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This research investigated the entering and spreading phenomena of emulsion droplets at the
air-water interface, as it relates to ring formation and oil spreading in beverage emulsions. Drop
shape tensiometry was employed to observe the adsorption, entering or spreading of oil droplets.
A flavor emulsion, resembling a beverage was employed as the model system for this thesis. The
spreading coefficient was not an effective indicator for oil spreading at the air-water interface in
the complex emulsion systems. In biopolymer based emulsion systems, the dilational elastic
modulus is a better parameter than surface tension as a prediction of the entering and spreading
events. It was also shown that instability may be prevented by addition of a low molecular
weight emulsifier. For the first time, confocal microscopy was employed to observe adsorption
and spreading of oil droplets in model beverage emulsions.
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Chapter 1. General Introduction, Research Objectives and Hypotheses
1.1 Introduction
Beverage emulsions are one of the simplest oil-in-water (O/W) emulsions widely used for
fabrication of soft drinks in the beverage industry. They are categorized as flavor emulsions and
cloud emulsions, providing beverage with flavor, colour, and cloudiness, or just the cloudiness,
respectively (Tan, 1997; Mirhosseini et al., 2008; Reiner, Reineccius, & Peppard, 2010).
Beverage emulsions are initially manufactured in a concentrated form and latterly processed into
highly diluted emulsions with sugar/acid solutions, either carbonated or non-carbonated
(Mirhosseini et al., 2008; Reiner et al., 2010; Tse & Reineccius, 1997). Since emulsions are
considered as inherently thermodynamically unstable systems, maintaining the long-term
stability of beverage emulsions over the desired shelf-life in both concentrated and diluted forms
is an ongoing challenge for beverage manufacturers. The most common defects of beverage
emulsions are formation of a whitish ring and/or a shiny layer of oil at the neck of the bottle,
which may due to entering and/or spreading of oil droplets at the air-water interface on top of the
suspension. More understanding is needed to better develop stable beverage emulsions
(Chanamai & McClements, 2001; McClements et al., 2012; Kong et al., 2006; Mirhosseini et al.,
2008; Reiner et al., 2010; Tse & Reineccius, 1997).
Testing models using purified molecules are not fully applicable to real beverage formulations.
Therefore, in this research, a flavour emulsion system, closely resembling those used in beverage
formulations, was designed as the testing model. D-limonene, as one of the most popular flavour
oils, was used as the oil phase. Compared to long chain triglycerides (e.g., soy, sunflower, or
corn oil), d-limonene is more susceptible to gravitational separation and Ostwald ripening, due to
the relative low density and appreciable solubility in water, respectively (McClements, 2004).
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Therefore ester gum was added as weighting agent (Chanamai & McClements, 2000; Lim et al.,
2011). In the aqueous phase, emulsifiers, citric acid, and preservatives were added to mimic a
real beverage system.
Biopolymers are often employed as emulsifiers in beverage emulsions. The model molecules
used in this study were gum Arabic (GA) and modified starch (MS). GA is a complex
polysaccharide, known as an effective emulsifier due to its high water solubility and relatively
low viscosity. In addition, GA-stabilized emulsions have been reported to possess a stronger
resistance to environmental changes than most other biopolymer emulsifiers, in both
concentrated and diluted forms (Chanamai & McClements, 2002). Hydrophobically modified
starch has been recognized as the most successful alternative to GA for use as an emulsifier in
beverage emulsion. It is more effective than GA for forming small sized droplets, and similar to
GA, the emulsions stabilized by MS are also less susceptible to changes in environmental
conditions (Chanamai & McClements, 2002; Charoen et al., 2011). In addition, Tween 20, a lowmolecule-weight emulsifier, was incorporated in the diluted emulsion system due to its fast
adsorption rate to air-water interface, and employed to modify the beverage emulsion system to
prevent oil droplet spreading at the air-water interface.
Previous studies on the phenomenon of ring formation and oil spreading in beverage
emulsions have mainly focused on detecting this instability by evaluating physical changes in the
model system after the formation of ring or oil slick, such as measuring the particle size
distribution, testing emulsion texture, or visual observations of ring or oil slick (McClements et
al., 2012; Kong et al., 2006; Reiner et al., 2010). However, the mechanisms associated with
entering and spreading of emulsion droplets at the air-water interface in beverage emulsion need
to be better understood, to prevent these defects. Spreading coefficient (S), can be employed as a
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parameter to predict the occurrence of oil spreading at the air-water interface (Harkins, Feldman,
& Obinson, 1922). The classical spreading theory put forth by Harkins et al. (Harkins, Feldman,
& Obinson, 1922) have been questioned by a number of researchers, as its prediction was
inconsistent with many experimental findings (Hotrum et al., 2005; Lobo & Wasan, 1993).
The present research focused on developing a better understanding on the entering and
spreading of emulsion droplets at the air-water interface in a model beverage emulsion system.
Drop shape tensiometry was employed to determine the properties of different interfaces and to
monitor entering and spreading of oil droplets.

1.2 Hypotheses and Objectives
The results of this thesis are divided in two sections. Chapter 3 hypothesized that the
spreading coefficient (S = 𝛾𝐴𝑊 − 𝛾𝑂𝑊 − 𝛾𝑂𝐴 ) may be the indicator for spreading of emulsion
droplets. To test this hypothesis, the properties of interfaces composed of individual ingredients
were measured using interfacial drop tensiometry. Furthermore, it was hypothesized that
emulsion droplets would spread when S > 0. This hypothesis was further verified by visual
observation under confocal laser scanning microscopy (CLSM).
The objectives of the present research are as follows:
1) To determine the interfacial tension of individual ingredients and calculate S.
2) To determine the feasibility of S as a predictor of spreading
3) To employ confocal microscopy as a tool to study the spreading at the interface.
In the second part of this work (Chapter 4) it was hypothesized that interfacial drop
tensiometry is an effective technique for direct monitoring of the entering or spreading of
emulsion droplets. A milk protein-stabilized emulsion system previously reported in the
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literature was tested (Hotrum et al., 2002). It was then hypothesized that a low molecular weight
emulsifier, Tween 20, could be used for modifying the model system and eliminating entering
and spreading of emulsion droplets at the air-water interface.
The objectives of this part of the research were:
1) To determine if drop shape tensiometry can be employed for monitoring entering and
spreading of emulsion droplets at the air water interface.
2) To test a model beverage emulsion containing Tween 20, to attempt to eliminate the
spreading and entering event.
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Chapter 2. Literature Review
2.1 Emulsions
An emulsion is a dispersed system that contains two or more immiscible phases (aqueous, oil
or gas phases). In an oil in water emulsion system, oil droplets are dispersed in a continuous
phase, and separated by an interfacial layer (McClements, 2004). Many natural or processed
foods are either partially or entirely consisting of emulsions, such as milk, cream, beverage,
mayonnaise, and ice cream. In general, emulsions can be simply classified based on the
distribution of the oil and aqueous phase, as oil-in-water (O/W) emulsions and water-in-oil (W/O)
emulsions (McClements, 2004). In recent years, some more complex emulsions have been
investigated, such as multiple emulsions, nanoemulsions, and microemulsions (Piorkowski &
McClements, 2013).
Emulsions are thermodynamically unstable systems, as the contact between oil and water
molecules is energetically unfavorable. To form a kinetically stable emulsion system, the
presence of emulsifiers and stabilizers is necessary, to decrease the interfacial tension and to
create stable interfaces that would decrease the probability of coalescence of the droplets upon
collision. Homogenization is a key processing operation to create an emulsion, providing the
energy required for disrupting and intermingling the two separate immiscible phases
(McClements, 2004). The amount of energy required is proportional to the increase in interfacial
area between the oil and water phases (McClements, 2004; Hiezmen, 1986):

∆𝐺 = 𝛾𝑖 ∆𝐴

Equation 2.1

where ∆𝐴 is the increased interfacial area, and 𝛾𝑖 is the interfacial tension. Interfacial tension
tends to cause emulsion droplets to minimize interfacial area and maintain a spherical shape so
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as to reduce the unfavorable contact area between oil and water phases. The interfacial tension is
determined by the imbalance of the forces between molecules acting at the air-water interface
and it is measured in force per unit length (Everett, 1988). During homogenization, a larger
external force is required to overcome the interfacial forces to disrupt a droplet. The pressure
required to disrupt the droplet is determined as the Laplace pressure (∆𝑃𝐿 ):

∆𝑃𝐿 =

4𝛾

Equation 2.2

𝑑

where 𝛾 is the interfacial tension, and 𝑑 is the droplet diameter (McClements, 2004; Walstra,
1983).
Emulsifiers play important role in homogenization, by facilitating the formation and
stabilization of the emulsion droplets. Because of their amphiphilic characteristic, emulsifiers are
able to adsorb onto the droplet surface and orient themselves to decrease the interfacial tension
between the two immiscible phases (Rodriguez Nino et al., 2005). In addition, emulsifiers tend to
form a protective membrane around the freshly formed droplet to hinder coalescence.

2.1.1 Beverage emulsions
Beverage emulsions are one of the simplest types of O/W emulsions widely used in soft drinks
within the beverage industry. They are key components in soft drinks, providing flavor, colour,
and cloudiness (Mirhosseini et al., 2008; Piorkowski & McClements, 2013). Typically, beverage
emulsions are categorized as flavor emulsions and cloud emulsions. Flavor emulsions typically
contain flavor oils (such as limonene and orange oils) that are primarily providing taste and
aroma to a beverage, while cloud emulsions usually use highly water-insoluble oils (such as
vegetable oils) to provide certain beverage with specific optical properties, “cloudiness” (Tan,
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1997; Buffo & Reineccius, 2001; Piorkowski & McClements, 2013). Differing from other food
emulsions, beverage emulsions are initially fabricated in a concentrated form (3~30%
concentration) and then processed into highly diluted emulsions ( 0.1%) with a sugar/acid
solution prior to packaging as final carbonated or non-carbonated beverages (Tan, 1990; Tse &
Reineccius, 1995; Mirhosseini et al., 2008; Given, 2009; Piorkowski & McClements, 2013).
Therefore, beverage emulsions must retain a long shelf life in both concentrated and diluted
forms to ensure the high quality of final products, which is a continuous challenge for beverage
manufacturers (Reiner et al., 2010).

2.2 Emulsifiers
Emulsifiers are surface active molecules that stabilize dispersed droplets by forming a
protective interfacial layer which minimizes the free energy of the system and prevents droplets
from aggregating (McClements, 2004). The emulsifying activity of emulsifiers is due to their
amphiphilic nature, with each molecule consisting of two functional parts, a hydrophilic head
which is soluble in aqueous phase, and a hydrophobic tail with good solubility in oil or gas
phases (Hui, 2007). During homogenization, emulsifiers are able to decrease the interfacial
tension by adsorbing onto the oil-water interface and orienting their structure to lower the free
energy of the system, resulting in a stabilized emulsion system and facilitating further droplet
disruption (Rodriguez Nino et al., 2005). The effectiveness of emulsifiers to stabilize an
emulsion system differs due to their different molecular structures and physicochemical
characteristics. Therefore, there are many factors that need to be considered when selecting an
appropriate emulsifier: (1) rate of adsorption; (2) surface activity; (3) surface load; and (4)
resistance to environmental changes. The term “surface activity” refers to the maximal decrease
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in interfacial tension when the interface is completely covered by emulsifiers, while “surface
load” means the amount of emulsifiers adsorbed per unit area of the emulsion droplets
(McClements, 2004).
Based on the physicochemical properties of the emulsifiers, different systems have been
developed to classify emulsifiers according to their molecular weight, solubility (Bancroft’s rule),
and HLB value (McClements, 2004). According to molecular weight, emulsifiers can be
classified into either low molecular weight (LMW) surfactants or biopolymers (Sánchez et al.,
2005; Charoen et al., 2011). Generally, the LMW surfactants are more effective than
biopolymers in lowering the interfacial tension, but the foams and emulsions they form are less
stable than biopolymers (Rodriguez Nino et al., 2005). Bancroft’s rule is based on the solubility
of the emulsifier in water and oil, and it is a simple empirical rule that aids in products
formulation: a water-soluble emulsifier should stabilize O/W emulsion while an oil-soluble
emulsifier should stabilize W/O emulsion. However, usually this simple rule is insufficient at
predicting the ability of an emulsifier to stabilize emulsions (McClements, 2004). Emulsifiers
can also be grouped based on Hydrophile-Lipophile Balance (HLB) value. The HLB value
defines the degree of hydrophilic or hydrophobic portion of an emulsifier. HLB values greater
than 8 (8-18) indicate hydrophilic emulsifiers, which preferentially solubilize in the water phase
and are used to stabilize O/W emulsions. Low HLB values (3-6) indicate lipophilic emulsifiers,
which are mainly soluble in oil and used in W/O emulsions. A molecule which has an
intermediate HLB value (6-8) has no particular preference for oil or water. Molecules with HLB
values below 3 or over 18 will not adsorb at the interface and are not considered as emulsifiers.
Maximum emulsion stability can be achieved using the emulsifier HLB values between 10 to 12
for W/O emulsions and 3 to 5 for O/W emulsions (Hui, 2007). The HLB is widely used in
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classification of LMW surfactants. This classification also provides a good theoretical basis for
emulsifier selection. It is important to point out that none of the classifications consider the
influence of temperature on the functional properties of emulsifier. An emulsifier may be able to
stabilize O/W emulsion at one temperature but not at another temperature even though the
chemical structure does not change (Davis, 1994).

2.2.1 Low molecular weight surfactants
The most widely used LMW surfactants in food industry are mono- and diglycerides (glycerol
monostearate), polysorbates (Tweens), sorbitans (Spans), phospholipids (lecithin), and sucrose
esters. They can be classified as nonionic, anionic, and cationic, based on the charge of the
hydrophilic group (Damodaran et al., 2007). LMW surfactants stabilize dispersed droplets by
forming a densely packed interfacial membrane which prevents molecular contact between two
immiscible phases (Sánchez et al., 2005). The interfacial film formed is usually a monolayer at
low LMW surfactant concentrations, and a multilayer at higher concentrations. Typically,
because LMW surfactants have higher adsorption energies than biopolymers that, they are more
effective than biopolymers in reducing surface tension (Bos & van Vliet, 2001). Nevertheless,
the interfacial films formed by LMW surfactants are less stable than the films formed by
biopolymers, due to their ability to rearrange at the interface depending on environmental
changes, such as temperature, pH, and ionic strength (Chanamai & McClements, 2002).

2.2.1.1 Tween 20
Tween 20 (also called Polysorbate 20) is one of the most commonly used LMW surfactants in
food industry. It is a synthetic non-ionic surfactant that consists of a non-polar hydrocarbon tail
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(–C12H25) esterified to a polar head group, which comprises of three polyoxyethylene chains
(having 20 ethylene oxide groups) (Chanamai et al., 2002; Piorkowski & McClements, 2013).
Tween 20 is a hydrophilic molecule with a high HLB value of 16, indicating that it preferentially
solubilizes in the water phase and can be used to stabilize O/W or air-in-water (A/W) emulsions
(Hui, 2007).
Due to its non-ionic character, Tween 20 tends to form stable emulsions over a wide range of
ionic strength and pH values. However, it is susceptible to temperature changes. Droplet
aggregation may occur when the temperature is brought too close to phase inversion temperature
(Piorkowski & McClements, 2013). As a LMW surfactant, Tween 20 can quickly adsorb to the
O/W interface and form a densely packed monolayer surrounding the oil droplet or bubble,
whereas biopolymers tend to form a thick protective layer (Sánchez et al., 2005). Tween 20 has
also been found more effective than biopolymers at reducing the interfacial tension (Bos and van
Vliet, 2001). However, Tween 20 can only maintain the stability of emulsion under concentrated
state and its functionality is weakened with dilution (Chanamai et al., 2002). Because of Tween
20’s susceptibility to dilution, it may not be an ideal emulsifier for making a concentrated
beverage emulsion, however, it may prove useful for modifying the dilute beverage emulsion
system to prevent emulsion droplet spreading at the A/W interface due to its quick adsorption
rate and high surface activity.

2.2.2 Biopolymers
Biopolymers are important ingredients in food products providing the source of energy and
essential nutrients in the human diet. In the food industry, the most widely used biopolymers are
mainly proteins and polysaccharides. Most of proteins and polysaccharides contain significant
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amount of polar and nonpolar groups which are surface active (Dickinson, 1992; Damodaran et
al., 2007). When dispersed in an aqueous phase, the nonpolar groups of biopolymers are in
contact with water, and this is thermodynamically unfavorable. Therefore, when adsorbed at the
interface, the biopolymers will modify their structure so that the nonpolar groups are being
buried in hydrophobic pockets, while the polar groups will interact with hydrogen bonds of the
aqueous phase (McClements, 2004). Due to the higher molecular weight and the complex
structure of biopolymers, their adsorption and desorption rates are much slower than LMW
surfactants. Biopolymers adsorb to interface with multiple anchoring sites and stabilize dispersed
droplets mainly through steric repulsion (Sánchez et al., 2005).
Proteins are often used as emulsifiers in foods due to their amphiphilic characteristics. Their
ability to adsorb at the interface and lower interfacial tension depends on their molecular
structure. Proteins will change their configuration so that the hydrophilic portions are
predominantly at the surface while the hydrophobic portions are buried or adsorbed at the
interface (McClements, 2004). Upon adsorption onto the air-water interface, proteins will unfold
to a different extent depending on their ability to modify their structure, and may form a
viscoelastic network via non-covalent intermolecular interactions or covalent intermolecular
disulphide bonds. They stabilize the interfaces not only by lowering the interfacial tension but
also by protecting the droplets from aggregation through steric repulsion. In addition, since
proteins possess a number of amino acids that are either positively or negatively charged,
proteins can stabilize dispersed droplets through electrostatic interactions as well. Thus, proteins
are effective emulsifiers that retard destabilization through both steric and electrostatic repulsion
(Bos & van Vliet, 2001). However, the utilization of proteins in beverage emulsions is limited,
mostly because of the acidic pH (3-6) conditions typical of these emulsions. Protein stabilized
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emulsions are susceptible to aggregation with changes in pH (Chanamai & McClements, 2002;
Charoen et al., 2011).
Polysaccharides are often employed as emulsifiers in beverage emulsions, mainly gum arabic
and hydrophobically modified starch, such as octenyl succinate starch. Polysaccharides are
capable of producing beverage emulsions that are more stable to environmental changes in both
concentrated and diluted forms (Chanamai et al., 2002; Chanamai & McClements, 2000; Islam et
al., 1997; Tan, 1997).

2.2.2.1 Gum Arabic
Gum arabic (GA) is the most commonly used biopolymer emulsifier in the soft drinks industry
for stabilizing flavor oils under acidic conditions (Dickinson, 2003). It is principally derived
from the natural exudate of two acacia plants, Senegalia senegal and Vachellia seyal, both of
which predominately grown across sub-Saharan Africa (Islam et al., 1997). GA is a complex
polysaccharide consisting mainly of three high-molecular-weight biopolymer fractions, known as
arabinogalactan (AG), arabinogalactan-protein complex (AGP), and glycoproteins (GP) (Table
2.1) (Randall, Phillips, & Williams, 1989). The emulsifying properties of GA are attributed to
the AGP fraction, which comprises of branched arabinogalactan blocks covalently linked to a
polypeptide backbone.
The structure of the AGP fraction is described as a ‘wattle-blossom’ as shown in Figure 2.1
(Fincher et al., 1983; Islam et al., 1997; Randall, Phillips, & Williams, 1988). The protein
moieties anchor the gum arabic molecules to the droplet surface by resting at the oil-water
interface, while the AP groups protrude into the aqueous phase, contributing to stability against
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Table 2.1 Chemical composition of Gum Arabic (GA) (Adapted from Randall, Phillips, &
Williams, 1989)

Fraction
Arabinogalactan (AG)
Arabinogalactan-protein
complex (AGP)
Glycoproteins (GP)

Av. Molecular mass
(g mol-1)

% of total gum
(wt%)

3.8105
1.45106

88.4
10.4

Protein in
fraction
(%)
0.35
11.8

2.5105

1.24

47.3
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Figure 2.1 Schematic representation of the 'wattle blossom' structure of AGP fraction (a) and the
mechanism GA adsorption to the oil-water interface (b). AG blocks (C) of molecular weight
2105 Da are linked to the backbone chain of hydrophobic protein (P) (adapted from Dickinson,
2003).
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droplet aggregation through steric repulsion (Chanamai & McClements, 2002; Jayme, Dunstan,
& Gee, 1999; Randall et al., 1988). Figure 2.1 depicts the model for adsorption of GA at the oilwater interface (Islam et al., 1997; Jayme et al., 1999). Once the thick protective film formed
surrounding the oil droplet, the surface rheology of the film is little affected by dilution with
excess aqueous phase (Dickinson, Elverson, & Murray, 1989).
GA is an effective emulsifier due to its high water solubility and relatively low viscosity.
Typically, most gums can only achieve up to 5% in concentration dissolving in water due to the
production of excessive viscosity. However, GA can be dissolved in water up to a concentration
of 50% while still maintaining a low viscosity at low pH (~4.5) (Montenegro et al., 2012). In
addition, GA-stabilized emulsions have been reported to possess a stronger resistance to
environmental changes than most other biopolymer emulsifiers. For example, Chanamai &
McClements (2002) studied the beverage emulsion model with different emulsifiers at varying
pH (3 to 9), CaCl2 concentration (0 to 25 mM), and temperature (30 to 90 ºC); the results showed
that gum arabic-stabilized emulsions were not influenced by the altered experimental parameters
whereas whey protein isolate-stabilized emulsions were susceptible to these changes. This
provides further evidence that gum arabic acts to stabilize emulsions via steric repulsion, instead
of through electrostatic interactions.
Despite its positive performance at different pH values, ionic strengths, and temperatures, gum
arabic has a relatively low surface affinity at the oil-water interface, and a large surface coverage
is needed to form stable emulsions. For example, it has been shown that at least 12% (w/w) GA
is needed to obtain a stable 20% (w/w) orange oil emulsion (Randall et al., 1988). GA therefore
is used at relatively high concentrations, and this is a significant challenge from the standpoint of
obtaining consistent supply. Other biopolymers have been investigated as an alternative
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specifically for beverages, such as modified starch (Chanamai & McClements, 2002; Erni et al.,
2007); however, GA is still one of the most preferred emulsifiers.

2.2.2.2 Hydrophobically Modified Starch
Hydrophobically modified starch (MS) has been recognized as the most successful alternative
to GA for use as a biopolymer emulsifier in the beverage industry. Due to the hydrophilic nature
of starch’s glucose backbone, natural starches have poor surface activity (Hui, 2007).
Nevertheless, they can be chemically modified by esterifying hydrophobic moieties to the
hydroxyl groups located on the glucose monomers. This treatment can be coupled with pretreatment with either acid or enzyme hydrolysis to control solubility and molecular weight
(Trubiano, 1995; Given, 2009; Piorkowski & McClements, 2013).
Octenyl succinic anhydride (OSA) modified waxy maize starch is one of the most commonly
used MS in the beverage industry. It primarily consists of amylopectin that has been chemically
modified to contain non-polar octenyl succinic side-groups, as shown in Figure 2.2 (Erni et al.,
2007; Sweedman et al., 2013). These non-polar side-groups anchor the molecule to the oil-water
interface, while the hydrophilic glucose chains protrude into the aqueous phase and protect the
droplets against aggregation through steric repulsion (Chanamai & McClements, 2002;
McClements, 2004).
MS has relatively low surface activity compared to protein; it has been reported that a 1:1
mass ratio of MS to oil is required in a stable O/W emulsion, whereas for example, in the case of
whey protein < 1% is required (Chanamai & McClements, 2002; Piorkowski & McClements,
2013). MS are more effective than GA for forming small sized droplets, and similar to GA, the
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Figure 2.2 Schematic representation of OSA-starch modification procedure and structure
(Adapted from Sweedman et al., 2013).
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emulsions stabilized by MS are also less influenced by changes in environmental conditions, e.g.,
pH, ionic strength, and temperature (Chanamai & McClements, 2002; Charoen et al., 2011).

2.3 Emulsion stability
Emulsion stability is defined as the ability to resist changes in the dispersed system with time
(McClements, 2004). In addition to the chemical stability, which could be related to oxidation,
hydrolysis or color changes, physical stability is also of a great concern when designing
emulsions. Due to the large interfacial surface and the high Gibbs free energy at the air-water or
oil-water interface, emulsion systems tend to break down over time through a series of
physicochemical mechanisms, including droplet aggregation (coalescence and flocculation),
Ostwald ripening and gravitational separation (Dickinson, 1992; McClements, 2004). All of
these instability mechanisms lead to changes in particle size distribution which may influence the
quality of beverage products.

2.3.1 Droplet aggregation
Coalescence and flocculation are the two major types of aggregation in beverage emulsion
system. Coalescence defined as two or more droplets merge into one larger droplet, whereas
flocculation means two or more droplets come together to form an aggregate while retaining
their individual integrity (McClements, 2004; Piorkowski & McClements, 2013). Sometimes,
flocculation is considered as a precursor for coalescence. Typically, droplet aggregation is
induced by the balance between attractive and repulsive forces acting between the droplets
(Damodaran et al., 2007). Van der Waals interactions are attractive, electrostatic interactions can
be attractive or repulsive, and steric forces are usually repulsive in nature. To prevent droplets
from aggregation, repulsive interactions must overcome attractive interactions.
18

2.3.2 Ostwald ripening
Ostwald ripening is a process that the larger droplets grow at the expense of smaller droplets
through molecular diffusion until the smaller droplets completely disappear (Kabalnov &
Shchukin, 1992). This happens due to the difference in Laplace-pressure between larger bubbles
and smaller bubbles. Ostwald ripening is a major problem in flavor emulsions, as the oil phase
has a relatively high solubility in aqueous phase. Previous studies have shown that Ostwald
ripening can be inhibited by adding highly hydrophobic molecules to the oil phase, such as ester
gums, due to their low water solubility (Lim et al., 2011).

2.3.3 Gravitational separation
In beverage emulsion system, typically, the oil phase has a lower density than the continuous
phase. Therefore, gravitational separation is a major problem that may arise in beverage
emulsions. In the model system used in this research, gravitational separation always refers to
creaming due to the lower density of oil phases, which can lead to further coalescence or
flocculation of oil droplets, and eventually to ring formation and/or oil spreading.
Ring formation and oil spreading are the most common defects in beverage products. Ring
formation occurs when the oil droplets cream close to the air-water interface and concentrate at
the meniscus of the bottle. In some cases, the oil droplets will eventually entering and spreading
at the air-water interface and forming a thin layer of oil at the neck of the bottle (Figure 2.3). A
number of solutions, such as the addition of weighting agents or emulsifiers, or decreasing
droplet sizes, have been investigated to inhibit these physical instability changes (Chanamai &
McClements, 2000; Taherian et al., 2006; Tan,1998). Among these strategies, incorporating of
weighting agents is the most widespread solution in the beverage industry, and it has been shown
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.

Figure 2.3 Schematic representation of ring formation and oil spreading in soft drinks.
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to inhibit the occurrence of ring formation and oil spreading.
Weighting agents are a group of dense hydrophobic components that can be incorporated into
the oil phase of specific types of beverage emulsions to decrease the density contrast between the
oil droplets and the dispersing aqueous phase (McClements, 2004; Tan et al., 2004). Typically,
the densities of flavor oils used in beverage products are considerably lower than those of
aqueous phase, which may finally induce phase separation. The addition of weighting agents to
the oil phase has been widely employed in beverage industry as one of the most effective method
to retard gravitational separation (Lim et al., 2011; Taherian et al., 2008; Taherian et al., 2006).
The underlying mechanism is explained by Stoke’s law:

𝑈𝑆𝑡𝑜𝑘𝑒𝑠 =

2𝑔𝑟 2 (𝜌1 − 𝜌2 )
9𝜂

Equation 2.3

where the creaming velocity (UStokes) is proportional to the square of the particle radius (r2) and
density difference between the two phases (1 and 2 refer to the density of continuous phase and
dispersed phase, respectively), and inversely proportional to the shear viscosity () of the
aqueous phase (Hunter, 1986; McClements, 2004; Piorkowski & McClements, 2013). Hence, if
the density contrast can be reduced by adding weighting agents, the velocity of creaming will
decrease, and the gravitational separation can be inhibited. There are a number of different
weighting agents that can be utilized in beverage product, such as ester gum, sucrose acetate
isobutyrate, brominated vegetable oil, or dammar gum (Chanamai & McClements, 2000;
Piorkowski & McClements, 2013; Taherian et al., 2008). The density, solubility, and rheological
properties of weighting agents are typically the most important factors that need to be considered.
In addition, the properties of the interfacial layer should also be taken into consideration in the
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choice of weighting agents. If the interfacial layer is relatively thick compared to the droplet
radius, the emulsifier itself will act as a weighting agent, increasing the overall density of the
emulsion droplet. The additional weighting agents may then induce inverse effects, resulting in
sedimentation (McClements, 2011).
In this thesis, ester gum was employed as the weighting agent. Ester gum is a hydrophobic
non-polar polymer made by esterification of wood rosin with glycerol (Chanamai & McClements,
2000; Piorkowski & McClements, 2013). It is approved as a weighting agent in beverage
products in many countries. It has relatively high density (1080 kg m-3) compared to water and
has a good solubility in citrus or essential oils (Piorkowski & McClements, 2013; Tan et al.,
2004). In general, ester gum is considered “label-friendly” because it is derived from natural
wood rosin and non-animal glycerol (Igoe & Hui, 2001; Lim et al., 2011). The amount of ester
gum that can be used in the final product is restricted by many countries. For example, only 100
ppm is permitted in the United States (FDA, USA). In addition to functioning as a weighting
agent, many studies have shown that ester gums are good Ostwald ripening inhibitors due to their
low solubility in water. It has been reported that  9% ester gum can effectively inhibit droplet
growth (Lim et al., 2011). However, these strategies can only be used for retarding the
proliferation of ringing, and not ceasing it. To prevent the occurrence of ringing, it is necessary
to better understand and the mechanisms of oil droplet entering and spreading at the air-water
interface.

2.4 Spreading of emulsion droplets at interface
An oil droplet in the vicinity of an air-water interface can adopt one of three conformations: a
non-entered droplet, a lens, or a spread-oil layer (Figure 2.4) (Hotrum et al., 2004). The balance
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Figure 2.4 Schematic representation of three conformations an oil droplet may adopt at the airwater interface, which are non-entered droplet (a), lens (b), and spreading oil layer (c). (Adapted
from Hotrum et al., 2004).
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of γAW, γOW and γOA determines whether or not an oil droplet can enter or spread at the air-water
interface. The parameters γAW, γOW and γOA refer to the interfacial tension at the air-water (AW),
oil-water (OA), and oil-air (OA) interface, respectively.
Robinson and Woods (1948) defined the entering coefficient, E, as a parameter to predict
whether an emulsion droplet will enter the air-water interface or not. This parameter is reflective
of the decrease in free energy at the air-water interface when an emulsion droplet enters the
interface.

𝐸 = 𝛾𝐴𝑊 + 𝛾𝑂𝑊 − 𝛾𝑂𝐴

Equation 2.4

where, γ is the interfacial tension at the AW, OA, and OA interface, respectively. Theoretically,
the emulsion droplet will enter the air-water interface when E > 0. The tendency for an oil
droplet spreading at the air-water interface is predicted by another parameter, spreading
coefficient, S (Harkins et al., 1922):

𝑆 = 𝛾𝐴𝑊 − 𝛾𝑂𝑊 − 𝛾𝑂𝐴

Equation 2.5

All the interfacial tensions indicated in Equations 2.4 and 2.5 are referred to the initial state in
the system which means before the emulsion droplet reaches the air-water interface. It has been
hypothesized that when S > 0, a spreading oil layer will form replacing the air-water interface
with an oil-water interface. When S  0  E, the oil droplet will enter the air-water interface and
form a lens. When E  0, the oil droplet will not enter the air-water interface at all.
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This hypothesis was questioned by a number of researchers, as it was not consistent with
experimental findings (Aveyard et al., 1993; Hotrum et al., 2002; Koczo, Lobo, & Wasan, 1992;
Lobo & Wasan, 1993). It has been hypothesized that in addition to considering the balance of
γAW, γOW and γOA, the formation of a pseudoemulsion film needs to be taken into consideration in
the case of an entering or spreading event. The pseudoemulsion film has been defined as a thin
water film formed between an approaching emulsion droplet and the air-water interface, acting
as a kinetic barrier and effectively inhibit oil entering/spreading (Wasan, Koczo, & Nikolov,
1994). Neither the spreading nor entering coefficients account for the presence of this
pseudoemulsion film. Hence, entering or spreading of emulsion droplets might not been
observed even when E or S is positive due to the presence of this thin film.
Hotrum et al. (2004) reported the entering of immersed emulsion droplets at the air-water
interface only when the surface tension is greater than 57 mN/m. However, according to the
entering and spreading coefficient calculation, entering and spreading of droplets should be
observed more often in their study. Therefore, they concluded that the emulsifiers such as
proteins or LMW surfactants that adsorb onto the air-water interface may contribute to the
stability of the thin film through electrostatic and/or steric repulsion (Harkins et al., 1922;
Hotrum et al., 2004). Therefore, in order to eliminate emulsion droplet entering and spreading at
the air-water interface, besides understanding the classical entering and spreading theory, the
complexity of the formulations need to be taken into consideration, and more techniques need to
be developed to facilitate the monitoring entering/spreading of oil droplets at interfaces.
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2.5 Flavor oil - limonene
Although some studies are available on the spreading of oil droplets at the air-water interface,
most research has been carried out using vegetable oils, such as sunflower, soy or corn oils
(Hotrum et al., 2002; Kong et al., 2006; Schokker et al., 2002). Compared to cloudy emulsions,
flavor emulsions are more susceptible to gravitational separation and Ostwald ripening. Flavor
oils have lower density and appreciable higher solubility in aqueous phase than conventional
triglyceride oils (Piorkowski & McClements, 2013; Tan et al., 2004). Therefore, more studies are
needed in this area, using flavour oils. In this work, a limonene-in-water emulsion system is
employed as a model beverage emulsion to study the spreading of emulsion droplet at the air
water interface.
d-Limonene (1-methyl-4-(1-methylethenyl)-cyclohexene) is a colourless liquid with a strong
smell of orange, which has been attributed to the terpene hydrocarbon structure of the molecule
(Figure 2.5) (Hui, 2007). Typically, it is extracted from citrus peel by cold pressing, followed by
further refining using vacuum or steam distillation (Misharina et al., 2010; Piorkowski &
McClements, 2013). d-Limonene, as one of the most popular flavour components, has been
widely used in the beverage industry during the past decade (Li & Chiang, 2012).
Nevertheless, some quality defects may arise when utilizing d-limonene in beverage emulsions
due to its physicochemical properties. d-Limonene is susceptible to acid-catalyzed and oxidative
degradation, which result in the loss of its lemon-like flavor and the formation of carvone
molecules (Figure 2.5), as well as a series of limonene hydroperoxides (Ueno et al., 2003; Hui,
2007). This chemical degradation can be mitigated by adding antioxidants to directly inhibit
oxidation or by introducing emulsifiers which act to cover a limonene droplet with an interfacial
layer (Yang et al., 2011, 2012).
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Figure 2.5 Structure of d-limonene (a) and it degradation product carvone (b) (Adapted from
Hui, 2007).
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In addition, gravitational separation and Ostwald ripening may occur in beverage flavour
emulsions due to the low density and appreciable solubility of d-limonene, respectively
(McClements, 2004). Oil density determines the rate of emulsion droplet creaming; a smaller
difference in density between the droplets and the dispersing aqueous phase, the slower the rate
of gravitational separation. This instability mechanism can be prevented by introducing
weighting agents and emulsifiers into the emulsion system, as previously discussed. Oil
solubility in the dispersing aqueous phase determines the susceptibility of a flavour emulsion to
Ostwald ripening; the lower the water solubility, the more stable the emulsion is (Piorkowski &
McClements, 2013).
Typically, Ostwald ripening is not considered a problem for emulsions of long chain
triglycerides (e.g., soy, sunflower, or corn oil) which have low water-solubility, but it may occur
in beverage emulsions containing flavour or essential oils. This defect can also be eliminated by
adding a weighting agent (e.g., ester gum) or other low water-solubility components (e.g.,
triglyceride oils) into the oil phase, or adding emulsifiers into the aqueous phase (Li et al., 2009;
Lim et al., 2011b; Taherian et al., 2006; Wooster, Golding, & Sanguansri, 2008). It has been
reported that incorporating over 10% corn oil into the oil phase in orange oil-water emulsion can
effectively inhibit the droplet growth (McClements et al., 2012; Li et al., 2009). Taherian et al.
found that increasing concentration of starch could lower the specific gravity difference between
the oil phase and aqueous phase, resulting in inhibition of gravitational separation (Taherian et
al., 2006).

2.6 Experimental methods employed in this research
Previous work carried out on ring formation or oil spreading of beverage emulsions mainly
focused on predicting the instability by evaluating physical changes in model system after the
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formation of a ring or oil slick, such as measuring the particle size distribution, testing emulsion
texture inside the ring, or by visual observations (McClements et al., 2012; Kong et al., 2006;
Reiner et al., 2010). These methods can efficiently and reliably monitor the stability of the
emulsions over a period of time. However, to inhibit the occurrence of entering and/or spreading
of emulsion droplet at the air-water interface, a better understanding of the mechanisms
underlying the entering and spreading of droplets is needed. Furthermore, more techniques need
to be utilized to monitor the entering and spreading of the oil droplets at a dynamic state, such as
drop shape tensiometry.

2.6.1 Visual observations
The ringing test is one of the most simple and direct methods used to monitor the instability of
beverage emulsions, by visually observing the formation of a ring. Typically, beverage emulsion
samples are stored in glass tubes or bottles for 1 to 5 weeks at room temperature, with digital
photographs being taken at specific time intervals to record any changes (Reiner et al., 2010). If
there is no sign of ringing after 5 weeks, the emulsion is considered stable (Taherian, Fustier, &
Ramaswamy, 2007). This method is considered a necessary shelf life test step in commercial
products. This method is limited to the sensitivity of the human eye which may require a
relatively large amount of emulsion droplets to accumulate at the surface. The method clearly
demonstrates the presence of physical instability, but does not provide any mechanistic
understanding nor allows differentiating spreading mechanisms.
Microscopy can be employed to observe the entering and spreading of emulsion droplets at the
air-water interface. The differential interference contrast microscopy (DICM) is used by many
researchers in investigating the phenomenon of oil entering and spreading at the air-water
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interface. The principle of this method is a light beam split in two, reflected off the sample
surface, and then recombined as one image prior to observation (Lobo & Wasan, 1993). This
creates a differential interference pattern, which can be used to monitor the configuration of the
emulsion droplet at the air-water interface by measuring the curvature of the interface. DICM
can be used for unstained specimens and possesses high resolution compared to a standard
microscopic observation. Nevertheless, DICM is not suitable for transparent liquids, such as
some soda drinks, which have a similar refractive index between dispersions and surroundings
(Kong et al., 2006). Furthermore, its resolution is typically about 0.2 m, but indeed the
measurements below 1 m are not reliable. Therefore, DICM is not suitable for the model
beverage emulsion system with droplets ranging from 0.3 to 0.5 m.
Confocal laser scanning microscopy (CLSM) is another light microscope widely used to
examine components in food system, enabling investigators to visualize the spatial distribution
and interaction of fat droplets at the air-water interface (Auty et al., 2001; McKenna, 1997). The
most important advantage of CLSM is that it can acquire in-focus image from selected depth and
obtain a three-dimensional images without physically sectioning the specimen. In CLSM, one or
more focused narrow laser beams go through the specimen, but only the light emitted from a
specific focal plane is detected by a photomultiplier tube while out-of-focus signals are removed
by the use of a confocal pinhole (McKenna, 1997). Therefore, we can achieve a greater
resolution than with a traditional light microscope and be able to determine the location and size
of fat droplets distributed surrounding the air-water interface.
A number of researchers have successfully observed the oil droplets entering and/or spreading
phenomenon by using these techniques. In this thesis, CLSM was the method of choice to
observe flavoured beverage emulsions. These emulsions are relatively transparent, making
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DICM observations unsuitable. With CLSM it is possible to visualize the distribution of oil
droplets surrounding the air-water interface, and the dye used in CLSM makes it much easier to
differentiate the air bubble and the oil droplets as compared to electron microscopy, and there is
very little sample preparation (McKenna, 1997).

2.6.2 Particle size distribution of the oil droplets
The particle size distribution of emulsion droplets is one of the most important parameters
aiding in predicting the stability of an emulsion system. As calculated from Equation 2.3, an
emulsion droplet with a size of 1.0 mm diameter will move upward 100 times faster than a
droplet with a 0.1 mm diameter in a beverage emulsion (Chanamai & McClements, 2000). A
number of investigators have reported that the stability of emulsions was significantly affected
by the average size of the emulsion droplets and their distribution (Bhandari et al., 1992; Brenner
et al., 1976; Chiewchan et al., 2006). Although the particle size measurement cannot predict the
entering or spreading of the oil droplets at the interface, it is a necessary procedure that can help
estimate the overall quality of the concentrated emulsions and indirectly predict the stability of
the diluted form. Laser light scattering techniques are the most popular methods to detect particle
size and particle size distribution (Charoen et al., 2011; Hotrum et al., 2002; Hotrum et al., 2003;
Reiner et al., 2010). In my study, static light scattering was employed since it could be used to
determine emulsions which particle size between 0.1 and 1000 m. When a beam of light passes
through the dispersion, it is scattered by the particles present depending on their size, shape,
refractive index, wavelength of light. This technique records the intensity of laser light scattered
from the testing emulsion, and reports the particle size distribution in a form of intensity versus
scattering angle (Charoen et al., 2011). This instrument usually requires a relatively low
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concentration (0.1 wt%) of the droplet concentration in order to avoid multi-scattered of light
(McClements, 2007). Therefore, the emulsions need to be highly diluted with water or specific
buffer prior to analyzing.

2.6.3 Interfacial tension and properties determination
Determination of interfacial tension and properties play a key role in predicting the
entering/spreading of emulsion droplets at the air-water interface, as mentioned in Section 2.3.
Numerous experimental methods have been developed to measure the interfacial tension and the
properties of emulsifiers at the air-water interface. The most commonly used techniques are
overflowing cylinder methods, trough methods, capillary wave methods, pulsating bubble
tensiometry, oscillating bubble/drop methods, Wilhelmy plate methods, drop volume and drop
shape tensiometry (Wang & Narimhan, 2005; Pelipenko, 2012; Ravera et al., 2010; Gulseren &
Corredig,

2012).

Nevertheless,

for

monitoring

and

predicting

emulsion

droplets

entering/spreading at air-water interface this area, few techniques can be utilized.
It was recently shown that it is possible to observe spreading at interfaces using the Wilhelmy
plate method equipped with a modified Langmuir trough (Hotrum et al., 2002). This approach
was successful in studying entering/spreading of emulsion droplets at both quiescent and
expanding air-water interfaces (Hotrum et al., 2002). Nevertheless, this method was likely to be
more sensitive to droplet spreading. If a droplet only entered the air-water interface without
spreading, no changes may be detected. In addition, the Wilhelmy plate method is not suitable
for studying adsorption kinetics of LMW surfactants due to their fast adsorption rate
(McClements, 2004). In this thesis, drop shape tensiometry was used to study entering/spreading
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of emulsion droplet at the air-water interface. This technique is very sensitive and often
employed for adsorption kinetics studies. Figure 2.6 illustrates the experimental set-up.
The drop shape tensiometer primarily comprises of three parts: a light source, a cuvette
containing the drop/bubble within aqueous phase, and a charge coupled device camera.
Drop/bubble volume is controlled by a syringe which is driven by a dc motor drive. The
selection of rising or pending drop depends on the specific gravity of the two phases. This
technique enables real time measurements by employing image analysis of the drop or bubble
shapes to determine interfacial tension (Faour et al., 1996; Nylander, Hamraoui, & Paulsson,
1999). The shape of the drop/bubble depends on the balance between gravity and surface tension;
the former tends to elongate the drop/bubble whereas latter tends to minimize the area of
interface and make the drop/bubble spherical (Faour et al., 1996; Saad, Policova, & Neumann,
2011). The image collected by the camera is then sent to a computer for analysis.
The profile of drop/bubble is recorded and digitized and calculated according to Laplace
equation:

1

𝑑

𝑥 𝑑𝑥

(𝑥 sin 𝜃) =

2
𝑏

− 𝑐𝑧

Equation 2.6

where 𝑥 and z are the Cartesian coordinates at any point of the drop/bubble profile, 𝑏 is the
radius of curvature of the drop/bubble apex, 𝜃 is the angle of the tangent to the drop/bubble
profile, and c is the capillarity constant (𝑐 = g/γ,  is the difference of density between the
two phases, γ is the interfacial tension, and g is the acceleration of the gravity) (Benjamins,
Cagna, & Lucassen-Reynders, 1996; Faour et al., 1996). In addition, using this method it is
possible to accurately control and modify the drop/bubble volume during the experiment, making
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Figure 2.6 Drop shape tensiometer diagram: (A) light source, (B) dc motor drive, (C) syringe,
(D) cuvette containing the drop/bubble within aqueous phase, (E) CCD camera, and (F) personal
computer
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this method suitable for the measurement of the viscoelastic modulus in compression or
expansion modes at the air-water interface. In this study, dilational elastic modulus may turn to
be another detector for droplet entering/spreading. The dilational elastic modulus (Gibbs
elasticity) (E) was defined as the change in interfacial tension relative to the variation in droplet
surface area (Equation 2.7) (Rossetti, Ravera, & Liggieri, 2013):

𝐸=

𝑑𝛾

Equation 2.7

𝑑𝑙𝑛(𝐴)

where E is a complex modulus, which due to the dynamic surface tension relaxation is a timedependent process.
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Chapter 3. Relationship between the spreading coefficient and spreading of oil droplets at
the air-water interface in model beverage emulsions

3.1 Introduction
Beverage emulsions are oil-in-water (O/W) emulsions widely used in soft drinks, providing
flavor, colour, and cloudy appearance (Mirhosseini et al., 2008; Piorkowski & McClements,
2013). Since beverage emulsions are initially fabricated in a concentrated form (3~30%
concentration) and then processed into highly diluted emulsions (< 0.1%) (Tan, 1990; Tse &
Reineccius, 1995; Given, 2009; Mirhosseini et al., 2008; Piorkowski & McClements, 2013), they
are particularly challenging, as their long shelf life has to be retained in both concentrated and
diluted forms (Reiner et al., 2010).
The most common defects of beverage emulsions are formation of a whitish ring and/or a
shiny layer of oil at the neck of the bottle, which may due to entering and/or spreading of oil
droplets at the air-water interface on top of the suspension. Previous studies on ring formation or
oil spreading in beverage emulsions have mainly focused on predicting this instability by
evaluating physical changes in the model system after the formation of ring or oil slick, such as
measuring the particle size distribution, testing emulsion texture inside the ring, or by visual
observations (McClements et al., 2012; Kong et al., 2006; Reiner et al., 2010). However, the
mechanisms associated with entering and/or spreading of emulsion droplets at the air-water
interface in beverage emulsion need to be better understood, in more relevant systems, to prevent
the occurrence of ring formation or oil spreading.
Over the past decade, researchers have investigated the mechanism of emulsion droplets
entering/spreading at the air-water interface to better understand how to control it (Harkins,
Feldman, & Obinson, 1922; Koczo, Lobo, & Wasan, 1992; Robinson, 1948). The spreading
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coefficient (S) parameter was first proposed by Harkins et al. in 1922, as a predictor of the
tendency for an oil droplet spreading at the air-water interface (Harkins et al., 1922):

𝑆 = 𝛾𝐴𝑊 − 𝛾𝑂𝑊 − 𝛾𝑂𝐴

Equation 3.1

where, γ is the interfacial tension at the air-water (AW), oil-water (OA), and oil-air (OA)
interface, respectively. All the interfacial tensions indicated in Equation 3.1 refer to the initial
state of the system, that is to say the state before the emulsion droplet reaches the air-water
interface. It has been hypothesized that when S > 0, a spreading oil layer will form replacing the
air-water interface with an oil-water interface; on the other hand, when S < 0, spreading will not
occur.
This theory was questioned by a number of researchers, as it was not consistent with
experimental findings (Aveyard et al., 1993; Hotrum et al., 2002; Koczo, Lobo, & Wasan, 1992;
Lobo & Wasan, 1993). Researchers reported no spreading of emulsion droplets in cases when S >
0. It was then hypothesized that in addition to considering the balance of γAW, γOW and γOA, the
formation of a film at the interface also needs to be taken into consideration. This film, also
named a “pseudoemulsion film”, is a thin water film formed between an approaching emulsion
droplet and the air-water interface, acting as a kinetic barrier and effectively inhibit oil
entering/spreading (Wasan et al., 1994). In addition, the emulsifiers present in the aqueous
solution, such as proteins or low molecular weight (LMW) surfactants will adsorb onto the airwater interface, contributing to the resistance of the thin film to spreading of the oil droplet
(Harkins et al., 1922; Hotrum et al., 2004).
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The objective of this research was to better understand the relationship between the S
parameter and the spreading of droplets at the air-water interface, and in particular the feasibility
of S as a predictor of spreading in this highly diluted beverage emulsion system. Interfacial drop
tensiometery was used to measure the interfacial tension and CLSM was employed to observe
spreading at the interface.

3.2 Materials and Methods
3.2.1 Materials
Gum Arabic (GA) and modified octenyl succinate modified (OSA) waxy maize starch (MS)
powder were supplied by Pepsico (New York, USA). d-Limonene was colourless liquid, and also
supplied by Pepsico. Ester gum was supplied by Pinova (Brunswick, GA 31520, USA). MilliQ
water (Billerica, MA, USA) was used for preparation of all of the emulsifier solutions and
emulsions in this study. Citric acid and sodium benzoate (Pepsico) were employed for preparing
citric acid buffer (pH = 4).

3.2.2 Solution and emulsion preparation
Emulsifier stock solution (10% w/w) were prepared by gradually adding either GA or
modified starch powder into citric acid buffer (0.15% w/w citric acid, 0.1% w/w sodium
benzoate, pH 4) and mixing on a stirrer plate until dissolved. Prior to use, emulsifier solutions
were stored at 4 ºC for at least 24 h to facilitate complete hydration. GA and MS concentration
series were prepared by diluting the emulsifier stock solution with citric acid buffer (pH 4).
The concentrated O/W emulsions were prepared by pre-homogenizing the 90 g of water phase,
containing 10% emulsifier and 10 g of oil or a 10% emulsifier, with varying concentration of oil
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(10 g of oil diluted with citric acid solution, for a final concentration of oil of 10, 5 and 3%)
using a Polytron handheld homogenizer (Brinkmann Inst. Corp., Mississauga, ON, Canada). The
premix was then homogenized through micro-fluidizer (model M-110Y, Microfluidics
Corporation, Newton, MA, USA) for 1 pass with an input air pressure of 138 KPa. The oil phase
was composed of a 1:1 ratio of limonene and ester gum. Concentrated emulsions were then
diluted with citric acid buffer (0.15% w/w citric acid, 0.1% w/w sodium benzoate, pH 4) to
obtain the same concentration of oil phase (100 mg kg-1) but with a final concentration of
emulsifier of 100, 200, and 300 mg kg-1.
3.2.3 Particle size measurements
The particle size distribution of the emulsion droplets was measured by light scattering using
Mastersizer 2000S (Malvern Instruments Inc., Southborough, MA). Samples were diluted with
deionized water prior to measurement. Each sample was measured in triplicate. The surfaceweighted mean diameter [d3,2] of the beverage emulsion droplets was expected to be within 0.3
to 0.5 m.

3.2.4 Drop shape tensiometry
The interfacial tension (γ) values and dilational elastic modulus (E) of limonene oil/emulsifier
solution interface was measured by drop shape tensiometer (Tracker, IT Concept, Longessaigne,
France). A reverse syringe needle was used in this measurement as the oil drop density is lower
than the bulk density. A spheroidal limonene oil droplet (~ 5 μL) was formed at the tip of a
syringe needle and immersed in a quartz cuvette containing 5 mL of a solution containing gum
arabic or modified starch at a final concentration ranging from 10-3 to 10% w/w. The drop
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volume was consistently controlled. The shape of the droplet was monitored and recorded by a
CCD camera which was connected to a computer terminal.
Dynamic interfacial tension (γ) was automatically determined by analyzing the recorded
profiles every 0.5 s according to the Laplace equation by the software (Gülseren & Corredig,
2012). The time required for reaching interfacial tension equilibrium varied with sample
concentration. Dilational viscoelasticity measurements were carried out after the interfacial
tension reached a plateau. At that point, the oil droplet was subjected to a sinusoidal oscillation at
a 0.1 strain amplitude (A/A = 0.1, where A is the droplet surface area) at 50 mHz. The same
strain amplitude parameter was used in previous literature, and it was within the linear
viscoelastic range (Benjamins, Cagna, & Lucassen-Reynders, 1996). Each measurement was
performed in triplicate. In order to ensure the accuracy of the measurement, all the glassware was
washed in 99% sulfuric acid and the citric acid buffer was filtered (pore size < 0.22 μm) before
use.
The interfacial tension (γ) at the oil-water (γOW), oil-air (γOA), and air-water (γAW) interfaces
were measured by drop shape tensiometry (Tracker, IT Concept, Longessaigne, France). The
subscripts O, W, and A refers to oil, water and air phases, respectively. Oil phase in this model
emulsion was a mixture of limonene oil and weighting agent (ratio = 1:1), the density of which
was measured by using a 5 mL volumetric flask and an analytical balance.
For the measurement of γOW, 5 mL gum arabic or modified starch solutions (at concentrations
of 100, 200, or 300 mg kg-1) were added into the cuvette. A 5 µL oil droplet was then formed at
the tip of the syringe needle, immersed in the emulsifier solution. Then γ was measured as
described. For the measurement of γOA, a 5µL oil mixture droplet was formed at the tip of the
syringe needle in the cuvette surrounded by air; for γAw, a 5µL air bubble was formed at the tip
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of the syringe needle immersed in GA or MS solutions (100, 200, or 300 mg kg-1). Each
measurement was performed in triplicate.
The drop shape tensiometer (Tracker, IT Concept, Longessaigne, France) was also employed
to determine the spreadability of diluted beverage emulsion droplets at the A/W interface by
measuring the γ of air in diluted beverage emulsion. Dilute gum arabic or modified starch
emulsions (5 mL) were first added into the cuvette. A 5 µL air bubble was then formed at the tip
of the syringe needle which was immersed in the cuvette. Dynamic γ was automatically
measured as a function of time as described.

3.2.5 Confocal scanning laser microscopy (CSLM)
Confocal scanning laser microscopy (CSLM) (Leica TCS SP2, Wetzlar, Germany) was
employed in this study to localize distribution of oil droplets at the A/W interface as previously
described (Auty et al., 2001; McKenna, 1997). Nile red (Nile blue oxazone) (Sigma-Aldrinch
Chemical Co, MO, USA) as a lipophilic stain was selected to dye oil mixture with a
concentration of 0.01% w/w prior to preparation of emulsions. Before imaging, 0.15% w/w citric
acid buffer (pH = 4) was added to diluted gum arabic- or modified starch-stabilized emulsion,
and prior to addition, it was carbonated with a commercial SodastreamTM sparkling water maker
(Home Outifitter, Guelph, Ontario) to create the air-water interface. Each sample was pipetted
onto a cavity slide, and a cover slip sealed with clear nail polish. Representative images of each
treatment were taken using CSLM with a 40 oil immersion objective lens.
3.2.6 Stability of diluted beverage emulsions during storage
Carbonated 0.15% w/w citric acid buffer (pH=4) was poured into 2 L commercial
polyethylene terephthalate plastic bottles (Pepsico, NY). Then 2, 4, and 6 mL of undiluted gum
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arabic or modified starch emulsions were added, to reach a final concentration as 100, 200, and
300 mg kg-1, respectively. The bottles were sealed with petri film and placed at room
temperature for 6 months.
3.2.7 Statistical analysis
All values presented in this chapter were average of triplicates with respective standard
deviations. One-way analysis of variance (ANOVA) was used to assess the statistical significant
differences among test samples, with p<0.05 considered significant.

3.3 Results and Discussion
3.3.1 Gum Arabic and modified starch emulsifying efficiency at limonene-water interface
In this work, the interfacial tension (γ) as a function of time for different concentration of gum
arabic (GA) or modified starch (MS) at the limonene oil-water interface was determined by drop
shape tensiometry. In all cases, there was a lowering of γ as a function of time, and a plateau was
reached at different times, depending on the concentration of surface active material present.
Both GA and MS solutions showed a similar behavior (results not shown). At the highest
emulsifier concentrations (10%) tested, a plateau was reached rapidly. At high concentrations the
interface was saturated faster than at the lower emulsifier concentrations, as expected from
previous published research (Charoen et al., 2011; Walstra, 1983). At concentrations of
emulsifier below 0.01 %, there was insufficient coverage of the interface, and as a result a
plateau was rapidly reached, but with a high value of γ. The values of γ were plotted as a
function of 1/sqrt(t), to estimate a value of γ at plateau. These values are summarized in Figure
3.1, as a function of GA or MS concentration. The citric acid buffer (pH=4) showed a baseline
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Figure 3.1 Interfacial tension of limonene oil/ gum Arabic or modified starch solution as a
function of gum arabic (○) and/or modified starch (●) solution concentration after equilibrium
reached. Values are averages of three independent experiments, and error bars indicate standard
deviations.
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interfacial tension value of 30.4±0.5 mN m-1. For both biopolymers, the surface tension
decreased linearly with increasing biopolymer concentration. MS was more effective at lowering
interfacial tension at the oil-water interface than GA, in full agreement with previous reports
(Chanamai & McClements, 2002; Charoen et al., 2011).

3.3.2 Spreading coefficient of model beverage emulsion
It is generally accepted that the spreading coefficient can be used as a predictor for the
tendency for an oil droplet to spread at the air-water interface. However, this classical entering or
spreading theory has been put into question as not fully consistent with experimental findings
(Aveyard et al., 1993; Hotrum et al., 2002; Koczo et al., 1992; Lobo & Wasan, 1993). In addition,
most of the studies so far have been carried out on model emulsions based on triglycerides, and
very little is understood in the case of beverage emulsions. In this work, the γOW, γOA, and γAW
were determined by the drop shape tensiometry to estimate a spreading coefficient for model
beverage emulsions. The γAW refers to the interfacial tension of air in diluted emulsifier solution,
which is the initial state before the emulsion droplet was injected. For each biopolymer, 100, 200,
and 300 mg kg-1 were chosen, as these concentrations are within the range of what employed in
diluted beverage systems. Table 3.1 summarizes the values of interfacial tension of the various
interfaces, as well as the spreading coefficient for GA and MS at different concentrations. Both
biopolymers showed no significant different values as a function of concentration, and similar
values for both biopolymers. Compare the γAW of GA with MS at the same concentration, MS
showed a lower γAW compared to GA solutions, indicating a slightly higher surface activity, in
agreement with previous findings (see Figure 3.1)
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Table 3.1 Values of surface tension () for oil air, oil water, and air water interfaces in the
presence of different concentrations of gum arabic (GA) and modified starch (MS). Emulsions
contained 100 mg kg-1 of oil and 100, 200 and 300 mg kg-1 of biopolymer. The spreading
coefficient S (mN m-1) was also estimated. Values are means and standard deviations of 3
individual replicates. Within each column, first letter indicate the comparison within each type of
emulsifiers, and the second letter indicate the comparison in each concentration between
different types of emulsifiers. Different letters indicate significant difference (P<0.05).

Gum Arabic

Modified Starch

mg kg-1
100
200
300
100
200
300

ƔOA
29.50.4
29.50.4
29.50.4
29.50.4
29.50.4
29.50.4

45

ƔOW
10.10.7aa
10.31.1aa
9.70.7aa
9.40.7aa
9.40.5aa
8.40.6aa

ƔAW
55.41.7aa
53.21.4aa
541.7aa
49.90.95ab
49.20.43ab
48.41.1ab

Seq
15.71.4aa
13.41.6aa
152aa
111.4ab
10.30.8ab
10.60.9ab

(Chanamai & McClements., 2002; Piorkowski & McClements, 2013). The spreading coefficient
(S) was estimated based on Equation 3.1 (Table 3.1), and it was >0 in all systems tested. The
positive value of S would predict that in all cases, emulsion droplets would spread at the airwater interface.

3.3.3 Determination of spreadability
Spreadability of the emulsion droplets was also studied using drop shape tensiometry. Diluted
emulsions stabilized with gum arabic or modified starch were added to the cuvette, and a 5 µL
air bubble was then formed in the aqueous phase. The adsorption of the oil droplets at the
interface was followed by measuring the dynamic γ as a function of time. The surface tension as
a function of time for GA or MS interfaces, and GA or MS covered emulsion droplets is shown
in Figure 3.2. The surface tension for diluted emulsions decreased at a much faster rate than the
surface tension of a solution containing the corresponding biopolymer. The results clearly
suggested that the emulsion droplets migrated to the air-water interface. MS-stablized emulsions
showed a faster adsorption rate compared to GA, and that GA needed about 100-150 s before a
decrease in the . The slower rate of adsorption of GA was in agreement with a previous study
(Cao et al., 2013). Based on the estimated spreading coefficient, all emulsion droplets should
spread at the interface, as S> 0.
As shown in Figure 3.2, in all cases, there was a decrease in surface tension in the presence of
diluted emulsion droplets. The decrease in surface tension could be due to droplets entering,
adsorbing and concentrating at the interface, or spreading. The occurrence of emulsion droplets
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A

B

C

D

E

F

Figure 3.2 Comparison of interfacial tension as a function of time for gum Arabic (A, C, E) or
modified starch (B, D, F) in solution (●) or adsorbed on oil droplets (○). All of the emulsions
contained 100 mg kg-1 oil mixture but varied in emulsifier concentration (100 mg kg-1 (A, B),
200 mg kg-1 (C, D), 300 mg kg-1 (E, F)).
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Figure 3.3 Confocal images for air bubble in diluted emulsions stabilized with GA (A, C, E) or
MS (B, D, F) at 100 (A, B), 200 (C, D), and 300 mg kg-1 (E, F) concentrations
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spreading or entering was further verified by CLSM (Figure 3.3). Images showed emulsion
droplets adsorbed onto the surface of the air bubble, but in both cases (GA and MS) there was no
evidence of spreading, as the oil droplets seemed to retain their individual membrane, i.e., no oil
layer was shown at the air interface. Hence, as previously questioned by other researchers
(Aveyard et al., 1993; Hotrum et al., 2002; Koczo et al., 1992; Lobo & Wasan, 1993), also in this
instance, there was no spreading phenomena occurring in spite of the S being > 0. It was
concluded that the spreading coefficient cannot be employed as a predictor of spreading of
emulsion droplets at the air water interface. When emulsion droplets approach the air-water
interface, biopolymer molecules on the emulsion droplets may also adsorbed to the air-water
interface to reduce the interfacial tension gradient (Schokker et al., 2002). By doing so, a thin
film forms between the oil droplets and the air interface. Both GA and MS molecules formed a
relatively stable thin film between the approaching emulsion droplet and the air-water interface.
Adsorbed biopolymers stabilized the thin film through steric repulsion. Moreover, the GA and
MS are known to form viscoelastic films, which may provide extra resistance against the
entering of the oil droplets (Erni et al., 2007). In addition, aging GA may have resulted in a more
rigid film surrounding the air-water interface, as previously reported (Sanchez et al., 2002).
Therefore, in order to eliminate emulsion droplet spreading at the air-water interface, measuring
the spreading coefficient is not sufficient, and more techniques need to be developed to evaluate
spreading of oil droplets at the interface.
Although spreading was kinetically impeded in all model systems, the emulsion droplets still
adsorbed and entered the air-water interface. It is possible to assume that with time, droplets may
coalesce, or overcome the kinetic barrier, and eventually spread at the air-water interface. In the
present work, after 60 days storage, a small oil layer was observed for the GA-stablized
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emulsions containing 100 mg kg-1 (data not shown), but not for MS stabilized emulsions,
regardless of the concentration. Hence, to prevent instability at the oil-water interface, it is
important to inhibit entering and adsorption of the emulsion droplets at the air water interface.
3.4 Conclusions
Although according to the spreading coefficient calculated for the two emulsion systems
studied, spreading of oil droplets should be observed, confocal imaging revealed that oil droplets
only adsorbed to the air-water interface, but there was no oil layer. On the other hand, the
interfacial tension decreased as a function of time, indicating adsorption and entering of the oil
droplets. These result confirmed previous reports whereby it was shown that the spreading
coefficient is not an appropriate parameter to predict the spreading of oil droplets at the air-water
interface. Therefore, other methodological approaches are needed to monitor the occurrence of
entering/spreading of oil droplets at the air-water interface.
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Chapter 4. A Study of Emulsion Droplets Entering and Spreading at the Air-Water
Interface Studied by Drop Shape Tensiometer

4.1 Introduction
Spreading of emulsion droplets at the air-water interface is a process whereby droplets
approach an interface, enter and spread, and oil is released out of the droplets to form a layer
(McClements, 2004). Inhibiting the occurrence of spreading is an ongoing challenge as it affects
the shelf life and stability of many food emulsions (e.g., whipped cream, beer, and soft drinks)
(Hotrum et al., 2002; Piorkowski & McClements, 2013).
Spreading of emulsion droplets at the air-water interface has been studied in the past, however,
most work so far attempted at predicting the instability by evaluating physical changes in model
system after an oil ring formed or spreading occurred. Measurements of particle size distribution
or of bulk rheology, as well as visual and microscopic observations do not give mechanistic
information but simply help in evaluating the occurrence of entering and spreading (McClements
et al., 2012; Kong et al., 2006; Reiner et al., 2010). To inhibit the occurrence of entering and
spreading of emulsion droplets at the air-water interface, a better understanding of the
mechanisms underlying the entering and spreading of droplets is needed. Many researchers
attempted to use spreading coefficient (S = 𝛾𝐴𝑊 − 𝛾𝑂𝑊 − 𝛾𝑂𝐴 ) to predict spreading, but the
presence of a water layer between the droplet and the interface, containing emulsifiers, has not
been taken into consideration (Aveyard et al., 1993; Hotrum et al., 2002; Koczo, Lobo, & Wasan,
1992; Lobo & Wasan, 1993). This molecular layer could be acting as a barrier to the adsorption
of the oil droplets. Recently, a new technique was developed to observe the adsorption, entering
and spreading of emulsion droplets at air-water interface. This technique measure the surface
tension of a dilating air-water interface (Hotrum et al., 2002), and may be a better predictor for
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instability. Nevertheless, with this technique it is possible to test emulsions with a relative low
density of oil phase, and this may affect the kinetics of creaming, ultimately affecting the ability
to accurately measure adsorption of the oil droplets at the interface.
Furthermore it has been demonstrated that surface tension cannot be employed as an indicator
of droplet spreading (Hotrum et al., 2002; Chapter 3). It is therefore necessary to better
understand the mechanisms beyond the instability of diluted emulsions, to predict and inhibit the
adsorption and entering of emulsion droplets.
In this study, it was hypothesized that drop shape tensiometry is an effective technique for
directly monitoring the entering or spreading of emulsion droplets at the air-water interface. To
test this hypothesis, model systems based on milk protein-stabilized emulsions were employed,
to be able to compare them with similar systems reported in the literature (Hotrum et al., 2002).
In addition, model systems resembling those used in flavor emulsions were employed, and it was
hypothesized that adsorption, entering or spreading of emulsion droplets at the air-water
interface could be eliminated by adding LMW emulsifiers. This mass transport will result in a
decrease of the free energy at the air-water interface. The emulsions were stabilized using
biopolymers and weighting agents, and Tween 20 was added. Drop shape tensiometry was
employed to follow the behaviour of the emulsion droplets.

4.2 Materials and Methods
4.2.1 Materials
Whey protein isolate (WPI) and sodium caseinate (SC) (New Zealand Milk Proteins,
Mississauga, Ontario, Canada) were used for preparation of both protein solutions and emulsions.
Sodium phosphate buffer (30 mM, pH 6.8) were prepared as described in previous literature
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using Na2HPO4 and NaH2PO4 · H2O (Hotrum et al., 2002). Commercial sunflower oil was
employed as the oil phase in protein stabilized emulsions.
Gum arabic (GA) and modified starch (MS) were supplied by Pepsico (New York, USA). dLimonene was colourless liquid supplied by Pepsico as well. MilliQ water (Billerica, MA, USA)
was used for preparation of all of the emulsifier solutions and emulsions in this study. Ester gum
was supplied by Pinova (Brunswick, GA 31520, USA). Citric acid and sodium benzoate (PepsiCola) were used for preparing citric acid buffer (pH = 4).

4.2.2 Solution and Emulsion preparation
Protein stock solutions (1% w/w) were prepared by dispersing either WPI or SC powder in
sodium phosphate buffer (30 mM, pH 6.8). Solutions were stored at 4 ºC overnight to completely
hydrate. Specific concentrations were selected and prepared by diluting stock solution with
sodium phosphate buffer.
GA or MS stock solution (10% w/w) were prepared by gradually adding either GA or MS
powder into citric acid buffer (0.15% w/w citric acid, 0.1% w/w sodium benzonate, pH 4) or
mixing on a stirrer plate until dissolved. Prior to use, emulsifier solutions were stored at 4 ºC
overnight. Tween 20 stock solution (10% w/w) was prepared by adding 1 g Tween 20 (Sigma–
Aldrich Chemical Co, St. Louis, MO, USA) into 9 g citric acid buffer, and mixing until dissolved.
Emulsions containing 40% w/w sunflower oil (Nofrills, Guelph, Ontario) were also prepared
with 1% w/w WPI or SC. In this case, the emulsions were pre-homogenized using a Polytron
handheld homogenizer (Brinkmann Inst. Corp., Mississauga, ON, Canada) for 90 s, and then
homogenized through micro-fluidizer (model M-110Y, Microfluidics Corporation, Newton, MA,
USA) for 1 pass with an input air pressure of 103 KPa
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A model beverage emulsion was also prepared. Concentrated oil-in-water emulsions (10%
w/w oil mixture, 10% w/w GA or MS) were prepared by pre-homogenizing the water phase and
oil phase using a Polytron handheld homogenizer (Brinkmann Inst. Corp., Mississauga, ON,
Canada), and then homogenized through micro-fluidizer (model M-110Y, Microfluidics
Corporation, Newton, MA, USA) for 1 pass with an input air pressure of 138KPa. The
concentrated emulsions were made from a mixture of GA or MS solution and oil phase
(limonene oil:ester gum = 1:1) at ratio 9:1.

4.2.3 Particle size measurements
The particle size distribution of the emulsion droplets was measured by light scattering using
Mastersizer 2000S (Malvern Instruments Inc., Southborough, MA). Samples were diluted with
distilled water prior to measurement. Each sample was measured in triplicate.

4.2.4 Drop shape tensiometry
4.2.4.1 Protein-stabilized emulsion droplets entering/spreading at air-water interface
Dynamic interfacial tension (γ) and elastic modulus (E) of air/protein-stabilized emulsion
interface was measured by drop shape tensiometry (Tracker, IT Concept, Longessaigne, France).
All the surface tension (γ) values expressed in this section were calculated as a function of
1/sqrt(t). Firstly, the γ and E before addition of emulsion droplets were measured. WPI or sodium
caseinate solutions (5 mL), of given concentrations were added into the cuvette. A 5 µL air
bubble was then formed at the tip of the syringe needle immersed in the cuvette. Drop volume
was consistently controlled using a volume control regulation program. The shape of the droplet
was monitored and recorded by a CCD camera which was connected to a computer terminal.
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Dynamic γ was automatically determined by analyzing the recorded profiles every 0.5 s
according to the Laplace equation by the software (Gülseren & Corredig, 2012). The dilational
viscoelasticity measurements were carried out at 300 s after the interfacial tension equilibrium
was reached, after which an oil droplet was subjected to a sinusoidal oscillation at strain
amplitude of 0.1 (A/A = 0.1, A is the droplet surface area) at 50 mHz. This strain amplitude lies
within the linear viscoelastic range (Benjamins et al., 1996). After testing the dilational
viscoelasticity, the air bubble was manually shrunk using a syringe followed by running the
surface tension measurement for 100 s in order to re-reach the surface equilibrium.
Aliquots (0.5 µL) of WPI- or SC-stabilized emulsion was injected into WPI or SC bulk
solution in the cuvette, respectively. Dynamic measurements of γ were carried out immediately,
for about 200 s, to observe if the emulsion droplet would spread or not at the air-water interface.
Following this analysis, E was then measured using the same instrumental parameters.
In selected samples (when spreading was not observed), expansion was applied after the
dilational viscoelasticity measurement. The dynamic γ was measured as a function of time,
during an expansion of the air bubble of 0.3 µL/s, which controlled by volume injection until the
bubble would burst. Each measurement was performed in triplicate.

4.2.4.2 Beverage emulsion droplets behaviour at air-water interface
GA- and MS-stabilized emulsions (containing 100 mg kg-1 of emulsifier) were studied. In
selected experiments, a solution of Tween 20 (5 mL) at different concentration (from 0.001 to 10%
w/w) was first added into the cuvette. A 5 µL air bubble was then formed at the tip of the syringe
needle which was immersed in the Tween 20 solution. Dynamic γ was automatically determined
by drop shape tensiometry as previously described (Section 3.2.4). The surface tension was
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measured for 1000 s and the final value was taken as the equilibrium surface tension. The
dilational elastic modulus (E) of the interface was also measured, by applying oscillation at
amplitude 0.1 and frequency 50 mHz. This analysis was followed by a final step, which involved
shrinking the bubble slightly and measuring the surface tension for 100 s. Then aliquots (5 µL)
of concentrated GA- or MS-stabilized emulsions were injected into the Tween 20 solution,
making the final concentration of GA or MS in the cuvette 100 mg kg-1. Measurements of
dynamic γ were immediately carried out for 1500 s. Any changes were attributed to adsorption,
entering or spreading of the emulsion droplets on the interface. After 1500 s, E was measured,
using the same oscillation regimen described above.

4.2.5 Confocal scanning laser microscopy (CSLM)
Confocal scanning laser microscopy (CSLM) (Leica TCS SP2, Wetzlar, Germany) was
employed in this study to observe the localization of the oil droplets at the air-water interface.
The experiments were performed as previous described (Auty et al., 2001; McKenna, 1997). Nile
red (Nile blue oxazone) (Sigma-Aldrinch Chemical Co, MO, USA) was employed as a lipophilic
stain, and was used at a concentration of 0.01% w/w, Nile red was added to the lipid phase prior
to emulsions preparation. For the protein stabilized emulsion system, before carrying out
confocal microscopy experiments, the phosphate buffer (pH 6.8) used for diluting WPI- or SCstabilized O/W emulsions (1:5000) was carbonated with a commercial carbonation machine in
order to create the air-water interface. For the beverage emulsion system, Tween 20 was first
added into the carbonated citric acid buffer at different concentrations and allowed to sit at room
temperature for 15 min to reach the interfacial tension equilibrium, after which the undiluted
emulsion was added. Each sample was pipetted onto a cavity slide, followed by the deposition of
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a cover slip and sealing with clear nail polish. Images of representative areas of each sample
were taken using CSLM with a 40 oil immersion objective lens.

4.2.6 Statistical analysis
All values presented in this chapter were average of at least two replicates with respective
standard deviations. Boostrap for paired-samples T test was used to assess the statistical
significant differences among test samples, with p<0.05 considered significant.

4.3 Results and Discussion
4.3.1 Milk protein-stabilized emulsion: Investigating the feasibility of drop shape
tensiometry for monitoring emulsion droplets entering/spreading at the air-water interface
The spreading of milk protein-stabilized emulsion droplets at the air-water interface was
investigated in the past (Hotrum et al., 2002) using a Wilhelmy plate device equipped with a
modified Langmuir trough. SC and WPI emulsions were injected in solutions of SC or WPI, to
obtain different diluted emulsions. It was demonstrated that, when moving towards the air-water
interface, the droplets would either remain immerse in the solution or show spontaneous
adsorption, entering or spreading at the interface, depending on the bulk emulsifier
concentrations.
The emulsion droplets did not show spreading and or entering when injected in a bulk solution
containing 1% SC, even when expansion of the interface was applied. On the other hand,
emulsion droplets diluted in 0.01 % SC and 1% WPI solutions, showed the spreading of their
droplets at a critical surface tension, when expansion was applied. Finally, emulsions with very
low concentrations of free protein (0.0001% SC and 0.0001% WPI) showed spontaneous
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spreading at the interface (Hotrum et al., 2002). The same systems were employed initially in
this research, to test the hypothesis that entering and spreading of emulsion droplets can be
followed using drop tensiometry.
In this research, the surface tension of the air-water interface was measured before and after
injection of the milk protein-stabilized emulsion. The values of surface tension at plateau are
summarized in Figure 4.1, before and after injection of the oil droplets. In all cases, the surface
tension before injection of the emulsion droplets decreased with bulk protein concentration.
Solutions containing similar protein concentration showed similar values of , in agreement with
previous reports (Hotrum et al., 2002). For example, the surface tension of a 1% SC and WPI
solutions was 47.8 ± 0.6 mN m-1 and 49.3 ± 1.3 mN m-1, respectively. At high concentration of
protein in solution, both SC and WPI showed no differences in the surface tension before or after
addition of the emulsion droplets, indicating that the free protein present in solution was
sufficient to fully cover the interface. On the other hand, samples containing low free bulk
concentrations (0.0001%) of WPI or SC showed a decrease in the surface tension.
Figure 4.2 illustrates the changes in surface tension as a function of time, measured by drop
tensiometry, after the addition of the emulsion droplets into a diluted (0.0001%) WPI solution.
The initial values of surface tension were suddenly dropped with the addition of the emulsion
droplets. This was both the case for SC and WPI solutions. Under these conditions, spontaneous
spreading of the oil droplets has been observed (Hotrum et al., 2002). It was concluded that the
dramatic decrease in the values of surface tension measured by drop tensiometry is a clear
signature of such spreading.
There were some discrepancies in the kinetics of spreading between the present results and the
previous literature: The spreading of the emulsion was observed within 5 s after injection of the
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Figure 4.1 Values of surface tension at air-water interface before (black bars) and after (grey
bars) the addition of SC- or WPI-stabilized emulsion injected in SC or WPI solutions at various
concentrations. Emulsions were prepared with 40% w/w sunflower oil, and 1% w/w WPI or SC.
Values are the mean of three replicates, and the error bars indicate the standard deviation.
Differences in surface tension values before and after injection of emulsion in each sample were
compared using bootstrap for paired samples test with same letter indicate no statistically
significant differences (P>0.05).
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Figure 4.2 Changes in surface tension as a function of time after the addition of the WPIstabilized emulsion droplets into 10-4 % WPI protein solution. This is a representative run of the
samples which are spontaneously spreading after injecting emulsions. The emulsion was injected
at time 0 s.
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emulsion droplets, whereas in the present work, the change occurred over 40 s (Hotrum et al.,
2002). The differences are due to the different experimental setup (Whilemy plate versus drop
tensiometry). The high density difference between the emulsion droplet and the water phase
would result in a high creaming velocity according to the Stoke’s laws (Hunter, 1986;
McClements, 2004; Piorkowski & McClements, 2013). Therefore, it may be assumed that
spreading may be detected quicker with the Wilhelmy plate compared to drop shape tensiometry
due to the larger surface area with the latter.
The spontaneous spreading of emulsion droplets in this model system was further supported
by confocal microscopy observations, which revealed the presence of an oil layer surrounding
the air-water interface. With confocal imaging, by selectively staining the lipid fraction it was
possible to observe the oil layer, as well as some emulsion droplets moving to the air-water
interface (Figure 4.3).
For all systems studied, at the various SC and WPI concentrations, the surface tension of airwater interface was measured for 200 s after injection. Immediately after, if no sudden drop of
surface tension was observed, dynamic surface tension measurements were carried out, as it was
assumed that no spreading of the emulsion droplets occurred. A droplet expansion (volume
injection rate = 0.3 µL/s) was applied. Figure 4.4 summarizes representative runs of emulsions
diluted in different protein concentrations during volume expansion experiments. In the case of
emulsions containing 0.01 % SC and 1% WPI in the bulk solution, there was a slight increase in
surface tension with time. This increase may be an indication of the droplet’s spreading during
expansion of the interface. On the other hand, there was no change in surface tension during
expansion for the model system containing 1% SC. These results would indicate that there was
no spreading nor entering of the droplets, after injection of emulsion or expansion of the
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Figure 4.3 Confocal scanning laser micrographs showing a layer of stained oil, as well as some
emulsion droplets moving to the air-water interface when emulsion droplets spontaneously
spreading at the air-water interface. This is a representative graph for 0.0001 % WPI solution
with WPI-stabilized emulsion system. The black circle in the middle of the image A is the air
bubble. The red signals indicate the stained oil phase. (B) is a zoom in of image (A).
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Figure 4.4 Changes in surface tension as a function of time when expansion was applied on
model systems with no spreading of the emulsion droplets (1%WPI ●, 0.01% SC ■, 1%SC □).
The air bubble volume inflation rate was 0.3 µL/s with an initial volume 5 µL.
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interface (Figure 4.4). Indeed, with 1% SC in the bulk, there was sufficient emulsifier present to
induce stability at the interface.
It was concluded that, using drop tensiometry, spontaneous spreading can be well identified by
a change in the interfacial tension (this was the case for 0.0001% SC and 0.0001% WPI
solutions). However, entering of the emulsions could not be measured by a change in the
interfacial tension, neither by static (Figure 4.1) nor dynamic (Figure 4.4) experiments.
Previous work also stipulated that surface tension is not a suitable parameter to observe
droplet insertion, as this parameter is more sensitive to droplet spreading than to droplet entering
the interface (Hotrum et al., 2002).
In addition to interfacial tension, the viscoelastic properties of the interface were also
measured before and after the injection of oil droplets at the interface. After the interface tension
reached equilibrium (before the injection of emulsion was about 300 s while after injection was
about 200 s), the air bubble was subjected to a sinusoidal oscillation at strain amplitude of 0.1.
The values of the interfacial dilational elastic modulus measured at 50 mHz are shown in Figure
4.5. After injection of the emulsion droplets, there was a dramatic increase in the elastic modulus
at the lower concentrations of SC and WPI, confirming spontaneous spreading of oil droplets.
There was a much smaller, but still significant increase in the elastic modulus for the interfaces
formed in solutions of 0.01% SC and 1% WPI, after the addition of the emulsion droplets. Such a
difference may be caused by the entering of the emulsion droplets at the interface, and their
spreading during oscillatory expansion. Furthermore, there were no differences in the elastic
modulus in the case of emulsion droplets in 1% SC solutions, suggesting that the interface was
sufficiently loaded with surfactant to inhibit the entry of the oil droplets at the interface.
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Figure 4.5. Elastic modulus before (black bar) and after (grey bar) SC- or WPI-stabilized
emulsion injected in SC or WPI solution. 1%SC was not spread. 10-2 % SC and 1% WPI spread
after expand. 10-4 %SC and 10-4 % WPI spread spontaneously. Differences in elastic modulus
values before and after injection of emulsion in each sample were compared using bootstrap for
paired samples test with same letter indicating no statistically significant differences within
treatment (P>0.05).
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Dilational elastic modulus is a sensitive parameter to predict the kinetics of adsorption and
desorption of surface active agents (Murray, 2002). The dramatic increase in the elastic modulus
after spreading of the oil droplets was due to the fact that when emulsion droplets spread at the
air-water interface, the air-water interface is partly replaced by an oil-water interface, causing
proteins adsorbed on air-water interface to compress (Hotrum et al., 2004). As a consequence,
the elastic modulus increases, because of the increase in protein concentration at the air-water
interface (Patino et al., 2001). The smaller but still significant increase in the elastic modulus for
the air-water interfaces formed in solutions of 0.01% SC and 1% WPI after the injection of
emulsion droplets might due to the migration of SC- or WPI-stabilized emulsion droplets onto
the air-water interface. The adsorption occurred because of insufficient protein to cover the
interface, and the presence of a surface tension gradient. The adsorption of the emulsion droplets
and the presence of SC or WPI at the interface caused the increase in the elasticity of the film.
As a conclusion, while for the emulsions showing spontaneous spreading, there was a
dramatic decrease in surface tension, and an increase in the elastic modulus, those showing
entering and spreading only with interfacial expansion had no change in the surface tension, but
a significant change in the elastic modulus. For the emulsions not interacting with the interface,
but remaining immersed in the solution, neither the surface tension nor the elastic modulus will
show changes. Drop tensiometry may then be considered a suitable tool to follow spreading and
entering of oil droplets at the interface.
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4.3.2 Monitoring the adsorption, entering and spreading of beverage emulsion droplets at
the air-water interface
As shown in Chapter 3, the beverage emulsion model systems studied showed not to be fully
stable and some resulted in oil spreading. Furthermore, they all showed adsorption at the air
interface. In this research, the behaviour of a GA or MS stabilized emulsions at the air/water
interface, under diluted conditions was observed, with or without addition of Tween 20, a small
molecular weight emulsifier. It was hypothesized that the presence of the small molecular weight
surfactant would hinder the adsorption, entering or spreading of the oil droplets at the air-water
interface. Both surface tension and elastic modulus of the air-water interface before and after
injection of emulsion were determined by drop shape tensiometry.
In this study, the value of γ at plateau was first determined for Tween 20 at different
concentrations before and after injection of the beverage emulsion droplets. The plot of γ versus
log C is shown in Figure 4.6. The surface tension of a Tween 20 interface, before injection of
beverage emulsion, decreased dramatically with increasing bulk surfactant concentration, up to
0.04%, beyond which the surface tension decreased slightly until reaching the plateau at around
1% concentration.
Nevertheless, after injection of beverage emulsion, in both systems (injection of either GA- or
MS-stabilized emulsion), γ values decreased linearly with increasing bulk solution concentration
until reaching the plateau at 0.04%. The γ values for model systems either containing GA- or
MS- stabilized emulsion reached 32.9±0.7 and 32.6±1.3 mN m-1, respectively. In the literature,
the critical micellar concentration for Tween 20 is about 0.06 mg/ml. At this concentration, the
surface tension of a Tween 20 interface has been reported to be around 35 mN m-1 (Mittal, 1972;
Kothekar et al., 2007). The γ values measured after injection of the beverage emulsion droplets
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Figure 4.6 Plots of surface tension versus log concentration for Tween 20 in aqueous phase
before (●) and after (○) gum arabic- or modified starch stabilized emulsion were injected: (A)
100 mg kg-1 Gum Arabic+100 mg kg-1 oil emulsion system (B) 100 mg kg-1 Modified
starch+100 mg kg-1 oil emulsion system
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were consistent with the literature, which means the differences between γ values before and
after injection of beverage emulsion were caused by the fact that γ has not completely reached
equilibrium before the injection of beverage emulsion. The results shown in Figure 4.6 would
indicate that, especially at the high concentration of Tween 20, there would be no effect of
droplets on the interfacial tension, and that surface tension would not be a suitable parameter to
observe droplet entering and spreading (Hotrum et al., 2002). However, it is important to note
that at the low concentrations of Tween 20 (> 0.006%), it was still possible to observe that the
presence of the droplets decreased the surface tension of the interface.
The dilational viscoelasticity properties of the interface were measured before and after the
injection of oil droplets at the interface. After measuring the interfacial tension at plateau (for
about 1000 and 1500 s for Tween 20 and after injection of the oil droplets, respectively), the air
bubble was subjected to a sinusoidal oscillation at a strain amplitude of 10%. The values of the
interfacial dilational elastic modulus measured at 50 mHz are shown in Figure 4.7. Figure 4.7 A
illustrates the elastic modulus for Tween 20 and that of the same system, after the injection of a
GA-stabilized emulsion. At the lowest concentration of Tween 20 (0.001%) there was a dramatic
increase in the elastic modulus from 17.3 to 36.7 mN m-1 after injection of the GA-stabilized
emulsion droplets. At higher Tween 20 concentrations, there were no significant differences
between the E values before and after the injection of the emulsion droplets. However, the E
value decreased with increasing Tween 20 concentration up to 0.1% before reaching a plateau.
In the case of MS-stabilized emulsions (Figure 4.7 B), a similar trend was observed, except that
there was a minimal effect of the oil droplets on the E values, even at the initial Tween 20
concentration of 0.001%. As previously observed (Chapter 3), the increase in elastic modulus
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Figure 4.7 Plots of elastic modulus versus log concentration for Tween 20 in aqueous phase
before (●) and after (○) gum arabic- or modified starch-stabilized emulsion injected: (A) 100 mg
kg-1 Gum Arabic+100 mg kg-1 oil emulsion system (B) 100 mg kg-1 Modified starch+100 mg
kg-1 oil emulsion system. Values are the average of three independent experiments, and bars
indicate standard deviation.

70

after injection of emulsion was caused by the adsorption and entering of emulsion droplets at the
air-water interface. The lack of change of elastic modulus with addition of the oil droplets
indicated not only that the oil droplets did not adsorb at the air interface, but also that the
biopolymers did not adsorb and interact at the interface. On the basis of this observation, we can
speculate that, when Tween 20 in bulk solution exceeded 0.001%, the entering of emulsion
droplets was inhibited. A difference was noted in the extent of change between MS and GA
stabilized droplets at 0.001% Tween.
However, these results were not in agreement with confocal microscopic observations (Figure
4.8). The results from confocal microscopic observations showed that, only when the
concentration of Tween 20 exceeded 0.1% in the bulk solution, emulsion droplets were not
detected at the air-water interface. Figure 4.8A shows an air bubble as observed under bright
field, and the over imposed confocal image in Figure 4.8B demonstrates that emulsion droplets
were not adsorbed at the interface, but diffused in the solution.
GA and MS are biopolymers which stabilize emulsion droplets by forming a thick viscoelastic
network at the interface, due to the lateral interactions between the adsorbed molecules. The
adsorption is irreversible (Bos & van Vliet, 2001; Sánchez et al., 2005). On the other hand,
Tween 20 is a low molecular weight surfactant, which stabilizes dispersed droplets by forming a
densely packed interfacial membrane. The interface formed by Tween 20 is known for having a
low elastic modulus, due to their high adsorption and desorption rate (Bos & van Vliet, 2001;
Courthaudon et al., 1991).
At low Tween 20 concentrations (< 0.001 %), the increase in elastic modulus of air-water
interface after the injection of emulsion droplets was due to the migration of GA or MSstabilized droplets onto the air-water interface. The adsorption occurred because of insufficient
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Figure 4.8 Confocal scanning laser micrographs showing an air bubble in a 0.1% Tween 20
solution with 100 mg kg-1 GA stabilized emulsion. The stained emulsion droplets suspended in
the solution. This is a representative graph showing emulsion droplets entering or spreading is
inhibited. (A) shows the air bubble under bright field. (B) shows no oil layer or adsorbed
emulsion droplets at the air-water interface.
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low molecular weight surfactant to cover the interface, and the presence of a surface tension
gradient. The adsorption of the oil droplets and the presence of GA or MS at the interface caused
the increase in the elasticity of the film. At higher Tween 20 concentrations from 0.01% to 0.1%,
even if the results from confocal microscopic observations shown that emulsion droplets moved
and adsorbed onto the air-water interface, there was no change in the dilational elastic modulus.
It was then concluded that the emulsion droplets entering at the interface may not be detectable,
compared to the adsorption or desorption of Tween 20 at higher concentration. However, as we
can see in Figure 4.7, the elastic modulus decreased with increasing Tween 20 concentration
until 0.1% concentration. This could be the critical concentration at which entering of emulsion
droplets could be inhibited, as shown by confocal microscopy. At this concentration, the film
surrounding the air bubble formed by Tween 20 reached the highest dense packed state, and this
may be the point at which the emulsion droplets are inhibited to enter due to the strong steric
repulsion generated by tween 20 protective films.

4.4 Conclusions
Drop tensiometry is a suitable tool to observe adsorption, entering and spreading of oil
droplets at the interface. In biopolymer based emulsion systems, the dilational elastic modulus is
a better parameter than surface tension for predicting the ring formation. Spontaneous spreading
of the emulsion droplets at the interface showed a dramatic decrease in surface tension and an
increase in the elastic modulus. Furthermore, for droplets entering and spreading at the interface
only after expansion of the interface, there was no change in the surface tension, but a significant
change in the dilational elastic modulus. Emulsion droplets not interacting with the interface and
remaining immersed in the solution, do not affect either the surface tension or the dilational
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elastic modulus. It was also demonstrated that entering or spreading of emulsion droplets at the
air-water interface could be eliminated by the addition of a LMW emulsifier such as Tween 20,
for which the critical concentration is 0.1% w/w. However, the entering process could not be
predicted by measuring the elastic modulus after injection of emulsion droplet, possibly due to
the fast adsorption and desorption rate of the LMW emulsifier molecules. Adsorption, entering
and spreading of the emulsion droplets could be observed using confocal microscopy.
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Chapter 5. General Conclusions

Ring formation and oil spreading are the most common stability problems in beverage
emulsions, and are ongoing challenges for beverage manufacturers. Although many researchers
continue to work on resolving these problems, and a number of studies have been published on
characterizing the emulsions before and after ring formation, very little is understood on how to
predict it. Means to predicting ring formation would allow for the development of beverage
emulsions with improved stability.
In this research, a flavor emulsion system was designed as the testing model, which resembled
what is used in beverage industry. This study aimed to deepen our understanding of the
mechanism related to emulsion droplets adsorption, entering and spreading at the air-water
interface and investigating the feasibility of using spreading coefficient and dilational elastic
modulus as indicators of spreading in highly diluted beverage emulsion system. For the first time
drop shape tensiometry was used to investigate entering or spreading process of emulsion
droplets at the air-water interface.
In the first part of this study, the interfacial properties between the individual ingredients were
measured in simple system using interfacial drop tensiometry. Based on these measurements, the
spreading coefficient was calculated. Confocal images revealed that oil droplets only adsorbed to
the air-water interface in the absence of spreading. The results, in full agreement with previous
literature, indicated that the spreading coefficient is not an accurate predictor for the spreading of
oil droplets at the air-water interface. Spreading may be inhibited in complex emulsion systems
because of the presence of the thin film formed by emulsifiers surrounding the air bubble.
In the second part of the work, it was hypothesized that interfacial drop tensiometry is an
appropriate methodology for monitoring the adsorption, entering or spreading of oil droplets at
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the air water interface. The interfacial tension and the dilational elastic modulus were measured
before and after injection of diluted emulsion droplets. By testing a mimicked milk proteinstabilized emulsion system which has been reported in the literature (Hotrum et al., 2002), it was
concluded that spontaneous spreading is shown by a dramatic decrease in surface tension and an
increase in the elastic modulus. Entering and spreading of the oil droplets can also be shown
after interfacial expansion, as in this case, there was no change in the surface tension, but a
significant change in the elastic modulus. For the emulsions not interacting with the interface,
but remaining immersed in the solution, neither the surface tension nor the elastic modulus
shows any changes. These results illustrate that elastic modulus is a better predictor than surface
tension to differentiate the three conformations of oil droplet in the vicinity of an air-water
interface: a non-entered droplet, a lens, or a spread-oil layer.
A model beverage emulsion system was also studied, and it was shown that stability to ring
formation and oil spreading may be achieved through eliminating entering and spreading of
emulsion droplets at the air-water interface with the addition of a low molecular weight
emulsifier, Tween 20. It has proven that the entering and/or spreading event could be eliminated
by addition of Tween 20, at a concentration of about 0.1% w/w.
In summary, this research deepened our understanding of the mechanism of emulsion droplets
spreading at the air-water interface. Interfacial drop tensiometry was an effective method to
directly monitor the entering or spreading of emulsion droplets at the air-water interface. By a
better undersanding of these systems, it may be possible to overcome instabilities manifesting in
ring formation and oil spreding and ultimately improve the shelf life of diluted beverages.
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