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Oil-in-water pre-emulsions (15% sunflower + 5% olive oils) obtained by colloid mill homogenization (CM) at
5000 rpm using whey protein isolate at different levels (1, 2 and 4%) were stabilized by ultra high-pressure
homogenization (UHPH, 100 and 200 MPa) and by conventional homogenization (CH, 15 MPa). Emulsions
were characterized for their physical properties (droplet size distribution, microstructure, surface protein con-
centration, emulsifying stability against creaming and coalescence, and viscosity) and oxidative stability (hydro-
peroxide content and thiobarbituric acid reactive substances, TBARs) under light (2000 lux/m2 for 10 days).
UHPH produced emulsions with lipid droplets of small size in the sub-micron range (100–200 nm) and low sur-
face protein with unimodal distribution when produced at 4% whey proteins and 200 MPa. All emulsions exhib-
itedNewtonian behavior (n≈ 1). Long term physical stability against creaming and coalescencewas observed in
UHPH-emulsions, compared to those obtained by CM and CH. However, CH emulsionswere highly stable against
creaming (days) in comparison to the CM emulsions (hours). UHPH resulted in emulsions highly stable to oxida-
tion compared to CM and CH treatments, especially when 100 MPa treatment was applied.
Industrial relevance: In the food, cosmetic and pharmaceutical sectors, industrial operators are currently interest-
ed in developing encapsulating systems to delivery bioactive compounds, which are generally hydrophobic, un-
stable and sensitive to light, temperature or/and oxygen. Ultra high-pressure homogenization is capable of
producing stable submicron emulsions (b1 μm)with a narrow size distribution, inducingmore significant chang-
es in the interfacial protein layer thus preventing droplet coalescence and also inhibit lipid oxidation. The present
study suggests that emulsions produced by whey protein (4%) treated by ultra high-pressure homogenization
have a good physical stability to flocculation, coalescence and creaming and also high stability to lipid oxidation,
opening a wide range of opportunities in the formulation of emulsions containing bioactive components with
lipid nature.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Sub-micron emulsions have a number of unique functional attributes
that have led them to be utilizedwithin an increasing number of industri-
al products, including foods, pharmaceuticals, cosmetics, personal care
products and chemicals. Due to their size characteristics, sub-micron
emulsions are expected to maintain high stability against creaming and
coalescence. Since they display large interfacial area/volume ratios, a
sufficiently high concentration of surfactant (i.e. emulsifiers) has to be
added to enable the new surface area developed by nano droplets to be

rapidly coated during the emulsification process (Mason, Wilking,
Meleson, Chang, & Graves, 2006); this should avoid or limit shear- and
turbulence-induced coalescence, and ensure higher physical stability of
emulsion for a long period of time.

The formation of sub-micron emulsions requires high energy inputs.
Current equipment used for emulsion preparation includes colloidmills,
microfluidizers, sonicators or high-pressure homogenizers (Stang,
Schuchmann, & Schubert, 2001). HP-homogenizers of the piston-gap
type are developed by manufacturers such as Avestin™, APV™ or
Stansted Fluid Power™; the processed liquid is brought to high pressure
in few seconds in the pressure intensifier then forced through a very
small orifice, the valve gap of few micrometres in width. The high
pressure homogenizer developed by Stansted Fluid Power™ used in
the present study consists of one or two piston intensifier(s) able to
generate high pressure up to 400 MPa and a high-pressure valve (HP-
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valve) equipped with ceramic needles and seat of specially studied
design. In such HP-homogenizers, the fluid under pressure is forced
through a small orifice of some micrometers width to the HP-valve
gap (Floury, Bellettre, Legrand, & Desrumaux, 2004). The fluid acceler-
ates in a very short distance to a very high velocity and the resulting
strong pressure gradient between the inlet and outlet of the HP-valve
generates intense shear forces and extensional stress through the
valve gap (Stevenson & Chen, 1997). Cavitation, turbulence and impact
with solid surfaces take place at the outlet of the valve gap (Diels,
Callewaert, Wuytack, Masschalck, & Michiels, 2005; Floury et al.,
2004). In different emulsification systems including UHPH, due to
shear effects and conversion of kinetic energy into heat, the flow
through the HP-valve is accompanied by short-life heating phenomena
that can be controlled by efficient cooling devices (Grácia-Juliá et al.,
2008; Picart et al., 2006). All these mechanical forces are expected to
disrupt particles down to the submicron range (McClements, 2005;
Perrier-Cornet, Marie, & Gervais, 2005), increasing the interfacial area
and resulting in considerable interactions between the adsorbed
emulsifier at the interface of the oil droplets forming a more rigid
interfacial layer (Lee, Lefèvre, Subirade, & Paquin, 2009).

High-pressure homogenization is an important process used in the
preparation or stabilization of emulsions and suspensions. The result,
from a practical point of view, is amuch reduced tendency for creaming,
contributing to an enhanced physical stability of the homogenized
emulsions (Lee et al., 2009).

The stability and the emulsion formation become easier when using
an emulsifier, which is adsorbed at the interface between oil and water
and can lower the interfacial tension and prevent coalescence of
droplets by increasing repulsion forces between droplets. Globular
proteins derived from milk are widely used as natural emulsifiers to
enhance the formation and stability of oil-in-water (O/W) emulsions,
e.g., whey proteins such as β-lactoglobulin, α-lactalbumin, and bovine
serum albumin (Dickinson, 2003; Livney, 2010). Whey protein isolate
(WPI) is an excellent emulsifier and widely used in food emulsions
due to its surface-active property forming a protective film and provides
structural support for oil droplets through a combination of electrostatic
and steric interactions (Djordjevic, Kim, McClements, & Decker, 2004).
Furthermore, WPI can inhibit the oxidation of dispersed phase by
preventing the penetration of prooxidantswithin the emulsified droplet
(Dickinson, 2008).

Contrasting results in whey protein-stabilized emulsions subjected
to high-pressure homogenization can be found in the literature.
Desrumaux and Marcand (2002) showed that during ultra high-
pressure emulsification, the conformation of whey proteins is changed
(denaturation occurs), affecting their emulsifying properties. They
found an optimumpressure of ~100MPa, inwhich d3,2 and Span values
reached a minimum. However, Perrier-Cornet et al. (2005) proved that
at pressures above 200 MPa, the adsorption rate of whey proteins
significantly increased (60%) corresponding to a very narrow particle
size of sunflower oil.

Although several researchers have examined the effect of homogeni-
zation pressures (up to 300 MPa) on the physical stability of emulsion
(Cortés-Muñoz, Chevalier-Lucia, & Dumay, 2009 Desrumaux &
Marcand, 2002; Floury, Desrumaux, Axelos, & Legrand, 2003; Kiokias,
Reiffers-Magnani, & Bot, 2004), only some researchers have studied
the effect of pressures up to 100 MPa on the oxidative stability of
emulsions (Horn, Nielsen, Jensen, Horsewell, & Jacobsen, 2012; Kuhn
& Cunha, 2012; Sørensen et al., 2007). There is not much literature
evidence regarding any association of ultra-high homogenization pres-
sures (up to 300 MPa) with oxidative deterioration of the emulsions. A
further elucidation of the effect of varying homogenization pressure
(that generated varying droplet sizes) on oxidative deterioration of
whey protein-stabilizedO/Wemulsions could contribute to control pro-
cessing parameters for the production of high quality emulsified foods.

The aim of the present work was to study the physical and oxidative
stability of emulsions produced by whey protein isolate (WPI) under

various protein concentrations and pressures using the UHPH technolo-
gy in comparison with conventional homogenization.

2. Material and methods

2.1. Materials

Whey protein isolate (WPI) was obtained from Lactalis (Prolacta 90,
Retiers, France). TheWPI contained 95.9 g dry solids per 100 g powder,
and in dry basis (w/w), 1.04% non-protein nitrogen (NPN), 89.3% pro-
tein [(total N − NPN) × 6.38], 1.1% ash (including 0.27% calcium) and
1.6% lactose, as given by the producer. Protein constituents in the WPI
corresponded mainly to β-lactoglobulin (β-Lg) and α-lactalbumin (α-
La) (i.e. 68.5%β-Lg and 21.5%α-La per 100 g soluble protein) in addition
to small amounts or traces of immune globulins, bovine serum albumin
and lactoferrin.

Refined sunflower and olive oils were purchased from Gustav Heess
Company (Barcelona, Spain). The characteristics and composition of oils
according to the producerwere: density (20 °C)=0.921 and 0.913; acid
value =0.09 (mg KOH/g) and 0.11%; peroxide value (meqO2/kg) =
0.02 and 0.5; absorbance (270 nm) = not determined and 0.29;
unsaponifiable (% m/m) = b0.05 and b1.5%; C16:0 (%) = 6.34 and
11.94; C18:0 (%) = 3.97 and 3.30; C18:1 (%) = 26.65 and 75.23;
C18:2 (%) = 61.02 and 6.75; C18: 3 (%) = 0 and 0.38 for sunflower
and olive oils, respectively.

2.2. Preparation of emulsions

2.2.1. Preparation of protein dispersions.
WPI dispersions containing 1, 2 and 4% (w/v) were prepared using

decalcified water by agitation with high speed mechanical blender
(Frigomatmachine, Guardamiglio, Italy)with twoblenders at room tem-
perature avoiding foam formation. Protein dispersions (pH ≈ 6.5–7)
were stored overnight at 4 °C to allow protein hydration.

2.2.2. Homogenization treatments
After rehydration, protein dispersions (1, 2 and 4%) and oil (20%)

were equilibrated at 20 °C before mixing. To prepare the pre-
emulsions (or coarse emulsions), the oily dispersed phase (3 sunflower
: 1 olive oil) was progressively added to the aqueous continuous phase
containingWPI at room temperature and stirred for 5min using the col-
loid mill (CM) homogenizer (E. Bachiller B. S.A, Barcelona, Spain) at
maximum power (5000 rpm) (CM emulsion). This stainless toothache,
corundum or perforated plate mill is used for fine grinding and homog-
enization of liquid, pasty and viscous products with even fineness up to
1 μm. The secondary or final emulsionswere produced by the use of the
following equipments.

Pre-emulsionswere treated byUHPHusing a Stanstedhigh-pressure
homogenizer (Model/DRG number FPG 11300:400 Hygienic Homoge-
nizer, Stansted Fluid Power Ltd., UK) with a flow rate of 120 l/h. To
minimize temperature retention after treatment, two spiral type heat-
exchangers (Garvía, Barcelona, Spain) located behind the second valve
were used. Emulsions were UHPH-treated at pressures of 100 and
200 MPa (single-stage) with inlet temperature (Tin) of 25 °C (UHPH
emulsions). In the present study, other pressures above 200 MPa (i.e.
300 MPa) were also tested. However, in these emulsions particle size
was excessively large so we decided not to continue working on this
treatment.

Throughout the experiment, the Tin, the temperature after the
homogenization valve (T1) and the temperature of the outlet product
(T2) were monitored.

The conventional homogenization of the pre-emulsions was
performed using APV Rannie Copenhagen Series Homogenizer (Model
40.120 H, single stage hydraulic valve assembly, Copenhagen,
Denmark)with Tin of 60 °C at 15MPa for a single stage (CH emulsions).
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