D32

and D43 (Table 2), which is indicative of a higher tendency to
destabilization (Gu et al., 2005). Also their higher polidispersity
promoted (Table 2) the creaming and flocculation.

The same effect is observed when flocculation is analyzed.
Fig. 10 shows the variation in the BS in the 20e50 mm zone of
the tube for flocculation quantification for E4M and E5LV UT
emulsions. The variation in the profiles is almost insignificant
(DBS% < 0.1%, Fig. 10) for all the emulsions indicating the absence
of flocculation in the period analyzed. Nevertheless, E5LV
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emulsion at pH3 was the only one which presented a higher
tendency to flocculation, in accordance with the results previ-
ously discussed.

3.2.3. Coalescence stability
The coalescence can be assessed by an increment in the D32

upon a period of storage (Carrera Sanchez & Rodriquez Patino,
2005), in this work 20 days. This is directly reflected in the drop-
lets distributions curves. Cortez Muñoz, Chevalier Lucia, and
Dumay (2009) when studying the storage under cooling of whey
proteins-peanut oil emulsions preparedwith a high-pressure valve,
concluded that the similar distributions curves obtained for the
emulsions before and after the chilled storage, indicated the
absence of oil droplet coalescence.

Table 8 shows the D32 for UT and HIUS emulsions at both pHs
upon storage time. The higher increment in the D32 for UT emul-
sions confirmed the occurrence of coalescence, mainly in E5LV
emulsions (Table 8A).

It is evident that destabilization processes, creaming, floccula-
tion and coalescence, are important in UT emulsions. The coales-
cence could be originated in the existence of a trimodal population
(Fig. 1). The bigger droplet size grew due to the presence of the
smaller ones and to the rupture of the interfacial film or because of
the absence of polysaccharides in some zones of the surface
droplets. The E4M emulsions presented a lower coalescence grade
due to the higher viscosity that avoided the droplets getting closer.

Higher stability is achieved with HIUS emulsions. The D32
remained almost the same (Table 8B) during the time of storage. A
little change was observed for E5LV emulsions, because of its lower
viscosity.
Table 8
Average diameters, D32, for E5LV and E4M emulsions prepared with UT (A) and HIUS
(B) storage at ambient temperature for 20 days. Maximum standard deviation: 1%.

pH3 pH6

Recently
prepared

Day1 Day 5 Day 20 Recently
prepared

Day1 Day 5 Day 20

(A)
E4M 21.301 23.501 28.109 33.851 2.921 3.501 3.703 7.951
E5LV 1.441 2.532 10.931 28.137 1.811 2.602 5.327 9.304
(B)
E4M 0.804 0.834 0.830 0.883 0.798 0.718 0.771 0.773
E5LV 0.614 0.624 0.756 0.772 0.537 0.587 0.699 0.769
4. Conclusion

A strong correlation between the properties of oilewater HPMC
films (Camino et al., 2011), the viscosity of the continuous phase
and the properties of the oilewater emulsions is highlighted in the
present work, which is of great interest for a better control of these
colloidal systems.

The homogenization method also had a strong influence in the
emulsion characteristics. The higher energy delivered to the system
by HIUS allowed the formation of emulsions of lower droplet
diameters, more stable, if there is sufficient emulsifying agent in
the continuous phase to cover the higher surface area created.

The pH effect was almost the same for both homogenization
methods. At pH3 hydrophobic interactions between HPMC mole-
cules are impeded so elastic films are not formed at the interface
(Camino et al., 2011). Thus, there is coalescence during the forma-
tion of droplets upon emulsification, giving higher initial diameters
than at pH6.

This in turn, leads the pH3 emulsions to destabilize quicker than
pH6 emulsions, mainly when formed by UT, as a consequence of its
higher initial D32, polidispersity index, lower interfacial film elas-
ticity and lower viscosity.

When comparing the performance of different HPMCs, the
initial diameters kept correlation with the molecular weight (and
viscosity) of the HPMC, being the lower molecular weight related
with lower droplet diameters. This tendency is lower for emulsions
formed by HIUS. E5LV (the lower HPMC molecular weight) gener-
ated the more elastic interfacial films due to its higher substitution
in methyl groups (Camino et al., 2011). Nevertheless, E5LV pre-
sented higher creaming destabilization reflecting the importance of
the viscosity of the continuous phase as a barrier for the droplet
movement (McClements, 1999).

In conclusion, if it is important to obtain a lower average
diameter, E5LV should be preferred among the HPMCs studied but
a stabilizing agent should be added to increase the continuous
phase viscosity and then slowdown emulsion destabilization. If it is
of interest a very stable emulsion, E4M should be used as
emulsifying.
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