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ABSTRACT
In this research a novel method for the rapid, direct measurement of oxidative
lycopene degradation in oil-in-water emulsions via colorimetric means was developed.
This analytical method was used to conduct experiments monitoring the degradation of
lycopene-containing oil-in-water emulsions of decane spontaneously formed in the
presence of nonionic surfactants (Span and Tween) of different tail lengths and molar
ratios. The structure and ratio of these nonionic surfactants was manipulated to probe the
mechanism of lycopene stabilization when iron-catalyzed oxidation was the main
pathway of degradation, as controlled by pH and oil phase selection. The effect of
addition of chloride salts with different cations was also investigated.
Optimum conditions for evaluation were developed using a Span 80/Tween 80
surfactant combination and lycopene extracted into decane from tomato paste. Using
0.5% FeCl3 concentration and ~2 millimoles surfactant at a pH of ~3, 2-hour degradation
experiments were performed to evaluate various Span/Tween nonionic surfactant
combinations for oxidative stability. Tails of lauryl (C12), myristyl (C14), stearyl (C18)
and oleyl (C18:1 unsaturated) groups were evaluated. It was found that in general, for a
fixed molar amount of surfactant, increasing the amount of Tween (hydrophilic
surfactant) increased the stability of the lycopene emulsion. In addition, tail length of the
surfactant plays a role in the stability of the emulsions with shorter, less hydrophobic tail
lengths providing better oxidative stability.
Lithium, sodium, and potassium chloride were added to emulsions of lycopene in
decane made with Span 20 and Tween 20 surfactants and evaluated for oxidative stability
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in iron-catalyzed conditions. It was found that stability decreased according to the
Hofmeister Series for cations. The order of stability was found to be: K+ > Na+ > Li+.
Increasing concentration of cation resulted in decreased lycopene stability for all cations.
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CHAPTER ONE
INTRODUCTION
The ability to preserve food has been as critical to the success of humanity as any
other technological advancement in history. The ability to store food for long-term use
instead of having it spoil or being forced to consume it immediately led to a fundamental
change in how humans live. Techniques such as drying, freezing, curing, fermenting,
pickling and canning have allowed humanity to establish permanent civilizations and
thrive over millennia. As other technologies have advanced, so too has our ability to
preserve food. Our knowledge of the complex chemical systems that make up our foods
has led to breakthroughs in shelf life, food safety, and food quality. By developing new
processes for making and manipulating the very molecules that make up our food we
make it look and taste better, last longer, and provide more nutrition.
However, these advances do not come without drawbacks. Some research
suggests that some of the very molecules used to prevent certain reactions and extend
shelf life in foods may be doing long-term harm to consumers. For example, common
preservatives such as butylated hydroxytoluene (BHT) and butylated hydroxyanisole
(BHA) have come under scrutiny for possible negative health effects. Used since the mid1900s, these synthetic preservatives have been used to extend the shelf life of everything
from cosmetics to food products. Although still listed as “Generally Recognized as Safe”
(GRAS) in the US, these materials are also listed by some regulatory bodies as possible
carcinogens and have been linked to cancer in animal models by some scientists (Ito,
Fukushima, & Tsuda, 1985).
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Colorants have also come under scrutiny in food products, and consumers have
shifted preferences toward natural colorants like carotenoids (Cortez, Luna-Vital,
Margulis, & Gonzalez de Mejia, 2017). It is preferred that these colorants are stabilized
without additional synthetic materials like antioxidants.
As more of the materials we use to prevent unwanted reactions in our food
products come under scrutiny and our need for shelf life extension becomes more
important due to increased demand and issues like climate change, it is crucial that we
better understand alternative pathways to managing the chemistry occurring in these
products (Decker, 1998).
The objective of this research is to further explore such a pathway: emulsification.
Emulsions, which are dispersions of one phase such as oil into another such as water, are
commonly used as delivery systems for food ingredients with nutritional or functional
benefits. One consideration in emulsification is the stabilization of beneficial molecules
against oxidation; one of the main causes of food quality issues. This research will
explore the possibility of improving oxidative stability through the manipulation of the
structure of food-grade nonionic surfactants which can be used to make and stabilize
emulsions.
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CHAPTER TWO
LITERATURE REVIEW

LYCOPENE
Lycopene is a naturally occurring pigment that is responsible for the red, yellow
and orange color of many fruits and vegetables such as tomatoes, pumpkins and
watermelon (Story, Kopec, Schwartz, & Harris, 2010). Tomatoes and tomato-based
products account for over 85% of dietary lycopene in North America (Rao & Agarwal,
1999). Tables 2.1 and 2.2 show typical amounts of lycopene found in various fruits and
vegetables as well as tomato-based foods, respectively.

Table 2.1: Lycopene Content of Common Fruits and Vegetables (Rao & Agarwal,
1999).
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Table 2.2: Lycopene Content of Common Tomato-Based Foods (Rao & Agarwal,
1999).

Lycopene is a member of the family of compounds know as carotenoids.
Carotenoids are classified by their chemical composition into one of two classes : 1)
carotenes, also known as hydrocarbon carotenoids (α- and β-carotene and lycopene),
which are composed of hydrogen and carbon and 2) xanthophylls (zeaxanthin, lutein,
etc.) composed of carbon, hydrogen and oxygen (Caseiro et al., 2020). Carotenoids such
as lycopene possess an isoprenoid backbone and therefore have many unsaturated
carbon-carbon bonds. Lycopene, with a chemical formula of C40H56, is comprised of
numerous isomers, each having 11 conjugated and 2 unconjugated double bonds (Story,
Kopec, Schwartz, & Harris, 2010). Figure 2.1 shows several naturally-occurring isomers
of lycopene.
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Figure 2.1: Structure of several lycopene isomers (Story, Kopec, Schwartz, & Harris,
2010).
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The all-trans isomer is the most common isomer found in foods and is responsible
for the red color associated with lycopene (Lauro & Francis, 2000). The structure of
lycopene is very similar to those of polyunsaturated fatty acids (PUFAs), sharing the
linear hydrocarbon backbone and presence of unsaturated carbon-carbon double bonds.
Because of these similarities, lycopene undergoes many of the same reactions as PUFAs.
Lycopene is of great interest to researchers because of its potential health benefits.
Researchers have linked lycopene to beneficial effects in areas including cardiovascular
disease (Mozos et al., 2018), cancer, neurodegenerative diseases such as Alzheimer’s and
Parkinson’s diseases, asthma, and skeletal system diseases (Przybylska, 2020; Story,
Kopec, Schwartz, & Harris, 2010).
Many of these health issues have been linked to oxidative stress induced by
overproduction of reactive oxygen species (ROS) (Story, Kopec, Schwartz, & Harris,
2010). Although the exact mechanism is still being researched, many of the potential
health benefits of lycopene and other carotenoids have been hypothesized to come from
the ability of carotenoids to function as antioxidants (Sies & Stahl, 1995; Mozos et al.,
2018; Caseiro et al., 2020). Of all carotenoids, lycopene has been shown to be the most
effective antioxidant, quenching ROS at a rate ten-fold higher than more tradition
antioxidants such as α-tocopherol (Mozos et al., 2018). Although oxidation will be
discussed further in a subsequent chapter, it can be said that carotenoids are effective
quenchers of ROS like singlet oxygen and radicals because of their highly conjugated
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systems of double bonds (Sies & Stahl, 1995). In order to maintain this conjugation and
thus antioxidant properties, lycopene must be protected from degradation.
Lycopene is degraded by three main conditions: heat, light, and oxidation by
oxygen or other ROS (Boon et al., 2008; Boon, McClements, Weiss, & Decker, 2010).
These conditions can also be catalyzed by prooxidants such as transition metals. This
degradation can take place in the form of isomerization or oxidation. Figure 2.2 shows
potential reaction pathways for lycopene with heating, storage and oxidation; in this case
during tomato powder production.

Figure 2.2: Reaction pathways for lycopene during tomato powder production and
storage (Xianquan, Shi, Kakuda, & Yueming, 2005).

When heated, lycopene isomerizes from low-energy trans isomers to higher-energy
cis isomers and degrades into lower molecular weight fragments (Lee & Chen, 2002).
While isomerization from all-trans lycopene to the many cis isomers results in higher
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bioavailability, this transformation results in less color and more reactive species
(Xianquan, Shi, Kakuda, & Yueming, 2005; Story, Kopec, Schwartz, & Harris, 2010).
Table 2.3, and Figure 2.4 show the effect of heating of lycopene on isomerization
and lycopene degradation, respectively.

Table 2.3: Effect of Heating Treatment on Lycopene Trans And Cis Isomerization in
Aqueous and Oily Dispersions of Tomato Paste (70°C) (Schierle et al., 1997).
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Figure 2.3: Effect of heat treatment on total lycopene degradation (Shi, Le Maguer,
Bryan, & Kakuda, 2003).

In addition to thermal degradation that may occur during processing,
lycopene is subject to degradation by light and oxidation. Degradation of the antioxidant
potential of lycopene from thermal processing is considered minimal, as it is mainly
isomerization that occurs during this process. Light and oxidation, however, significantly
reduce the antioxidant activity of lycopene by disrupting the unsaturation present in the
hydrophobic chain (Lee & Chen, 2002).
Degradation by light was shown to occur in samples of lycopene in hexane when
illuminated with fluorescent tubes at intensities between 2000-3000 lux for periods of up
to 144 hours (Lee & Chen, 2002). Analysis by HPLC showed linear degradation of
lycopene, as seen in Figure 2.4.

10

Figure 2.4: First-order plot for the degradation of total amount of lycopene during
illumination at 25°C for 144 h. (Lee & Chen, 2002).

Oxidation is perhaps the most studied cause of lycopene degradation. Henry, et.
al. report that of four carotenoids studied via chromatography (all-trans β-carotene, 9-cis
β-carotene, lycopene, and lutein) lycopene degrades the fastest in the presence of oxygen
(Henry, Catignani, & Schwartz, 1998). Greater than 90% of lycopene was lost when
material was adsorbed onto a C18 solid phase and exposed to a continuous flow of water
saturated with oxygen (Xianquan, Shi, Kakuda, & Yueming, 2005). These same
experiments show a rate constant for oxidative degradation of lycopene double that of the
other carotenoids (Henry, Catignani, & Schwartz, 1998). Table 2.4 shows the enthalpy of
activation and thermodynamic parameters obtained using kinetic studies for the
degradation of carotenoids in these experiments.
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Table 2.4: Activation Energies and Thermodynamic Parameters for β-Carotene,
Lycopene, and Lutein Degradation (Henry, Catignani, & Schwartz, 1998).

Ax et. al. determined that degradation of lycopene in oil-in-water emulsions was
significantly reduced by flushing the emulsions with oxygen-free nitrogen versus
synthetic air providing oxygen saturation (Ax, Mayer-Miebach, Link, Schuchmann, &
Schubert, 2003). Figure 2.5 shows the results of these studies using spectral photometry
to measure lycopene concentration.
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Figure 2.5: Degradation of lycopene in emulsions when heated in the presences of
nitrogen or oxygen atmospheres (Ax, Mayer-Miebach, Link, Schuchmann, & Schubert,
2003).

It has been shown in other studies that heat and processing, light , transition
metals and oxygen degrade lycopene even in emulsified form (Boon et al., 2008; Boon,
McClements, Weiss, & Decker, 2010). In order to address this degradation and
theoretically preserve the benefits of lycopene, measures must be taken. Losses due to
thermal processing can be minimized by controlling atmosphere and thermal conditions,
and light-induced degradation can be controlled through packaging. Degradation caused
by oxygen can also be addressed by approaches such as packaging and atmosphere. In
order to better understand these interventions, it is useful to explore the mechanisms of
oxidation in food systems and particularly of lipids, as lipids and lycopene are
structurally very similar.
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OXIDATION IN FOODS
In microbiologically stable foods, oxidation is the most common cause of shelf
life failure (Calligaris, Manzocco, Anese, & Nicoli, 2016). The oxidation of lipids in
food not only creates a loss of nutrition in terms of degradation of fatty acids and
vitamins, but creates a food quality issue because of the development of rancid flavor and
odor-causing byproducts (Domínguez et al., 2019). In studying lycopene, an
understanding of lipid oxidation translates well as these molecules share structural
similarities and undergo similar mechanisms of degradation (Adhya & Choudhury,
2020).
This process is a radical-initiated and driven chemical reaction and is therefore
divided into the three stages typically associated with radical reactions: 1) Initiation, 2)
Propagation, and 3) Termination. Figure 2.6 depicts a typical reaction mechanism for
radical initiation.

Figure 2.6: Simple reaction of initiation of lipid oxidation (Domínguez et al., 2019).
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Initiation involves abstraction of hydrogen, most often allylic, by an existing
radical creating a new, resonance-stabilized radical. Reaction of lipids with molecular
oxygen is unlikely due to electron spin restriction, but other species such as singlet
oxygen, hydrogen peroxide, superoxides, hydroperoxides, and iron or other transition
metal complexes can initiate lipid oxidation (Wąsowicz et al., 2004). After initiation
newly formed, resonance stabilized radicals can rearrange to form more stable conjugated
dienes and trienes or react with oxygen to form hydroperoxides, as shown in Figure 2.7:

Figure 2.7: Initiation via conjugated diene and formation of hydroperoxide in
propagation phase (Domínguez et al., 2019).

In this, the propagation phase, lipid radicals react with other lipids to form new
lipid radicals or with molecular oxygen to form peroxy radicals. Peroxy radicals react
with lipids via hydrogen abstraction to form hydroperoxides, creating new lipid radicals
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as depicted in Figure 2.7 (Domínguez et al., 2019). These new lipid radicals then repeat
the cycle. Figure 2.8 shows the propagation cycle including what is known as
magnification, a sub-phase where hydroperoxides formed in propagation decompose into
new hydroxyl, peroxy, and alkoxy radicals, thus magnifying the number of radicals in the
system and intensifying the oxidation processes (Erickson, 2002).

Figure 2.8: Propagation and magnification of lipid oxidation (Domínguez et al., 2019).
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Figure 2.9: Termination of radical process (Domínguez et al., 2019).

The termination step, depicted in Figure 2.9, occurs when radicals react with other
molecules to create less reactive species. These molecules can be non-radicals or radicals
that are much less reactive due to resonance stabilization, etc. (antioxidants).
The most effective termination process is the decomposition of peroxy and alkoxy
radicals into secondary products like alkanes, alcohols, and carbonyl compounds
(Domínguez et al., 2019; Erickson, 2002). Figure 2.10 shows this process.

17

Figure 2.10: Decomposition of alkoxy and peroxy radicals into secondary oxidation
byproducts (Domínguez et al., 2019).
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This decomposition process is critical to food quality because it gives rise to the
molecules that cause sensory issues (Logan, Nienaber, & Pan, 2013).
It should be noted that these are simplistic views of the oxidation pathways
available in complex food systems and even simplified food models. There are numerous
alternative reaction pathways available (Logan, Nienaber, & Pan, 2013).
The rate and ultimate products of oxidation in food systems are affected by a
number of factors including: (1) processing and storage conditions (temperature, light,
oxygen); (2) content of unsaturated fatty acids and their distribution in triacylglycerol
molecules; and (3) the presence of antioxidants (inhibitors) or prooxidants (catalysts)
(Wąsowicz et al., 2004).
Processing and storage conditions have already been discussed for lycopene, and
similar trends hold true for preventing oxidation of lipids (Wąsowicz et al., 2004). The
structure of the fatty acid and triacylglycerol is intrinsic to the system being studied
(Domínguez et al., 2019). The presence or absence of pro- and antioxidants can,
however, be manipulated.
It has been shown that the presence of transition metals such as iron and copper
can catalyze lipid oxidation through radical initiation with hydroperoxides, shown in
Figure 2.11 (Cavalier, Bondet, & Berset, 2000, Mozuraityte, Rustad, & Storrø, 2008;
Boon, McClements, Weiss, & Decker, 2009; Kristinova, Aaneby, Mozuraityte, Storrø, &
Rustad, 2014). Trace metals are difficult to eliminate from food production as they are
present in plant and animal tissues and can be accumulated from processing equipment
(Erickson, 2002; Wąsowicz et al., 2004).
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Figure 2.11: Role of iron in lipid oxidation (Cuvelier, Bondet, & Berset, 2000).

Other prooxidants like hydroperoxides already present in oxygenated materials
like surfactants, processing aids or food ingredients can also initiate oxidation. These can
decompose through reaction with other radicals, metals or exposure to light or heat
(Frankel, 2005).
Exposure to UV light or heat will decompose hydroperoxides into radicals as in
Figure 2.12:

Figure 2.12: Decomposition of hydroperoxides by light or heat (Wąsowicz et al., 2004).

Other molecules present in food that are susceptible to oxidation and
decomposition by light include those that are excited into a high energy state by light.
Dyes or pigments like lycopene, chlorophyll, hemoglobin and myoglobin are prone to
photoinitiated oxidation as indicated in Chapter 3 of Lipid Oxidation (Frankel, 2005).
Oxidation in food systems has a number of causes and creates a large number of
products. Oxidation of lycopene must be managed to preserve the potential health effects
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associated with its consumption. In order to study and prevent oxidation, its progress
must be measured. A number of analytical techniques have been developed and used to
assess the progress of the oxidation of lipids and other unsaturated molecules.
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MEASUREMENT OF OXIDATIVE DEGRADATION

Methods used to measure lipid oxidation are based on the analysis of either
primary or secondary changes to the system. Primary changes are those that occur to
reactants such as lipids, oxygen or other reactants. Secondary changes are those that
occur to primary oxidation products, i.e. hydroperoxides. (Gray & Monahan, 1992).
Table 2.5 shows some commonly measured primary and secondary changes that can be
monitored analytically.

Table 2.5: Parameters used to measure lipid oxidation (Gray & Monahan, 1992).

These changes can be measured using a number of analytical methods.
Chromatography of reactants and byproducts is commonly utilized, as are colorimetric
analyses (Frankel, 2005; Logan, Nienaber, & Pan, 2013). Table 2.A in Chapter 2:
Challenges in Analyzing Lipid Oxidation by K. M. Schaich, in the book Lipid Oxidation-
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Challenges in Food Systems, pages 55-57, lists nearly 40 references for analytical
methods of determining the extent of lipid oxidation. Frankel also summarizes similar
methods in Chapters 5 and 6 of his book Lipid Oxidation (Frankel, 2005).
Oxygen uptake has also been used to measure lipid oxidation in oil-in-water
emulsions and found to correlate (R2 > 0.8) with the formation of volatile oxidation
byproducts 2- butenal, 2-pentenal and 2-heptenal (Berton, Ropers, Bertrand, Viau, &
Genot, 2012). Oxygen uptake was also used to measure iron-mediated lipid peroxidation
in marine emulsions in the presence of antioxidants (Kristinova, Aaneby, Mozuraityte,
Storrø, & Rustad, 2014).
This research also utilized the thiobarbituric acid reactive substances (TBARS)
assay (Kristinova, Aaneby, Mozuraityte, Storrø, & Rustad, 2014). This method measures
lipid peroxidation through reaction of malondialdehyde, a secondary oxidation product,
with thiobarbituric acid to yield a fluorescent product which is detectable by
spectrophotometric methods. This method is commonly used for analysis of
hydroperoxides.
The same methods can be used to measure the extent of degradation of lycopene.
However, because of the red color of lycopene, it is also easily quantified via its
absorbance and colorimetric data.
Shi et.al. measured lycopene isomerization and degradation in dehydrated tomato
and tomato puree samples via HPLC and colorimetry (Shi, Maguer, Kakuda, Liptay, &
Niekamp, 1999; Shi, Le Maguer, Bryan, & Kakuda, 2003; Xianquan, Shi, Kakuda, &
Yueming, 2005). These methods are used to directly quantify primary changes in
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lycopene concentration or isomerism. HPLC and other chromatographic methods have
been used to measure the kinetics of lycopene degradation in different media (olive oil)
and under different thermal processing conditions (Colle et al., 2010; Tahmasebi &
Emam-Djomeh, 2021).
Color measurement is perhaps the most straightforward measure of lycopene
degradation. As double bonds are oxidized to hydroperoxides and subsequently
decomposed into secondary oxidation products, the color of lycopene is lost. This is
evident in the cooking and thermal processing of tomatoes. There is extensive research
into this area (Ax, Mayer-Miebach, Link, Schuchmann, & Schubert, 2003; Colle et al.,
2010; Kaur, Sogi, & Abas Wani, 2006; Lee & Chen, 2002; Shi, Maguer, Kakuda, Liptay,
& Niekamp, 1999; Shi, Le Maguer, Bryan, & Kakuda, 2003; Tahmasebi & EmamDjomeh, 2021; Xianquan, Shi, Kakuda, & Yueming, 2005).
Color measurements have also been used to quantify lycopene in various other
applications. Davis et. al. (2003) established an absorbance-based method to evaluate
lycopene levels in watermelon. As shown in Figure 2.13, absorbance values for
watermelon purees correlated well with values derived from hexane-extracted lycopene
from watermelon analyzed by HPLC.
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Figure 2.13: Lycopene content of 30 watermelon samples determined by a predictive
method based on absorbance of the puree compared to values determined by a hexane
extraction-HPLC method. Dashed line indicates a perfect fitted model (Davis, Fish, &
Perkins-Veazie, 2003).

This same method was adopted to tomato purees and products such as ketchup
and sauces (Davis, Fish, & Perkins-Veazie, 2003) with the colorimetric method again
showing excellent correlation to hexane extraction-HPLC method, as shown in Figures
2.14 and 2.15.
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Figure 2.14: Correlation of lycopene content determined by hexane extraction and
absorbance methods for 13 tomato purees (Davis, Fish, & Perkins-Veazie, 2003).
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Figure 2.15: Correlation of lycopene content determined by hexane extraction and
absorbance methods for 38 tomato products (Davis, Fish, & Perkins-Veazie, 2003).

This same colorimetric approach has been adapted to the widely-used Hunter L,
a, b or CIE 1976 L*a*b* color space model and used to quantify lycopene in similar
products. These color space models use three scales to describe color (HunterLab, 2012).
The “L” scale, describes lightness on a scale of 0-100. 0-50 indicates a dark color and
51-100 indicates light color. The “a” scale describes the color in term of red or green
hue. A positive number indicates red and a negative number indicates green. Lastly, the
“b” scale describes the color in terms of yellow or blue. A positive number indicates
yellow and a negative number indicates blue. Figure 2.16 shows an illustration of these
three scales.
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Figure 2.16: Color scales of the L, a, b color space (HunterLab, 2012).

Barrett and Anthon (2008) showed a correlation between lycopene content in
tomato juice and the ratio of a/b values of diluted samples obtained using L, a, b color
space. Figure 2.17 shows the correlation between a/b ratio and the amount of lycopene in
samples determined by hexane extraction and spectrophotometric analysis.
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Figure 2.17: Relationship between a/b ratio of diluted juice samples and undiluted
tomato juice lycopene content (Barrett & Anthon, 2008).

Instruments like the HunterLab ColorFlex EZ allow for simple measurement of L,
a, b color of a multitude of samples. Methods have even been developed for the
measurement of lycopene concentration in tomatoes using this instrument and are
approved by the USDA and sold specifically for the determination of lycopene
(HunterLab, 2015). Samples are simply placed at the port and color is measured via
reflectance.
The use of colorimetric methods gives numerous advantages over other methods
including cost, speed, flexibility, and ease of use. By directly measuring color loss of
lycopene, a wide variety of sample media can be measured. Pastes, liquids, solids,
emulsions, foams, etc. can all be measured using an instrument like the ColorFlex EZ.
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Because the method does not require extraction or other extensive sample preparation
before measurement, a large number of samples and measurements can be obtained
quickly. The ability to measure samples without extraction also allows for changes in
sample matrix without concern for artifacts from extraction.
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SURFACTANTS AND EMULSIONS IN FOOD
Surfactants are thus named because of the “surface activity” of these molecules.
This activity is a result of the tendency of the molecule to form monolayers at the
interface of surfaces, i.e. the interface between an oil and water, liquid and solid
container, or a liquid and air (Schramm, Stasiuk, & Marangoni, 2003). This results in a
number of physical phenomena that make surfactants extremely versatile and useful, such
as the lowering of surface and interfacial tension. Surfactant monomers can be used to
lower the surface tension of a fluid and facilitate wetting or used to make phase-unstable
systems more stable by arranging themselves in larger structures. This leads to the
formation of emulsions, or stable dispersions of droplets of one liquid phase in another.
Surfactants can also create different macrostructures like foams (dispersions of air in a
liquid) or gels and can be used as lubricants or for antimicrobial activity (Schramm,
Stasiuk, & Marangoni, 2003). In the food industry, surfactants are widely used to create
emulsions of oil-in-water for food products, but find additional uses in some of these
other areas. For example, mayonnaise is an emulsion of oil using lecithin, a naturally
occurring surfactant from egg yolk, and zinc stearate is used as a GRAS lubricant for
food processing equipment (Kralova & Sjöblom, 2009).
Surfactant properties stem from their unique structures. Surfactants have two
distinct molecular parts: a hydrophilic group and a hydrophobic group. The hydrophilic
group, also known as the head group, can be any polar moiety that prefers the water
phase over oil. Common head groups are ions like sulfates and phosphates, quaternary
amines and ethoxylates (EO). The hydrophobic, or tail, group is typically a hydrocarbon
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chain. These tail groups can be straight chain alkanes, branched alkanes, or any other
moiety that prefers oil over water. Because the tail groups want to minimize their
interaction with polar phases, they quickly migrate to orient themselves toward each
other or in a nonpolar medium, usually an oil phase or air (Schramm, Stasiuk, &
Marangoni, 2003). The polar head groups create stability through interaction with the
water phase. This leads to the formation of micelles as shown in Figure 2.18.

Figure 2.18: Organization of surfactant molecules in a micelle (Schramm, Stasiuk, &
Marangoni, 2003).

Micelles are particularly useful because hydrophobic materials like food oils or
lycopene will segregate themselves within the micelle as they prefer the environment
provided by the hydrophobic tails over that of the aqueous medium. This leads to the
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creation of oil-in-water emulsions. Surfactant properties can be manipulated through
structure choice and formulation to provide a wide range of emulsions which are useful in
food science. This same surface activity is what drives some surfactants’ other properties
like anti-fouling, lubricity, or antimicrobial activity.
Because any molecule with an amphiphilic nature can be used as a surfactant,
there are numerous types of surfactants. They can be classified in multiple ways.
Surfactants can be classified by the chemical nature of the head group: ionic
(cationic and anionic), nonionic, zwitterionic as shown in Table 2.6.

Table 2.6: Table of surfactant types and examples (Schramm, Stasiuk, & Marangoni,
2003).
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The polar head group of a surfactant has a large effect on how the surfactant
behaves. Specifically, it determines how the molecule responds to changing pH, ionic
strength, and temperature (Rosen & Kunjappu, 2012).
Nonionic surfactants are widely used in food, cosmetics and pharmaceuticals
because of their tolerance of pH and ionic strength. They typically have a large number
of ethoxylate groups to create steric repulsion of droplets and prevent coalescence of
emulsified oil phase. Because they have a neutral head group, they are relatively
unaffected by salt or changes in pH which could protonate/deprotonate ionic surfactants
(Rosen & Kunjappu, 2012). Nonionic surfactants do however, respond to temperature
(Rosen & Kunjappu, 2012). As the temperature of the water phase is increased, the
ethoxy groups “dewater” and begin to tightly pack into themselves (Rosen & Kunjappu,
2012). This results in the surfactant becoming less water soluble. At high enough
temperature, the surfactant becomes insoluble in water. In an aqueous dispersion of
surfactant, this is called the cloud point because the surfactant solution becomes cloudy
with precipitated surfactant (Rosen & Kunjappu, 2012; Shinoda & Arai, 1964). If
enough oil phase is present, raising the temperature of a nonionic emulsion can cause
phase inversion, where the oil-in-water emulsion becomes water-in-oil (Shinoda & Arai,
1964). This is due to Bancroft’s rule which states that the bulk phase of an emulsion is
the phase in which the surfactant is most soluble (Rosen & Kunjappu, 2012). The
temperature at which this occurs is known as the phase inversion temperature (PIT) and is
characteristic of the surfactant and phases being dispersed (Rosen & Kunjappu, 2012).
The PIT is linked to the stability of emulsions (Shinoda & Arai, 1964).
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Ionic surfactants can be cationic, anionic or zwitterionic in nature. Because they
are charged, they provide excellent stability against coalescence through electrostatic
repulsion (Rosen & Kunjappu, 2012). They are not affected to a large degree by changes
in temperature, although water solubility does increase slightly with increasing
temperature. Ionic surfactants are, however, strongly influenced by ionic strength and pH
(Rosen & Kunjappu, 2012). Anionic surfactants can become protonated at low pH, thus
decreasing their water solubility and electrostatic repulsion. Additionally, ions like
calcium can precipitate anionic surfactants. Ionic surfactants also interact with other
charged species in formulation. For example, cationic surfactants cannot be used with
anionic polymers because precipitation will occur due to the attraction of opposite
charges (Rosen & Kunjappu, 2012).
Zwitterionic head groups behave like ionic surfactants. However, they can be
more salt tolerant due to the presence of both charges. They are also typically much
milder than ionics because their net overall charge is neutral (Rosen & Kunjappu, 2012).
Zwitterionics are commonly used in personal care applications where skin contact is
expected.
Surfactants are also classified by their source. Surfactants can be classified in
categories such as naturally occurring, polar lipid, or synthetic.
Naturally occurring surfactants are surfactants found in nature and unmodified
after isolation. Examples would be surfactants such as lecithin and casein protein.
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Lecithin is a complex molecule, also classified as a polar lipid due to the presence
of many phospholipids.
Casein is a protein found in abundance in milk. This compound makes up
approximately 75% of the protein content of milk (El-Bakry, 2011). Casein functions as
an emulsifier in milk, stabilizing droplets of fat. Casein can be isolated from milk
through various means and used separately in other functions (El-Bakry, 2011).
Proteins can act as surfactants due to the existence of polar and nonpolar amino
acid blocks. Regions of hydrophilic and hydrophobic amino acids perform the function
of the head and tail group found on a molecular surfactant (Kralova & Sjöblom, 2009).
Although the micelles formed from proteins differ in size and shape from molecular
surfactant micelles, they perform the same function. Nonpolar regions in the protein
create an environment suitable for hydrophobic material like fats while the polar regions
stabilize the resulting drops from coalescence and separation. Often, proteins are
solubilized for use in emulsification in order to increase the polarity of the polar regions
and improve performance. Casein, for instance, requires neutralization before it becomes
water dispersible. This is due to the isoelectric point of the protein, which is about 4.6.
Above this pH, the protein has a net negative charge and can be dispersed in water. The
isoelectric point can also be used to isolate the protein through solubilizationprecipitation (El-Bakry, 2011).
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Casein is well tolerated and safe for use in food products. As such, is it is an
effective and safe additive for food systems. Table 2.7 shows the many uses of casein in
food.

Table 2.7: Uses of Casein Function and content of different types of casein in various
food categories (El-Bakry, 2011).

Many of these functions are based on casein acting as a surfactant. The protein is
either used for emulsification and stabilization or provides structure through higher-order
arrangements made using the amphiphilic nature of the protein.
Naturally-occurring surfactant are commonly used in food products due to their
safety. Many are considered GRAS and do not pose any environmental concerns. These
surfactants readily biodegrade and do not require petroleum feedstocks like synthetic
surfactants. In addition to their safety, they have been designed by nature to perform
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many of the roles suited to surfactants (De, Malik, Ghosh, Saha, & Saha, 2015).
However, naturally-occurring surfactants do have disadvantages.
Because they must be isolated from natural products, using these surfactants in
other systems can be expensive. Naturally-occurring surfactants are also highly variable
(De, Malik, Ghosh, Saha, & Saha, 2015). Because they are made in nature there can be
variability between sources which can occur from numerous factors. For example,
lecithin can come from plant or animal sources; each providing a unique composition of
phospholipids and other compounds. This variability can lead to issues in formulation or
even religious or lifestyle considerations if from a prohibited source. Although they are
stable over wide ranges of pH, ionic strength, and temperature, natural surfactants can
lose efficacy at pH extremes, have interactions with salts, and denature at high
temperatures. Some of these downsides can be addressed with synthetic surfactants.
Polar lipids comprise molecules like phospholipids, fatty alcohols, fatty acids,
monoglycerides and glycolipids. They are also commonly naturally occurring, but
require some isolation or modification (e.g. neutralization of fatty acids) to exhibit
surface activity. These compounds make good lubricants, especially fatty acid-based
materials like zinc stearate or oleates.
One of the most well-known polar lipids is lecithin, shown in Figure 2.19.
Lecithin is a complex mixture of phospholipids, triglycerides, and other molecules. It is
largely the phospholipid portion consisting of phosphatidyl choline that drives its use as a
surfactant.
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Figure 2.19: Lecithin (Kralova & Sjöblom, 2009)

Lecithin is readily available from sources like eggs, wheat, oats and soybeans
(Kralova & Sjöblom, 2009). Lecithin works well in food products because it is well
tolerated in diets due to its natural occurrence and because the zwitterionic head group is
tolerant of many formulation components.
Fatty acids and their monoglycerides are also very commonly used polar lipids.
Table 2.8 shows a number of fatty acids and their sources in food:
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Table 2.8: Common fatty acids and their sources (Kralova & Sjöblom, 2009)

Fatty acids can be neutralized with base to created ionic surfactants. This is a
critical feature of their structure and leads to their usefulness. These surfactants can also
be esterified with food materials like sugar molecules to change their properties.
Polar lipids share many of the advantages of naturally-occurring surfactants and
behave according to their structure (i.e. ionic, nonionic).
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Synthetic surfactants are common in most household products. Sodium lauryl
sulfate is one of the most widely-used synthetic surfactants in the world because of its
detergency and foaming capability making it an excellent choice for cleaning
applications. Synthetic surfactants can be made to strict standards, improving their
performance. Additionally, they can be created with wide variation in head and tail
group, allowing them to be highly customized for performance. For example, quaternary
amine surfactants are synthesized for their antibacterial/antimicrobial activity. However,
synthetic surfactants can be much harsher than other types and are not used as much in
food applications due to this fact (Rosen & Kunjappu, 2012).
One notable exception for synthetic surfactants is the family of Span and Tween
surfactants, examples structures of which are shown in Figure 2.20. These synthetic
surfactants are based on sorbitan esters of fatty acids, making them suitable for use in
food applications (GRAS). Tween is ethoxylated, increasing its water solubility. Span
and Tween surfactants are available in a number of chain lengths (12 carbons to 18carbon oleic acid) and can be combined to create tailored interfaces (Kralova & Sjöblom,
2009). This flexibility in structure leads to a wide range of possibilities for surfactant
characteristics for Span and Tween nonionic surfactants.
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Span Molecule

Tween Molecule
Figure 2.20: Structures of Span (top) and Tween (bottom) surfactant molecules. R is
the alkyl group of a fatty acid, and the sum of (x+y+z) is the total moles of ethylene
oxide groups (Croda, 2010).

Span and Tween surfactants are extremely useful in food formulation, but only
make up about 15% of the surfactant used in food systems (Kralova & Sjöblom, 2009,
Norn & Norn, 2015). Tables 2.9 and 2.10 give names, structures, and HLB values for
Span and Tween molecules.
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Table 2.9: Nomencalture and physical characteristics of sorbitan esters (Norn & Norn,
2015).

Table 2.10: Nomencalture and physical characteristics of ethoxylated sorbitan esters
(Norn & Norn, 2015).
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Mixtures of surfactants tend to make the best emulsions, and Span and Tween do
an excellent job of working together due to their similar structure (Norn & Norn, 2015).
These surfactants can pack densely at the interface of oil droplets, giving the surfactant
film greater strength (Norn & Norn, 2015). Because of the highly ethoxylated nature of
the Tween series, steric repulsion of the ethoxylate (EO) groups works to stabilize
emulsion droplets from coalescence even when subjected to changes in dilution, water
hardness, pH or other factors. This is due to the nonionic nature of the surfactant and its
tolerance for ionic strength (Norn & Norn, 2015). Longer chain ethoxylates (50-200
moles EO) are typically better stabilizers for emulsions, but are not allowed in foods
(Norn & Norn, 2015).
Surfactants such as Span and Tween are commonly discussed in terms of their
hydrophilic-lipophilic balance (HLB) (Griffin, 1949, 1954; Kralova & Sjöblom, 2009;
Rosen & Kunjappu, 2012). Because surfactants contain polar and nonpolar groups, there
is a desire to balance these moieties in biphasic systems likes oil and water emulsions.
The HLB of a surfactant describes this balance and the surfactant’s resulting
emulsification/surface active behavior on a scale of 1-20, either calculated from the
structure of the molecule’s hydrophobic and hydrophilic groups or determined
experimentally (Griffin, 1954). Table 2.11 shows HLB ranges of surfactants and their
typical uses in these ranges. HLB for surfactant blends can be calculated by simple
weighted ratios (Griffin, W. C., 1949; Griffin, William C., 1954).
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HLB
Range

Use

4-6

Water/Oil Emulsifiers

7-9

Wetting Agents

8-18

Oil/Water Emulsifiers

13-15

Detergents

15-18

Solubilizers

Table 2.11: HLB vales and typical uses within a given range. Adapted from Griffin,
1949.

Because HLB attempts to describe a surfactant’s balance between the two
opposing phases in an oil and water system, it can useful in determining how a surfactant,
or surfactant blend, will behave in systems like foods where oils and aqueous phases
coexist. These values are extremely useful in understanding the behavior of surfactants if
they are to be used to develop emulsions of food oils or hydrophobic molecules like
lycopene. Using these values, specific surfactants like Span and Tween can be selected
and formulated to deliver specific properties in an emulsion.
However, HLB has some limitations. HLB values are intrinsic to the molecule
and do not account for the entire emulsion system that the molecules are part of. The
nature of the oil phase, additives like salt and alcohols, and temperature can all change
how the surfactant behaves in an emulsion. Hydrophilic-lipophilic deviation theory
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(HLD) describes emulsion systems in terms of these external parameters as well as the
nature of the surfactant.
HLD describes a balance of surfactants between phases as a function of the
characteristic curvature, or Cc, of the surfactant or surfactant blend and other conditions
of the emulsion as in equation 1.1 :
HLD = ln(S) - K(EACN ) - αT∆T + Cc + f(A)

(1.1)

Where:
S= salinity (g/100 mL).
EACN= equivalent alkane carbon number of the oil phase, where EACN= number of
carbons for simple alkanes or determined experimentally.
K= slope of the salinity function (0.1-0.2 typically).
αT= temperature coefficient that reflects the changes that occur in surfactant solubility
with temperature. Positive for ionic, negative for nonionic surfactants.
T= temperature.
Cc= characteristic value of surfactant, determined experimentally.
F(A)= function of the effect of alcohol or other additives on the system HLD, determined
experimentally.
At HLD = 0, surfactant is partitioned perfectly between phases. Ultra-low
interfacial tension between phases is achieved and bicontinuous systems can be obtained
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at HLD = 0 (Acosta, 2008; Jin et al., 2015; Witthayapanyanon, Harwell, & Sabatini,
2008). This is also the point of phase inversion, where oil-in-water emulsions change to
water-in-oil emulsions, given enough oil phase volume. This is due to the change in
surfactant preference for phases and Bancroft’s rule, which states that the continuous
phase of an emulsion is the phase in which the surfactant is most soluble. HLD=0 can be
achieved through changes in system salinity, temperature (especially for nonionic
surfactants), oil phase EACN, or changes to the Cc of the surfactant system. Cc
manipulation is experimentally easy to execute, and can be calculated in a
straightforward manner. The Cc is determined experimentally through various methods
extent (Witthayapanyanon, Harwell, & Sabatini, 2008). Positive Cc values indicate
hydrophobic surfactants, while negative Cc values indicate highly water-soluble
surfactants. Figure 2.21 shows the relationship between HLD value, water-to-oil ratio,
and emulsion type. It also shows how emulsions type can be changed through changes in
HLD.
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Figure 2.21: Hydrophilic lipophilic deviation (HLD) versus water-to-oil ratio (WOR)
map. (Komaiko & McClements, 2016)

Much like HLB, these values are calculated for blends based on molar ratios. For
nonionic surfactants, HLD for a given oil phase can be manipulated through surfactant
blending, temperature, or salinity to a lesser extent (Witthayapanyanon, Harwell, &
Sabatini, 2008). Common surfactants like Span and Tween can be manipulated through
the use of HLB or HLD theory to yield specific results in emulsion systems.
Large amounts of research have been focused on creating emulsions of food oils
and hydrophobic materials like lycopene in order to create textures, flavors or other
sensory characteristics, and deliver and store these materials more effectively (Norn &
Norn, 2015). Numerous studies have focused on emulsification of various food oils and
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manipulating their properties to improve performance. One such area of focus is in
improving oxidative stability (Ax, Mayer-Miebach, Link, Schuchmann, & Schubert,
2003; Berton, Ropers, Viau, & Genot, 2011; Berton, Ropers, Bertrand, Viau, & Genot,
2012; Berton-Carabin, Ropers, & Genot, 2014; Boon, McClements, Weiss, & Decker,
2009; Chaiyasit, Silvestre, McClements, & Decker, 2000; Chaiyasit, Elias, McClements,
& Decker, 2007; Choi & McClements, 2020; Colle et al., 2010; Cuvelier, Bondet, &
Berset, 2000; Decker, 1998; Hong, Park, & Choi, 2016; Kim & Choi, 2020; Komaiko &
McClements, 2016; Kristinova, Aaneby, Mozuraityte, Storrø, & Rustad, 2014; Lee, Song,
& Choi, 2019; Mei, McClements, Wu, & Decker, 1998; Song, Moon, & Choi, 2018;
Vera, Salazar-Rodríguez, Marquez, & Forgiarini, 2020; Walker, Decker, & McClements,
2015).
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TECHNIQUES FOR IMPROVING OXIDATIVE STABILITY OF EMULSIONS
The oxidation of polyunsaturated fatty acids (PUFAs) and other unsaturated
compounds such as lycopene is the result of a complex series of reactions initiated by
reactive oxygen species (ROS) and other prooxidants like transition metals and radicals.
This oxidation leads to the loss of functionality, color, quality, or nutritive value for many
important food compounds that possess unsaturations. These processes are exacerbated
when oils are emulsified and placed into environments where contact with prooxidative
species is increased. For example, the formation of oil droplets during the emulsification
processes increases the surface area of the oil. This increases exposure of the oil to
oxygen and other prooxidants such as metal ions in the aqueous phase, causing faster
oxidation than in the bulk oil (Berton-Carabin, Ropers, & Genot, 2014). In order to
mitigate the loss of benefits derived from the presence of unsaturated carbon-carbon
double bonds, a number of strategies have been investigated and employed.
Decker (1998) describes a number of strategies for improving the oxidative
stability of foods through the control of “free radicals, lipid oxidation catalysts, oxidation
intermediates and secondary lipid oxidation breakdown products” (Decker, 1998). His
approach is based on critical control points, summarized in Figure 2.22.
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Figure 2.22: Potential critical points in the lipid oxidation pathway which could be
altered to maximize the oxidative stability of foods (Decker, 1998).

Decker points out that because food systems are complex and contain both water
and lipid phases, consideration must be given to the nature of the prooxidant species in
order to control it (Decker, 1998). Chemical and physical factors mediate the interactions
between phases, prooxidants and antioxidants. When food products are emulsions, these
factors become more entangled. The presence of both aqueous and oil phases means that
hydrophilic and hydrophobic molecules such as free radical scavengers or
hydroperoxides have the ability to partition themselves in different phases, as shown in
Figure 2.23.
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Figure 2.23: Physical location of hydrophilic and hydrophobic free radical scavengers
(FRS) in bulk oils and oil-in-water emulsions (Decker, 1998).

One of the most well-known and well-studied approaches to preventing oxidation
is the control of free radicals through radical scavengers and antioxidants (Chaiyasit,
Elias, McClements, & Decker, 2007; Frankel, 2005). Antioxidants work by reacting
with, or scavenging, free radicals present in the system to form more stable radicals that
do not react further, thus interfering with the initiation and propagation of oxidation
(Frankel, 2005).
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These molecules are known as primary antioxidants and include synthetic
antioxidants such as butylated hydroxytoluene (BHT), propyl gallate (PG), and tertiary
butylhydroquinone (TBHQ) (Chaiyasit, Elias, McClements, & Decker, 2007). These
synthetic antioxidants are effective and cheap, but have come to be regarded as
potentially unsafe and less label-friendly (Chaiyasit, Elias, McClements, & Decker,
2007). In addition to these synthetic antioxidants, natural antioxidants such as catechins
also possess primary antioxidant activity and have been used to stabilize food systems
(Chaiyasit, Elias, McClements, & Decker, 2007).
Secondary antioxidants work to prevent oxidation by multiple pathways and
mechanisms, but they do not convert free radicals to less reactive radicals (Chaiyasit,
Elias, McClements, & Decker, 2007). These approaches include the use of chelators of
transition metals that catalyze oxidation (ethylenediaminetetraacetic acid, EDTA),
molecules that scavenge oxygen (ascorbic acid), reducing agents (sulfites), and singlet
oxygen quenchers (lycopene and tocopherols) (Chaiyasit, Elias, McClements, & Decker,
2007).
As mentioned previously, increasing antioxidant concentrations are one area of
concern for the approach most often used to increase the stability of emulsions in food.
Other approaches that require adding synthetic materials to interfere with other
components of the oxidation pathway are similarly under scrutiny. It is therefore prudent
to investigate the use of materials already in use for optimization. As shown in Figure
2.22, a key area for optimization and modification is the interface of the oil droplets in
the emulsion. This interface can act as a barrier through a number of mechanisms and
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reduce the interaction of oil phase components with prooxidants or improve the
interaction of antioxidants or other interventions in the aqueous phase. This optimization
could be done through changes in surfactant system structure.

54

PREVIOUS RESEARCH ON EMULSIONS AS OXIDATION INHIBITORS
Emulsification has been used as an approach to deliver a wide range of
hydrophobic materials (Walker, Decker, & McClements, 2015). Choi et. al. (2020)
describes a wide range of lipophilic nutraceuticals that have been emulsified to improve
their formulation, stability, functionality and bioavailability. Among these materials
lipids, carotenoids, resveratrol, Coenzyme Q10, and curcumin have all seen improvements
in these parameters through the use of emulsification (Choi & McClements, 2020).
The basis for this work comes from an understanding of the role and nature of
prooxidants, emulsifiers, and phases in the emulsions. A great deal of this work has
come from the Decker group at the University of Massachusetts Amherst.
An initial study into the effects of surfactant structure, pH and sodium chloride
addition to emulsions of corn oil identified key relationships between the major
components of these emulsions (Mei, McClements, Wu, & Decker, 1998). This study
concluded that the surface charge of the oil droplets, in this case dictated by the head
group charge of surfactant used, plays an important role in the stability of lipids (corn oil)
in emulsions where iron is the main catalyst of oxidation. Using cationic, anionic, and
nonionic surfactant, Mei et. al. (1998) showed that for iron-catalyzed oxidation,
emulsions are stabilized by surfactant charge in the order of cationic > nonionic >
anionic. This general trend was confirmed by Mancuso et. al. (Mancuso, McClements, &
Decker, 1999). This stabilization is attributed to the charge repulsion or attraction
between iron ions and the charged head groups of the surfactant. Upon addition of
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sodium chloride, improvement in stability was also experienced, indicating that
competition for binding on droplet surfaces could be a factor in oxidation rate (Mancuso,
McClements, & Decker, 1999, Mei, McClements, Wu, & Decker, 1998).
Silvestre et. al. (2000) investigated the effect of surfactant headgroup size on lipid
and antioxidant oxidation in oil-in-water emulsions of hexadecane or salmon oil. This
study used Brij surfactants with either 10 or 100 ethoxylate (EO) groups to vary the
thickness of the interfacial layer at the oil droplet surface. Their findings suggest that
iron-promoted decomposition of cumene hydroperoxide was lower with the higher
amount of EO groups, as was the formation of hexanal, propanal and peroxides from
salmon oil oxidation (Silvestre, Chaiyasit, Brannan, McClements, & Decker, 2000). This
suggests that the larger head group plays a role in improving the oxidative stability of oilin-water emulsions of oxidizable materials.
This study was followed Chaiyasit et. al. (2000) where the tail group size of
surfactant molecules was investigated. This study found that oxidation rates were greater
in salmon oil emulsions stabilized by nonionic surfactants with shorter tails (Chaiyasit,
Silvestre, McClements, & Decker, 2000). When salmon oil emulsions were oxidized via
cumene peroxide (a hydrophobic radical initiator), it was found that Brij surfactant with
lauryl tail groups were inferior to those with stearyl tail groups (Chaiyasit, Silvestre,
McClements, & Decker, 2000). It was concluded that tail size plays a minor role in the
oxidation of lipids in oil-in-water emulsions when hydrophobic initiator is used.
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Furthering this research, Boon et. al. specifically looked at the oxidation of
lycopene in oil-in-water emulsions (Boon et al., 2008; Boon, McClements, Weiss, &
Decker, 2009; Boon, McClements, Weiss, & Decker, 2010). Key findings from this
work regarding carotenoids like lycopene are:
•

Lycopene degradation occurred in the presence and absence of lipids, suggesting
multiple pathways of oxidation.

•

Light has little impact on stability of lycopene in emulsions.

•

Lowering pH decreased stability of lycopene emulsions.

•

Addition of metal chelators and free radical scavengers improved lycopene stability.

•

Ferric iron (Fe3+) was found to have the greatest effect on emulsions stabilized by
nonionic surfactants.

•

The general trend of stability for surfactant charge remained cationic > nonionic >
anionic. However, some nonionic surfactants performed on par with cationic
surfactants (Boon et al., 2008).

Since this work concerning carotenoids, other authors have investigated the
structural effects of surfactant on the oxidative stability of emulsions. Kim and Choi
(2020) investigated the stability of lycopene in a model beverage emulsion with
antioxidants. Hong et. al. (2016) investigated the ability of surfactants micelles to
stabilize citral, finding that small head group at low pH was optimal. Lee et. al. (2019)
concluded that the interfacial thickness of emulsion droplets formed from emulsifiers of

57

differing head groups influenced the rate of decomposition of lipid hydroperoxides. This
finding was echoed by a number of other researchers, showing that the interfacial region
of these emulsions is critical to their performance in preventing oxidation (Berton,
Ropers, Viau, & Genot, 2011; Berton, Ropers, Bertrand, Viau, & Genot, 2012; BertonCarabin, Ropers, & Genot, 2014; Han, Song, Moon, & Choi, 2018; Song, Moon, & Choi,
2018; Vera, Salazar-Rodríguez, Marquez, & Forgiarini, 2020; Walker, Decker, &
McClements, 2015).
Despite a significant amount of research in this area, there are still some
relationships that are poorly understood. In terms of structural relationship between
surfactant and emulsion stability to oxidation, no research has been done into the various
structures and combinations of nonionic surfactants that can be achieved. Most research
focuses on single-surfactant systems, or one system of a bi-component blend
(Span/Tween 80 for example). This could explain some of the contradictory findings in
regard to how well nonionic surfactants work to prevent oxidation. By focusing on
varying the HLB/HLD-altering components of nonionic surfactants of similar overall
structure, one could investigate the effect of manipulating the boundary interface between
oil and water and perhaps improve performance of emulsions of materials like lycopene
without the need for additional additives or interventions.
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RESEARCH OBJECTIVES
This research is focused on utilizing HLD theory to understand the effects of
surfactant structure and HLD on emulsion stability for emulsions of lycopene in decane
catalyzed by iron. Particularly, the factors affecting lycopene degradation have been
considered to optimize experimental conditions. The overall conditions for
experimentation are as follows:
•

Lycopene is to be extracted from tomato paste and analyzed directly by
colorimetry.

•

pH will be kept acidic, to maximize iron catalysis and minimize other potential
pathways. Buffers, typically based on salts, may also interfere with surfactants as
theorized by HLD theory.

•

Ferric chloride will be used as a catalyst based on previous work.

•

Decane will be used as a model oil phase to prevent unwanted oxidation reactions
or interferences from lipid oil phases.

•

Span and Tween surfactants will be used in order to maintain an overall similar
structure but allow functional changes to head and tail group arrangement.
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Research Objectives:
1. Develop a method for measuring the iron-catalyzed degradation of
lycopene in oil-in-water emulsions in a reasonable time (hours) that allows
changing of surfactants.
a. Determine optimum iron (III) chloride amount for optimum
catalysis in ~ 2hours.
b. Ensure kinetics match literature precedent.
c. Compare results to an extracted lycopene sample analyzed via
UV/Vis.
2. Determine the effect of changing ratio of Span to Tween molecules.
a. Using one model system (Span/Tween 20 or 80 as they are liquid)
determine the effect of changing mole ratio of Span and Tween
Surfactants.
b. Determine the effect of mixing Span and Tween of different tail
groups. Span 20/Tween 80 for example.
c. Compare results to HLB/HLD or other parameters to determine
trends.
3. Determine the effect of additives that may alter the HLD of Span and
Tween surfactant-based emulsions (salts).
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a. Utilize salts on the Hofmeister series (Vera, Salazar-Rodríguez,
Marquez, & Forgiarini, 2020) to shift the balance of surfactants.
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CHAPTER THREE
COLORIMETRIC METHOD DEVELOPMENT
INTRODUCTION:
Lycopene is a naturally occurring pigment that is responsible for the red, yellow
and orange color of many fruits and vegetables such as tomatoes, pumpkins and
watermelon (Story, Kopec, Schwartz, & Harris, 2010).
Researchers have linked lycopene to beneficial health effects in studies of
cardiovascular disease (Mozos et al., 2018), cancer, neurodegenerative diseases such as
Alzheimer’s and Parkinson’s diseases, asthma, and skeletal system diseases (Przybylska,
2020; Story, Kopec, Schwartz, & Harris, 2010).
Many of these health issues have been linked to oxidative stress induced by
overproduction of reactive oxygen species (ROS) (Story, Kopec, Schwartz, & Harris,
2010). Although the exact mechanism is still being investigated, many of the potential
health benefits of lycopene and other carotenoids have been hypothesized to come from
the ability of carotenoids to function as antioxidants which limit the effects of ROS (Sies
& Stahl, 1995; Mozos et al., 2018; Caseiro et al., 2020). Of all carotenoids, lycopene has
been shown to be the most effective antioxidant, quenching ROS at a rate ten-fold higher
than more tradition antioxidants such as α-tocopherol (Mozos et al., 2018). In order to
maintain potential health benefits, lycopene must be protected from multiple
mechanisms of degradation (Adhya & Choudhury, 2020; Berton, Ropers, Viau, & Genot,
2011; Berton-Carabin, Ropers, & Genot, 2014; Boon et al., 2008; Chaiyasit, Silvestre,
McClements, & Decker, 2000; Choi & McClements, 2020; Henry, Catignani, &
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Schwartz, 1998; Hong, Park, & Choi, 2016; Kim & Choi, 2020; Lee, H. Y., Song, &
Choi, 2019; Lee, M. T. & Chen, 2002; Mancuso, McClements, & Decker, 1999; Mei,
McClements, Wu, & Decker, 1998; Nuchi, McClements, & Decker, 2001; Shi, Le
Maguer, Bryan, & Kakuda, 2003; Silvestre, Chaiyasit, Brannan, McClements, & Decker,
2000; Song, Moon, & Choi, 2018; Walker, Decker, & McClements, 2015).
It has been shown that iron, when present, plays a key role in the oxidation of
carotenoids (Ax, Mayer-Miebach, Link, Schuchmann, & Schubert, 2003; Boon,
McClements, Weiss, & Decker, 2009; Boon, McClements, Weiss, & Decker, 2010). To
protect lycopene, a number of approaches may be taken. The type of approach depends
on the form of lycopene being studied: solid, solubilized in oil, or emulsion (Decker,
1998).
Emulsification is a common method used for the delivery of hydrophobic
materials into food and nutritional applications (Berton, Ropers, Viau, & Genot, 2011).
Emulsions are formed when droplets of one phase are dispersed into another. Surfactants
are used to stabilize these systems against separation. The use of both naturally occurring
and synthetic surfactants is common. Although the mechanism is complicated and
depends on numerous factors, it is understood that surfactants and the interfaces they
create play a key role in the oxidative stability of emulsified materials. It is well-known
that the interfacial region created by surfactants is critical to controlling the oxidation of
lipids or other molecules in emulsions (Berton-Carabin, Ropers, & Genot, 2014). A
significant amount of research has gone into understanding the role of surfactant structure
in the interfacial region and the effects on oxidative stability of emulsions (Boon et al.,
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2008; Mancuso, McClements, & Decker, 1999; Nuchi, McClements, & Decker, 2001;
Silvestre, Chaiyasit, Brannan, McClements, & Decker, 2000; Song, Moon, & Choi,
2018).
In general, it has been shown that for metal-catalyzed systems, the order of
oxidative stability is determined by the charge on surfactant molecules used to make the
emulsion: cationic > nonionic > anionic. This stability can be explained through relative
electrostatic repulsion or attraction of the positively charged transition metal to the
droplet interface. A significant amount of research has supported this trend (Berton,
Ropers, Viau, & Genot, 2011; Berton-Carabin, Ropers, & Genot, 2014; Boon,
McClements, Weiss, & Decker, 2010; Decker, 1998; Mancuso, McClements, & Decker,
1999; Mei, McClements, Wu, & Decker, 1998) but less has been done to investigate noncharge effects of surfactant molecule structure and surfactant blends on the stability of
these emulsions to oxidation. Of particular note, the research on the specific structural
effects of nonionic surfactants and blends of such on oxidative stability of emulsions is
not as deep as that of ionic surfactants (Berton-Carabin, Ropers, & Genot, 2014;
Chaiyasit, Silvestre, McClements, & Decker, 2000; Frankel, 2005; Hong, Park, & Choi,
2016; Kim & Choi, 2020; Lee, Song, & Choi, 2019; Nuchi, McClements, & Decker,
2001; Silvestre, Chaiyasit, Brannan, McClements, & Decker, 2000). Nonionic emulsions
are of great interest due to their use in food products. Because they are neutral in charge,
it stands to reason that structural effects from the head and tail group may play a different
role in their ability to affect oxidation catalyzed by iron.
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Typical methods of measuring oxidative degradation use the measurement of
oxidative byproducts such as aldehydes using methods such as the thiobarbituric acid
reactive substance (TBARS) assay, or measurement of byproducts like hexanal using
analytical techniques such as GC/MS (Berton, Ropers, Bertrand, Viau, & Genot, 2012;
Frankel, 2005; Kristinova, Aaneby, Mozuraityte, Storrø, & Rustad, 2014; Mozuraityte,
Rustad, & Storrø, 2008). However, these methods require extraction, centrifugation,
incubation, preparatory reactions, and/or measurement via chromatographic equipment.
This is time consuming and does not lend itself to a large number of samples. In
addition, conditions may need modification for different emulsion systems. For example,
changing surfactants may require changes in extraction solvents as different surfactants
may precipitate or change phases and lead to errors in analytical measurements.
In addition to the byproducts of oxidation that can be measured by analytical
equipment, color can also be used to monitor oxidation. Lycopene is a highly
conjugated, hydrophobic molecule which loses its red color upon degradation. Research
has been done into measuring the degradation of lycopene, and thus the red color of fruits
and vegetables like tomatoes using simple colorimetric methods (Barrett & Anthon,
2008; Berton-Carabin, Ropers, & Genot, 2014; Davis, Fish, & Perkins-Veazie, 2003;
Hyman, Gaus, & Foolad, 2004). Research has shown that the degradation of lycopene in
oil-in-water emulsions closely follows the oxidation of lipids (Colle et al., 2010).
However, this research has typically used the same methods to quantify the oxidation as
used for PUFAs.
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This research focuses on the development of a rapid method for directly
measuring the color changes that occur as lycopene molecules are oxidatively degraded
by iron in spontaneously formed oil-in-water emulsions. This method will allow the
study of multiple surfactant systems without the need for extensive sample preparation or
lengthy analyses.

MATERIALS AND METHODS:
Chemicals:
All solvents and other chemical were acquired from Sigma Aldrich and were
reagent grade or better. Tomato paste was purchased from a local supermarket.

Lycopene Extraction:
Two cans of tomato paste (approximately 300g) were added to a 1-liter plastic jar.
To the plastic jar, 300g of decane was added. The mixture was mixed with a spatula and
allowed to sit for 6 hours. The supernatant was then filtered through a 150-micron mesh
paint filter to remove particulates to yield an orange oil. Lycopene extract was used
without further purification. Unused oil was stored in a refrigerator and used within 48
hours of extraction.

Emulsion Preparation:
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Individual aqueous phases were prepared by adding 1.5g of Tween 80 to 6.5g of
water in a 20mL scintillation vial. Bulk oil phase was prepared by solubilizing 0.5g of
Span 80 per 8mL (~5.6g) of lycopene extract in decane.
10mL of oil phase was added slowly to each aqueous phase via autopipette while stirring
via magnetic stir bar at 400rpm. Samples were stirred for 5 minutes before amounts of
0.5% FeCl3 solution was added via pipette. After 1 minute of stirring, stir bars were
removed and vials sealed. Emulsions were continually agitated by placing vials into a
plastic jar with sufficient padding and continuously rotating on a jar roller at
approximately 60 rpm.

Color and UV/Vis Measurement:
Color values of emulsions were measured directly on vials using a HunterLabs
Colorflex Ez colorimeter. L*a*b* values were obtained using a 1 cm aperture and 45/0
geometry. Each sample was measured in triplicate, with manual agitation between
measurements to prevent separation of less stable emulsions.
For UV/Vis extraction method comparisons, lycopene was extracted from
emulsion samples using a 2:1 ethyl acetate : isopropyl alcohol mixture. 1 mL of
lycopene/decane emulsion was placed into a 6 mL vial. To this vial, 4 mL of extraction
solvent was added. After shaking to break the emulsion, the top organic layer was
transferred via pipette into a 1 cm cuvette. UV/vis absorbance was measured in triplicate
at 502 nm on a UV/Vis Spectrophotometer.

74

Absorbance ratio and Relative a/b ratio:
For extraction measurements, the relative absorbance at a given time (x min/hr.)
was calculated as:
=

( )
=0

The relative a/b ratio is a comparative value of the a/b ratio (from L*a*b* values)
obtained via Colorflex EZ measurement of the emulsion at a given time (x min/hr.)
compared to that of the emulsion at t=0 min/hr.
The relative a/b ratio of each condition was calculated as follows:

( )
=
=0

Statistical treatment:
For all samples, standard deviations from three measurements were calculated.
For color measurements, relative standard deviations of <2% were achieved. These
deviations lie within the data points on graphs, and are thus not visible. All sample
treatments were statistically different from each other (p <0.05) at given timepoints.

RESULTS AND DISCUSSION:
Determination of Optimal FeCl3 concentration:
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To optimize reaction conditions and throughput for future experiments concerning
lycopene oxidation, a level study was conducted using emulsions made with Span 80 and
Tween 80. Degradation of lycopene as measured by loss of a/b ratio over 2 hours is
shown in Figure 3.1:
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Fig 3.1: Relative a/b ratio of lycopene emulsions after oxidation by FeCl3. Percentages
are mass percentage of FeCl3 for total emulsion mass.

This colorimetric method allowed very rapid analysis of a large number of
samples in triplicate. With no sample preparation, the readings were completed in a
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matter of minutes. Furthermore, because there was no need for sample preparation,
readings could be taken at any time interval desired.
In order to maximize throughput of samples while still allowing for resolution of
data, 2 hours was chosen as a sufficient time for degradation of lycopene in these
emulsions. From the data in Figure 3.1, 0.5% FeCl3 overall concentration provided a
good range of degradation for future exploration, and was selected as the overall
concentration.

Comparison of Colorimetric and Extraction Methods:
The colorimetric data was also compared to an extraction method. Because the
extraction takes time for sample preparation, emulsions were only compared after 2 hours
of degradation via iron catalysis. Figure 3.2 shows a comparison of two lycopene
degradation curves obtained for each FeCls level at 2 hours.
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Figure 3.2: Plots of lycopene degradation in emulsions as a function of FeCl3
concentration. (●) are fits of raw data, (▲) are ln of data. A) Colorflex EZ determination
of lycopene degradation as a function of FeCl3 concentration. B) Extraction and UV/Vis
absorbance method for determination of lycopene degradation. C) Plot of Colorflex EZ
Method vs. Extraction. Data points are labeled with approximate FeCl3 concentrations.

Both extraction and direct colorimetric methods suggest lycopene degradation
follows logarithmic decay, indicating first order kinetics. This concurs with previous
research (Ax, Mayer-Miebach, Link, Schuchmann, & Schubert, 2003; Berton, Ropers,
Viau, & Genot, 2011; Henry, Catignani, & Schwartz, 1998; Shi, Le Maguer, Bryan, &
Kakuda, 2003). R-squared values indicate good fit to determined relationships.
Both methods can be used to determine the amount of lycopene that has been
oxidized. However, the colorimetric method has significant advantages because of its
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minimal sample preparation. However, the extraction method gives higher relative
amounts of lycopene for a given condition. It is possible that the colorimetric method is
measuring a colored species in the aqueous phase that contributes to the a/b ratio that is
not analyzed in the organic phase of the extraction method. FeCl3 itself has an orange
color, and may be contributing to the a/b ratio in the colorimetric data. As such, the
reduction of color of this water-soluble species with redox reaction would be read in the
colorimetric data, but not in the extraction method. Because the methods correlate so
well, and consistent levels of catalyst are used, this phenomenon can be ignored.
Measurement of Lycopene Stability in Emulsions made with Different Surfactant Ratios:
A particular area of interest is the measurement of oxidative stability of emulsions
across various surfactant systems. However, due to differences in surfactant structure,
extraction parameters are not universal. Table 3.1 describes experiments with different
ratios of Span 80 and Tween 80 surfactants using the iron catalyzed system described
earlier:
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Span 80
(g)
0.40
0.30
0.20
0.10
0.67

Tween 80
(g)
0.80
1.10
1.40
1.70
1.33

Span: Tween
Mole Ratio
1.53
0.83
0.44
0.18
1.54

Method
Used
Colorflex
Colorflex
Colorflex
Colorflex
Extraction1

Relative
Lycopene
Measurement
at 2 Hours
0.29
0.43
0.77
0.84
0.52

0.50

1.50

1.02

Extraction1

0.27

0.33
1.67
0.60
Extraction1
0.03
1
Extraction with 2:1 Ethyl acetate: isopropyl alcohol. 5 ml of solvent
added to 1 mL of emulsion.

Observation
Emulsion
Emulsion
Emulsion
Emulsion
Clear layers
Cloudy aqueous
layer
Cloudy aqueous
layer

Table 3.1: Analysis of oxidation of lycopene in emulsions made from different
Span:Tween ratios.
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Figure 3.3: Lycopene degradation in emulsions made with different Span 80:Tween 80
Ratios catalyzed with FeCl3. A) Relative a/b ratio of emulsions after 2 hours measured
using Colorflex EZ. B) Relative absorbance at 502nm measured with UV/Vis after
extraction.
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From Table 3.1, extraction methods produce an opposing trend to analysis of
lycopene degradation by Colorflex method. Using the colorimetric method, decreasing
the Span:Tween ratio results in improved stability at 2 hours (Fig. 3.3A). However, the
extraction method suggests that increasing the Span:Tween ratio results in improved
stability (Fig 3.3B). Upon closer inspection, it was noted that as Tween amounts were
increased, the extraction proved less effective (see observations in Table 3.1). As Tween
amounts increased, the aqueous layer of the extraction retained more of its emulsion
character. This suggests that the more hydrophilic ethoxylated Tween surfactant is
capable of sequestering lycopene in the aqueous phase if the solvent system is not
powerful enough to break the emulsion.

CONCLUSIONS:
A rapid test method based on direct colorimetric measurement of spontaneous
emulsions was used to determine the oxidative degradation of lycopene in emulsions
made with Span 80 and Tween 80. Degradation of lycopene decreases with decreasing
Span:Tween ratio. This method improves upon previous extraction-based methods for
screening various surfactant combinations for their ability to increase the oxidative
stability of emulsions catalyzed by iron.
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CHAPTER FOUR
EFFECT OF FOOD-GRADE NONIONIC SURFACTANT BLENDS ON LYCOPENE
STABILITY IN OIL-IN-WATER EMULSIONS
INTRODUCTION:
Lycopene is a naturally occurring pigment that is responsible for the red,
yellow and orange color of many fruits and vegetables such as tomatoes, pumpkins and
watermelon (Story, Kopec, Schwartz, & Harris, 2010).
Researchers have linked lycopene to beneficial health effects in studies of
cardiovascular disease (Mozos et al., 2018), cancer, neurodegenerative diseases such as
Alzheimer’s and Parkinson’s diseases, asthma, and skeletal system diseases (Przybylska,
2020; Story, Kopec, Schwartz, & Harris, 2010).
Many of these health issues have been linked to oxidative stress induced by
overproduction of reactive oxygen species (ROS) (Story, Kopec, Schwartz, & Harris,
2010). Although the exact mechanism is still being investigated, many of the potential
health benefits of lycopene and other carotenoids have been hypothesized to come from
the ability of carotenoids to function as antioxidants which limit the effects of ROS (Sies
& Stahl, 1995; Mozos et al., 2018; Caseiro et al., 2020). Of all carotenoids, lycopene has
been shown to be the most effective antioxidant, quenching ROS at a rate ten-fold higher
than more tradition antioxidants such as α-tocopherol (Mozos et al., 2018). In order to
maintain potential health benefits, lycopene must be protected from multiple
mechanisms of degradation (Adhya & Choudhury, 2020; Berton, Ropers, Viau, & Genot,
2011; Berton-Carabin, Ropers, & Genot, 2014; Boon et al., 2008; Chaiyasit, Silvestre,
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McClements, & Decker, 2000; Choi & McClements, 2020; Henry, Catignani, &
Schwartz, 1998; Hong, Park, & Choi, 2016; Kim & Choi, 2020; Lee, H. Y., Song, &
Choi, 2019; Lee, M. T. & Chen, 2002; Mancuso, McClements, & Decker, 1999; Mei,
McClements, Wu, & Decker, 1998; Nuchi, McClements, & Decker, 2001; Shi, Le
Maguer, Bryan, & Kakuda, 2003; Silvestre, Chaiyasit, Brannan, McClements, & Decker,
2000; Song, Moon, & Choi, 2018; Walker, Decker, & McClements, 2015).
It has been shown that iron, when present, plays a key role in the oxidation of
carotenoids (Ax, Mayer-Miebach, Link, Schuchmann, & Schubert, 2003; Boon,
McClements, Weiss, & Decker, 2009; Boon, McClements, Weiss, & Decker, 2010). To
protect lycopene, a number of approaches may be taken. The type of approach depends
on the form of lycopene being studied: solid, solubilized in oil, or emulsion (Decker,
1998).
Emulsification is a common method used for the delivery of hydrophobic
materials into food and nutritional applications (Berton, Ropers, Viau, & Genot, 2011).
Emulsions are formed when droplets of one phase are dispersed into another. Surfactants
are used to stabilize these systems against separation. The use of both naturally occurring
and synthetic surfactants is common. Although the mechanism is complicated and
depends on numerous factors, it is understood that surfactants and the interfaces they
create play a key role in the oxidative stability of emulsified materials. It is well-known
that the interfacial region created by surfactants is critical to controlling the oxidation of
lipids or other molecules in emulsions (Berton-Carabin, Ropers, & Genot, 2014). A
significant amount of research has gone into understanding the role of surfactant structure
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in the interfacial region and the effects on oxidative stability of emulsions (Boon et al.,
2008; Mancuso, McClements, & Decker, 1999; Nuchi, McClements, & Decker, 2001;
Silvestre, Chaiyasit, Brannan, McClements, & Decker, 2000; Song, Moon, & Choi,
2018).
In general, it has been shown that for metal-catalyzed systems, the order of
oxidative stability is determined by the charge on surfactant molecules used to make the
emulsion: cationic > nonionic > anionic. This stability can be explained through relative
electrostatic repulsion or attraction of the positively charged transition metal to the
droplet interface. A significant amount of research has supported this trend (Berton,
Ropers, Viau, & Genot, 2011; Berton-Carabin, Ropers, & Genot, 2014; Boon,
McClements, Weiss, & Decker, 2010; Decker, 1998; Mancuso, McClements, & Decker,
1999; Mei, McClements, Wu, & Decker, 1998) but less has been done to investigate noncharge effects of surfactant molecule structure and surfactant blends on the stability of
these emulsions to oxidation. Of particular note, the research on the specific structural
effects of nonionic surfactants and blends of such on oxidative stability of emulsions is
not as deep as that of ionic surfactants (Berton-Carabin, Ropers, & Genot, 2014;
Chaiyasit, Silvestre, McClements, & Decker, 2000; Frankel, 2005; Hong, Park, & Choi,
2016; Kim & Choi, 2020; Lee, Song, & Choi, 2019; Nuchi, McClements, & Decker,
2001; Silvestre, Chaiyasit, Brannan, McClements, & Decker, 2000). Nonionic emulsions
are of great interest due to their use in food products. Because they are neutral in charge,
it stands to reason that structural effects from the head and tail group may play a different
role in their ability to affect oxidation catalyzed by iron.
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Specifically, synthetic surfactants Span and Tween, which are food-grade,
nonionic surfactants based on sorbitan esters of fatty acids, are commonly used due to
their safety and ease of synthesis. Span is a hydrophobic surfactant with a hydrophiliclipophilic balance (HLB) in the range of 4-9 (McCutcheon's, 2019) depending on the
nature of the hydrophobic tail selected. Tween is an ethoxylated, hydrophilic surfactant
with an HLB range of 11-17 (McCutcheon's, 2019) based on hydrophobic tail identity.
These two surfactants are commonly blended to create tailored HLB surfactant systems
for use with specific oil phases.
Research has shown that both the head group and tail group moiety of surfactants
play a role in how unsaturated compounds like lycopene and PUFAs degrade in the
presence of iron in oil-in-water emulsions (Chaiyasit, Silvestre, McClements, & Decker,
2000; Hong, Park, & Choi, 2016). However, there have been some discrepancies in these
findings. In particular, nonionic surfactants such as Span and Tween have shown to have
variable performance. In some cases, nonionics perform as well as cationic surfactants
(Boon et al., 2008). In other cases, research has shown intermediate performance
between that of cationic and anionic surfactants (Mancuso, McClements, & Decker,
1999; Mei, McClements, Wu, & Decker, 1998). In most of this research, one surfactant
or one blend of Span and Tween surfactant has been investigated (Boon et al., 2008;
Chaiyasit, Silvestre, McClements, & Decker, 2000; Hong, Park, & Choi, 2016; Mancuso,
McClements, & Decker, 1999; Mei, McClements, Wu, & Decker, 1998; Silvestre,
Chaiyasit, Brannan, McClements, & Decker, 2000). It can be theorized that because of
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the lack of a charged head group, different mechanisms of stabilization are in play and
require further investigation across a wide range of combinations.
This research focuses on the use of a previously developed rapid method for
directly measuring the color changes that occur as lycopene molecules are oxidatively
degraded by iron in spontaneously formed oil-in-water-emulsions of lycopene extracted
into decane from tomato paste. Decane was chosen as a model system for lycopene
extraction and subsequent emulsification in order to prevent unwanted oxidation of lipids
in other oil phases such as food oils. This method will allow the study of multiple
surfactant systems without the need for extensive sample preparation or lengthy analyses.
Using this method, various blends of Span and Tween surfactants were evaluated for their
ability to stabilize lycopene against oxidation and color loss.
MATERIALS AND METHODS:
Chemicals:
All solvents and other chemical were acquired from Sigma Aldrich and were
reagent grade or better. Tomato paste was purchased from a local supermarket.

Lycopene Extraction:
Two cans of tomato paste (approximately 300g) were added to a 1-liter plastic jar.
To the plastic jar, 300g of decane was added. The mixture was mixed with a spatula and
allowed to sit for approximately 6 hours. The supernatant was then filtered through a
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150-micron mesh paint filter to remove particulates to yield an orange oil. Lycopene
extract was used without further purification. Unused oil was stored in a refrigerator and
used within 48 hours of extraction.

Emulsion Preparation:
Individual aqueous phases were prepared by adding calculated amounts of Tween
surfactant to 8 mL of water in a 20mL scintillation vial. Oil phases were prepared by
solubilizing calculated amounts of Span surfactant in 8 mL (5.6 g) lycopene/decane
extract. Oil phase was added slowly to each aqueous phase via autopipette while stirring
via magnetic stir bar at 400 rpm. After 5 minutes, 2 mL of 0.5% FeCl3 was added to
catalyze the oxidation reaction. Vials were then sealed after 1 minute of stirring and stir
bars removed. Emulsions were continually agitated by placing vials into a plastic jar
with sufficient padding and continuously rotating on a jar roller at approximately 60 rpm.

Color Measurement:
Color values of emulsions were measured directly on vials using a HunterLabs
Colorflex Ez colorimeter. L*a*b* values were obtained using a 1 cm aperture and 45/0
geometry. Each sample was measured in triplicate, with manual agitation between
measurements to prevent separation of less stable emulsions.

Particle Size:
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Particle size of spontaneous emulsions was measured using a Microtrac Zetatrac
particle size analyzer utilizing dynamic light scattering. For the emulsions evaluated,
particles sizes were determined using mean number diameter (MN) and mean area
diameter (MA) values.

Absorbance ratio and Relative a/b ratio:
The relative a/b ratio is a comparative value of the a/b ratio obtained via Colorflex
EZ measurement of the emulsion at a given time (x min/hr.) compared to that of the
emulsion at t=0 min/hr.
The relative a/b ratio of each condition was calculated as follows:

( )
=
=0

Statistical treatment:
For all samples, standard deviations from three measurements were calculated.
For color measurements, relative standard deviations of <2% were achieved. These
deviations lie within the data points on graphs, and are thus not visible. All sample
treatments were statistically different from each other (p <0.05) at given timepoints.
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RESULTS AND DISCUSSION:

Model System Evaluation:
An initial model experiment to determine effects of blending Span and Tween
molecules for emulsion preparation was performed by varying the Span:Tween (S:T)
molar ratio of Span and Tween 80-based emulsions while keeping total moles fixed.
Table 4.1 shows the emulsion compositions of four samples made for this experiment
along with particle size data.

Span
80 (g)
0.4
0.3
0.2
0.1

Millimoles
Span 80
(S80)
0.93
0.70
0.47
0.23

Tween
80 (g)
0.8
1.1
1.4
1.7

Millimoles
Tween 80
0.61
0.84
1.07
1.30

Span:Tween
Mole Ratio
(S:T)
1.53
0.83
0.44
0.18

MN
Particle
Size (nm)
69.8
84.4
108.6
47.7

MA
Particle
Size (nm)
191.4
269.1
277.5
183.1

Table 4.1: Span and Tween 80 Combinations and particle size data.

Figure 4.11 shows the results of the lycopene degradation experiment performed
using the S:T ratios in Table 4.1.

96

0.9
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0.6
0.5
0.4
0.3
0.2

y = -0.4204x + 0.9216
R² = 0.987

0.1
0
0

0.2

0.4

0.6
0.8
1
1.2
Span: Tween Mole Ratio

1.4

1.6

1.8

Figure 4.1: Lycopene degradation catalyzed by FeCl3. Relative a/b ratio of lycopene
extracted into decane at 2 hours.

Particle size measurements for this series of emulsions indicates that these
emulsions have similar overall particle sizes, and that no trend is apparent to explain the
stability trend seen. There is no correlation between particles size, number or area based,
and emulsion stability. As such, no further analysis of particle size was done.
As Span and Tween 80 have the same oleic acid derived tail group, this change is
largely a change in head group size. As more Tween is introduced into the interfacial
layer, the large head group modified with ethoxylate groups takes up more physical
space, creating a thicker interfacial layer. This theory is proposed and supported by
Silvestre, et. al. (2000). Their findings indicated that increasing the interfacial thickness
via increasing the number of ethoxylate (EO) groups decreased the production of
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oxidation byproducts from the oxidation of salmon oil catalyzed by iron.

As the

nonionic surfactant is creating a steric barrier to iron or other prooxidative species,
increasing the amount of EO groups results in increased interfacial barrier to iron.
Another possible explanation for this relationship comes from the relationship
between surfactant nature (i.e. HLB) and interfacial tension. Hydrophilic-lipophilic
deviation theory (HLD) describes a balance of surfactants between phases as a function
of the characteristic curvature, or Cc, of the surfactant or surfactant blend as described in
equation 3.1 (Acosta, 2008; Rosen & Kunjappu, 2012; Witthayapanyanon, Harwell, &
Sabatini, 2008):
HLD = ln(S) - K(EACN ) - αT∆T + Cc + f(A)

(3.1)

Where:
S= salinity (g/100 mL).
EACN= equivalent alkane carbon number of the oil phase, where EACN= number of
carbons for simple alkanes or determined experimentally.
K= slope of the salinity function (0.1-0.2 typically).
αT= temperature coefficient that reflects the changes that occur in surfactant solubility
with temperature. Positive for ionic, negative for nonionic surfactants.
T= temperature.
Cc= characteristic value of surfactant, determined experimentally.
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F(A)= function of the effect of alcohol or other additives on the system HLD, determined
experimentally.
At HLD=0, surfactant is partitioned perfectly between phases. Ultra-low
interfacial tension between phases is achieved and bicontinuous systems can be obtained
in addition to “middle phase” microemulsions (Acosta, 2008; Rosen & Kunjappu, 2012;
Witthayapanyanon, Harwell, & Sabatini, 2008). HLD=0 can be achieved through changes
in system salinity, temperature (especially for nonionic surfactants), oil phase EACN, or
changes to the Cc of the surfactant system. Cc manipulation is extremely easy, and can be
calculated in a straightforward manner. The Cc is determined experimentally through
various methods. Positive Cc values indicate hydrophobic surfactants, while negative Cc
values indicate highly water-soluble surfactants. Much like HLB, these values are
calculated for blends based on molar ratios. For Span surfactants, Cc values are positive,
and for Tween surfactants, they are negative. It can be seen from the HLD equation that
increasing the S:T ratio would raise the HLD value. Decreasing the S:T ratio via Tween
addition would lower this value. As HLD<0 indicates oil-in-water emulsion (Jin et al.,
2015), increasing the Tween amount moves the system farther away from HLD=0.
As mentioned, ultra-low interfacial tension is achieved at HLD=0. Movement
away from HLD=0 results in an increase in interfacial tension (Acosta, 2008). It is
possible that by increasing the S:T ratio in an oil-in-water emulsion (HLD<0), the overall
surfactant system is increasing in Cc, which shifts HLD toward 0, resulting in lower
interfacial tension and a more bicontinuous environment. This could create conditions
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where the barrier created by surfactant molecules at the interface of oil droplets is less
effective, leading to higher oxidation rates.
An alternative theory to explain the increased stability with increased Tween
relates to the amount of unadsorbed surfactant in the water phase. Literature has shown
that for hydrophilic surfactants, a large amount of surfactant molecules are unadsorbed at
droplet interfaces (Berton-Carabin, Ropers, & Genot, 2014). This could mean that these
molecules then participate in some alternative reaction or inhibition mechanism to
increase the oxidative stability of the high-Tween systems.

Combinations of Different Span/Tween Tail Lengths:
A second set of experiments was performed to investigate the potential for
changes in tail group structure to affect lycopene stability in emulsions using Span and
Tween surfactants. Combinations of Span and Tween 20, 40, and 80 were created and
analyzed. Span and Tween 60 were investigated, but as both surfactants are solid at room
temperature, emulsions made from this surfactant system led to extremely viscous
samples, sometimes entirely solid. They were omitted from further evaluation.
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Millimoles
Span 20 (g)
S20
0.4
1.15
0.3
0.87
0.2
0.58
0.1
0.29

Span 40 (g)
0.4
0.3
0.2
0.1

Span 80 (g)
0.4
0.3
0.2
0.1

Millimoles
S40
0.99
0.75
0.50
0.25

Millimoles
S80
0.93
0.70
0.47
0.23

Tween 20
(g)
0.8
1.1
1.4
1.7

Total
Span:
Millimoles Millimoles
Tween
Tween 20 Surfactant Mole Ratio
0.65
1.81
1.77
0.90
1.76
0.97
1.14
1.72
0.51
1.38
1.67
0.21

Tween 40
(g)
0.8
1.1
1.4
1.7

Total
Span:
Tween
Millimoles Millimoles
Tween 40 Surfactant Mole Ratio
0.62
1.62
1.59
0.86
1.60
0.87
1.09
1.59
0.46
1.33
1.57
0.19

Tween 80
(g)
0.8
1.1
1.4
1.7

Total
Span:
Millimoles Millimoles
Tween
Tween 80 Surfactant Mole Ratio
0.61
1.55
1.53
0.84
1.54
0.83
1.07
1.54
0.44
1.30
1.53
0.18

Table 4.2: Span and Tween combinations with differing tail groups.
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1.1
y = -0.044x + 1.0194
R² = 0.9062

Relative a/b Ratio @ 2 hours

1

0.9
y = -0.058x + 0.9857
R² = 0.9872

0.8

0.7
y = -0.222x + 0.8982
R² = 0.9831

0.6

0.5
0.00

0.50

1.00
Span:Tween Mole Ratio

1.50

2.00

Figure 4.2: Lycopene stability for emulsion made from mixtures of Span and Tween 20
(■), 40 (●), and 80 (▲).

Table 4.2 and Figure 4.2 show the composition of the emulsions used to test the
effect of tail length on Span and Tween combinations used to make emulsions and the
resulting data from lycopene degradation studies, respectively.
It can be seen that as before, the Span:Tween ratio plays a key role in stabilization
against oxidation. As Span is increased, the degradation of lycopene also increases. It
can also be seen that overall, combinations of Span and Tween 80 are more susceptible to
oxidation than those of Span and Tween 20 or 40. Combinations of Span and Tween 40
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degraded the least in this experiment. This cannot be attributed solely to head group
influence, as any combination of similar Span:Tween ratio should have the same the
same overall head group distribution.
HLD theory can be used to explain these differences. As surfactant molecules
increase the length of their hydrophobes, their Cc increases (more positive). Overall, the
addition of longer-chain surfactant leads to a higher HLD, i.e. closer to HLD=0. This
results in a lower interfacial tension, and more interaction between prooxidant species in
the aqueous phase and the oil phase, increasing the rate of lycopene degradation.
Literature values for Span surfactants reveal very close values, on the range of 3-3.5
across the entire range of Span molecules. However, Tween molecules vary from -3.7
for Tween 80, to -7.9 for Tween 20 (Acosta, 2008). These large differences mean that
between systems containing Tweens of differing tail lengths, there can be large
differences in HLD, even at low Span:Tween ratios where the usually better performing
Tween dominates. This could explain both the gap in performance and the difference in
slope between 20/40 combinations and 80. Surfactant purity can also play a role (Acosta,
2008).
To investigate the effect of Tween only, Span surfactant was fixed as either Span
20 or Span 80. Tween 20, 40, 60 and 80 were then used in equimolar amounts (8.66
millimoles each) to create emulsions and monitor lycopene degradation. Tween 60 was
combined with liquid Span 20 or 80, and emulsions were successful. Table 4.3 shows
formulations for the Span 20 combinations and Figure 4.3 shows results from lycopene
degradation studies.
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Span 20
(g)
0.2
0.2
0.2
0.2

Tween 20
(g)
1.06

Tween 40
(g)

Tween 60
(g)

Tween 80
(g)

1.11
1.14
1.13

Slope of
Linear Fit
Line
-0.0009
-0.0007
-0.0019
-0.0018

Table 4.3: Span 20 combinations with different Tween surfactants. Slopes are of linear
fit trendlines for 180-minute lycopene degradation experiments.
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1
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0.8
0.7
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100
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Figure 4.3: Lycopene degradation with surfactant systems containing Span 20 and
Tween 20 (■), 40 (●), 60 (♦) and 80 (▲).
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For surfactant systems composed of Span 20 and various Tweens molecules,
lycopene degradation was monitored over 180 minutes. Interestingly, two distinct groups
arose. Tweens 20 and 40 gave similar results, as did Tweens 60 and 80. The shorter tail
20 and 40 surfactants outperformed the longer tail surfactants. At the end of the 180
minutes, relative a/b ratios of the shorter chain Tween systems were >0.85, whereas the
longer chain surfactants had fallen to <0.65. The slopes of the degradation curves were
also different, with the longer tailed surfactants having much steeper slopes. These
slopes were double the slope of the more effective surfactant, indicating rates of change
for a/b ratio twice that of the more effective surfactants. These differences can be
attributed to potential interfacial tension difference theorized using HLD theory or
potentially unadsorbed surfactant. However, since the head group EO group would likely
be the source of unadsorbed surfactant functioning to prevent oxidation through
antioxidant effects or sequestering iron, it is unlikely to be the case since equimolar
amounts of EO groups across surfactant types produce different results.
As the Cc of Span molecules does not change much with tail length, changing
from Span 20 to Span 80 should produce similar trends. Table 4.4 and Figure 4.4 show
formulations and data from experiments using Span 80 in combinations with various
Tween molecules to make lycopene emulsions.
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Span 80
(g)
0.25
0.25
0.25
0.25

Tween 20
(g)
1.06

Tween 40
(g)

Tween 60
(g)

Tween 80
(g)

1.11
1.14
1.13

Slope of
Linear Fit
Line
-0.0022
-0.0006
-0.0017
-0.0023

Table 4.4: Span 80 combinations with different Tween surfactants. Slopes are of linear
fit trendlines for 180-minute lycopene degradation experiments.
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Figure 4.4: Lycopene degradation with surfactant systems containing Span 80 and
Tween 20 (■), 40 (●), 60 (♦) and 80 (▲).
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In these experiments, Span 80-Tween 40 emulsion is the only emulsion to show
similar performance to the Span 20-Tween 20/40 emulsions from previous experiments.
Although this supports the HLD-derived hypothesis of interfacial tension reduction
creating interaction between phases, the poor performance of the Span 80-Tween 20
combination is surprising. As with HLB theory, HLD has some limitations. Blending
surfactants has shown to be one limitation to theoretical application, as some Cc
calculations for blends have deviated from theory (Acosta & Bhakta, 2009). This could
also be explained by hard to model effects such as packing between different tail groups,
as Cc values are often determined on individual surfactants. In similar fashion, the
difference in the Span 80 experiments could be explained by the structure or purity of
Span and Tween 80 surfactants.
Due to the presence of an unsaturated carbon-carbon double bond in the oleic
acid-based tail of these molecules, packing inefficiencies in the interfacial boundary
between oil and water phases may arise. The presence of these unsaturations leads to the
lower melting point and softer physical state, often liquid, of unsaturated fatty acids.
This poor packing could explain the overall poor performance of Span 80-Tween 80
combinations as a physical barrier to prooxidant species in emulsions. The improvement
with Tween 40 may be attributed to an optimized packing at 14 carbons of the tail groups
of Span 80 and Tween 40 not seen with other tail groups. It is possible that this particular
length, a “Goldilocks” optimum length, provides efficient enough packing even with the
unsaturated oleic tail of Span 80 to provide good interfacial barrier properties.
Additionally, since the Tween 40 samples always outperformed other samples, it could be
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that this surfactant sample was extremely pure, which could lead to improved
performance.
CONCLUSIONS:
For a model emulsion of lycopene in decane, it was found that the Span:Tween
ratio and the identity and ratio of tail groups on surfactant molecules play a role in the
oxidative stability of lycopene under iron-catalyzed conditions. Although HLD theory
can be used to explain much of the trends seen, some deviation occurs.
In general, more water-soluble surfactants create more stable emulsions in terms
of the oxidative degradation of lycopene. This aligns with Shinoda on the stability of
nonionic emulsions with regard to phase inversion temperature (Shinoda & Arai, 1964)
and HLD theory, which suggests higher interfacial tension with increasing water
solubility. At these higher interfacial tensions, less interaction between prooxidant
species like iron in the water phase and oxidizable species like lycopene in the oil phase
will occur. As the amount of oil-soluble surfactant increases, this tension lowers, and the
interactions become more likely. The most stable systems were made by using Tween
molecules of short tail length (C12-C14), and the most unstable were made with longer
tail lengths (C18 and C18 unsaturated). The one exception was a system composed of
long-chain Span 80 and short-chain Tween 20. This system was outperformed by a Span
80-Tween 40 system. It is theorized that this difference could stem from packing
efficiencies that arise from the C14-oleic tail interactions not present in longer or shorter
chain surfactants. Additionally, increasing the amount of hydrophilic surfactant in the
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system could increase the amount of unabsorbed surfactant molecules which may
participate in some stabilizing mechanism not captured by this research.
These differences in stability toward oxidation must be balanced with the
formulations used to make optimal emulsions. As no care was given to physical
characteristics of these emulsions, they may not be suitable for use in industry.
Overall, blends of food grade surfactants such as Span and Tween can vary
greatly in their ability to stabilize ingredients in emulsions toward oxidation. Although
further investigation into the structure and functional relationship is needed, this data
shows that surfactant structure and formulation can affect oxidative stability.
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CHAPTER FIVE
EFFECT OF SALT CATION ON THE OXIDATIVE STABILITY OF LYCOPENE IN
OIL-IN-WATER EMULSIONS WITH FOOD-GRADE NONIONIC
SURFACTANTS
INTRODUCTION:
Food systems are complicated mixtures of macromolecules such as fats, proteins
and carbohydrates as well as small molecules and inorganic materials like flavor
compounds and salts. As such, there is a complex series of chemical interactions taking
place that affect each of the components in multiple ways.
In the case of food emulsions, these molecules can have drastic effects on the
performance of the emulsion and the underlying stability of materials contained therein.
For example, it has been shown that in emulsions of polyunsaturated fatty acids (PUFAs)
and lycopene, salts can affect the oxidative stability of these molecules when exposed to
prooxidative catalysts such as iron (Mei, McClements, Wu, & Decker, 1998).
For emulsions based on ionic surfactants, the charge of the head group plays a key
role in how the emulsion’s oil phase is stabilized against oxidation. In general, ionic
repulsion or attraction can explain how anionic emulsions perform poorly when
challenged with cationic catalysts like iron, and cationic emulsions perform well. By
attracting or repelling the catalytic species, the prooxidant-oil phase interactions are
either promoted or inhibited. Addition of salts such as sodium chloride to these systems
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has been shown to improve the stability of molecules such as lycopene, accredited to
cation competition for the same sites as iron (Mei, McClements, Wu, & Decker, 1998).
While this mechanism explains this result for ionic emulsions, nonionic emulsions
respond differently to salt. It is known that nonionic surfactants tolerate salt addition
well and exhibit changes in structure and performance in regard to temperature more so
than electrolyte presence. Presently, there is little research into the effect of salt on food
grade nonionic emulsions.
Research has shown that salts do affect uncharged molecules like surfactants in
aqueous environments. The Hofmeister Series (HS), reported in 1888 by Franz
Hofmeister, ranks ions on their ability to stabilize proteins in solution. Figure 5.1 shows
a HS.

Figure 5.1: Conceptual sketch of the Hofmeister series (Kang, Tang, Zhao, & Song,
2020).
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Ions in the HS are described as having either “salting in” or “salting out” effects.
Ions that are to the left of the pink bar for sodium and chloride ions in Figure 5.1 are
known as kosmotropes. These ions are well hydrated and tend to promote water
structuring. This in turn stabilizes the protein/molecule structure, resulting in the “salting
out”, or precipitation, of the molecule from water. To the right of the pink bar, these ions
are known as choatropes. These ions are weakly hydrated, and therefore promote the
breaking of water structure. This structure breaking of water promotes the solubilization
of the molecule, denaturing of proteins, and thus, the “salting in” of the molecule into the
water phase (Kang, Tang, Zhao, & Song, 2020). Both the cation and anion of the salt can
participate in water structure making or breaking, but the anion has a much larger effect
(Kang, Tang, Zhao, & Song, 2020), particularly for charged molecules like proteins.
These ions can greatly affect the properties of systems based on charged
molecules like surfactants (Mei, McClements, Wu, & Decker, 1998; Vera, SalazarRodríguez, Marquez, & Forgiarini, 2020) but they also affect uncharged molecules
through their water structure making and breaking. It has been shown that nonionic
ethoxylated surfactants are affected by ions in the Hofmeister series (Bruce et al., 2020;
Curbelo, Garnica, & Neto, 2013; Kang, Tang, Zhao, & Song, 2020). In these studies,
anions of chaotropic and kosmotropic salts affected the cloud point of nonionic
surfactants (Curbelo, Garnica, & Neto, 2013; Kang, Tang, Zhao, & Song, 2020). Due to
their salting -in or -out effects, these salts change the phase behavior of the surfactant
molecules. Salts have also been shown to affect the critical micelle concentration (CMC)
of surfactants through shielding of head group repulsive forces (Kang, Tang, Zhao, &
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Song, 2020). This allows more efficient packing and lower CMCs. Bruce et. al. (2020)
show that for uncharged macromolecules like some polymers, cations can affect critical
parameters in accordance with the Hofmeister Series. They found that cations affected
the lower critical solubility temperature, or LCST, of poly(N-isopropylacrylamide) in
accordance with the HS (Bruce et al., 2020). Others have found that for nonionic
surfactants, increasing salt content results in lower cloud points (Curbelo, Garnica, &
Neto, 2013), indicative of “salting-out” behavior.
As salts are known to affect the ability of surfactants to form layers at the
interface of emulsion droplet and the preference of surfactant molecules for the water
phase (Carale, Pham, & Blankschtein, 1994; Curbelo, Garnica, & Neto, 2013; Vera,
Salazar-Rodríguez, Marquez, & Forgiarini, 2020), it stands to reason that salts could be
used to manipulate emulsion characteristics to provide improved performance in products
that contain high loads of salt.
Emulsions of food oils and molecules such as lycopene are subject to oxidation
through interaction of prooxidant species in the aqueous phase with oxidizable moieties
in the oil phase (Mei, McClements, Wu, & Decker, 1998). One approach to stabilizing
these emulsions is to manipulate the interfacial layer created by surfactant molecules
through surfactant structure and formulation. For nonionic emulsions, the addition of
salts on the HS may provide benefits or hinder the ability of the emulsion to protect the
oil phase.
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This research focuses on the iron-catalyzed stability of lycopene in decane in oilin-water emulsion formed from Span 20 and Tween 20 surfactants. Lithium, Sodium,
and Potassium Chloride salts were added to these emulsions to see the effect on stability.
.
MATERIALS AND METHODS:
Chemicals:
All solvents and other chemical were acquired from Sigma Aldrich and were
reagent grade or better. Tomato paste was purchased from a local supermarket.

Lycopene Extraction:
Two cans of tomato paste (approximately 300g) were added to a 1-liter plastic jar.
To the plastic jar, 300g of decane was added. The mixture was mixed with a spatula and
allowed to sit for 6 hours. The supernatant was then filtered through a 150-micron mesh
paint filter to remove particulates to yield an orange oil. Lycopene extract was used
without further purification. Unused oil was stored in a refrigerator and used within 48
hours of extraction.

Emulsion Preparation:
Individual aqueous phases were prepared by adding calculated volumes of salt
solutions to DI water to total 8mL in a 20mL scintillation vial. Bulk oil phase was
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prepared by solubilizing 1.0g of a 1:2 by mass Span 20: Tween 20 surfactant blend per
5.6g of lycopene extract in decane.
Salt solutions were prepared by dissolving lithium chloride, sodium chloride or
potassium chloride in DI water to create 1.71M solutions (based on 10% by mass NaCl).
9mL of oil phase (volume of 5.6g oil with 1g surfactant blend) was added slowly
to each aqueous phase via autopipette while stirring via magnetic stir bar at 400 rpm.
After 5 minutes, 2.0mL of 0.5% FeCl3 was added via autopipette. After 1 minute of
stirring, stir bars were removed and vials were then sealed with tape. Emulsions were
continually agitated by placing vials into a plastic jar with sufficient padding and
continuously rotating on a jar roller at approximately 60 rpm.

Color and UV/Vis Measurement:
Color values of emulsions were measured directly on vials using a HunterLabs
Colorflex Ez colorimeter. L*a*b* values were obtained using a 1 cm aperture and 45/0
geometry. Each sample was measured in triplicate, with manual agitation between
measurements to prevent separation of less stable emulsions.

Particle Size:
Particle size of spontaneous emulsions was measured using a Microtrac Zetatrac
particle size analyzer utilizing dynamic light scattering. For the emulsions evaluated,
particles sizes were determined using mean intensity diameter (MI), mean number
diameter (MN) and mean area diameter (MA) values.
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Relative a/b ratio:
The relative a/b ratio of each condition was calculated as follows:

( )
=
=0

Statistical treatment:
For all samples, standard deviations from three measurements were calculated.
For color measurements, relative standard deviations of <2% were achieved. These
deviations lie within the data points on graphs, and are thus not visible. All sample
treatments were statistically different from each other (p <0.05) at given timepoints.

RESULTS AND DISCUSSION:
Table 5.1 shows formulations used to measure the effect of salt addition on
lycopene stability to iron catalyzed oxidation in emulsions based on a Span 20 Tween 20
surfactant system. Figure 5.2 shows degradation data as a function of salt content.
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None
Li+

Salt Cation Content
(moles)
0 (Control)
0.004

Relative a/b Ratio @ 2
hours
0.89
0.49

Slope of
Linear Fit
0

Li+
Li+
Na+
Na+
Na+
K+
K+
K+

0.008
0.012
0.004
0.008
0.012
0.004
0.008
0.012

0.25
0.04
0.83
0.65
0.37
0.85
0.75
0.69

-69.827

Cation

-43.633

-17.321

Table 5.1: Emulsion composition for salt effect screening. Slopes are of linear fits for
data obtained at 2 hours of lycopene degradation in the presences of iron.
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1
0.9
Relative a/b ratio at 2 hours

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.002

0.004

0.006
0.008
Moles of Salt

0.01

0.012

0.014

Figure 5.2: Relative a/b ratio as a function of salt content for KCl (■), NaCl (●) and LiCl
(▲). Solid black line represents control (no salt) formulation.

It can be seen from the degradation data that there is a clear relationship between
degradation and salt type and concentration. For all salts, degradation increased with
increasing amount of salt. This suggests that competition for sites where iron can access
the oil phase is not likely a driver in performance. If such was the case, the addition of
salt to nonionic systems would improve performance, and adding more would further
increase this performance. Although Mei, et. al. (1998) found that sodium chloride
improved lipid stability against oxidation in emulsions, these were based on anionic
surfactants.
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A clear rank order of stability was achieved: KCl > NaCl > LiCl. As the identity
and concentration of anion is identical in all cases, these affects can be attributed to that
of the cation present. This order coincides with the findings of Bruce et. al. (2020) for
cation effect on the LCST of uncharged molecules and Curbelo et. al. (2013) for cloud
point depression, although the effects on properties are different. Overall, the addition of
salt is detrimental to the performance of the surfactant system, but kosmotropic salts have
less-negative effects on the stability of lycopene in these emulsions.
Particle size data is shown in Table 5.2 for these emulsions.

None
Li+
Li+
Li+
Na+
Na+
Na+

Salt Cation Content
(moles)
0 (Control)
0.004
0.008
0.012
0.004
0.008
0.012

MI
(nm)
221.1
429.0
729.0
1423
356.2
652.1
1115

K+
K+
K+

0.004
0.008
0.012

250.2
270.1
378.9

Cation

MN
(nm)

Polydispersity
Index

123.7
83.90
104.8
113.4
91.2
100.1
105.5

MA
(nm)
179.9
192.3
229.3
248.3
195.1
208.1
235.8

91.1
97.7
111.8

188.8
215.4
240.1

2.157
3.168
4.397

1.696
14.28
31.24
111.1
4.986
16.28
45.82

Table 5.2: Particle size date for salt containing emulsions.

For the control sample, the particle size is both small and monomodal. This is
evident from small, similar values for intensity, number, and area-derived particle size
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values. Combined with low polydispersity index (PDI), it can be hypothesized that in the
absence of salt, the Span20/Tween 20 system used is allowing the formation of small
particles (low PS) and that coalescence is not occurring (low PDI after mixing is stopped
and during measuring).
The above data suggest that the HS effect seen from these salts is driven by one
similar to that seen in previous research on uncharged molecules which manifest in lower
cloud points. In this research, typical “salting-in” ions like lithium , which are usually
attracted to the negative charge on a molecule like a protein, are instead driving the
dewatering of the ethoxylate groups, similar to cloud point behavior. As more salt, or a
more hydrated ion like lithium, is added, the nonionic surfactant is in effect being made
more hydrophobic through this “salting-out” by the well hydrated lithium ions. This
makes the overall surfactant system more hydrophobic, which has been shown in
previous research to lead to less oxidatively stable systems. As the surfactant system
becomes more hydrophobic, the interfacial tension can reach very low levels according to
hydrophilic-lipophilic deviation (HLD) theory (Witthayapanyanon, Harwell, & Sabatini,
2008).
According to HLD theory, an emulsion can be described according to an equation
that takes into consideration variables in the emulsion such as salinity, temperature and
the nature of the oil phase as in equation 5.1:
HLD = ln(S) - K(EACN ) - αT∆T + Cc + f(A)

123

(5.1)

Where:
S= salinity (g/100 mL).
EACN= equivalent alkane carbon number of the oil phase, where EACN= number of
carbons for simple alkanes or determined experimentally.
K= slope of the salinity function (0.1-0.2 typically).
αT= temperature coefficient that reflects the changes that occur in surfactant solubility
with temperature. Positive for ionic, negative for nonionic surfactants.
T= temperature.
Cc= characteristic value of surfactant, determined experimentally.
F(A)= function of the effect of alcohol or other additives on the system HLD, determined
experimentally.
At HLD=0, surfactant is partitioned perfectly between phases. Ultra-low
interfacial tension between phases is achieved and bicontinuous systems can be obtained
in addition to “middle phase” microemulsions (Acosta, 2008; Rosen & Kunjappu, 2012;
Witthayapanyanon, Harwell, & Sabatini, 2008). HLD=0 can be achieved through changes
in system salinity, temperature (especially for nonionic surfactants), oil phase EACN, or
changes to the Cc of the surfactant system.
In these experiments, the HS effect is driving the surfactant toward the oil phase
through decreasing the water solubility of the surfactants. The same effect is responsible
for the depression of cloud point seen in previous research (Curbelo, Garnica, & Neto,
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2013). This makes the surfactant more hydrophobic, which pushes the emulsion toward
HLD=0, lowering the IFT and creates the potential for increased prooxidant interaction
with the oil phase, where lycopene can be oxidized.

CONCLUSIONS:
The addition of various chloride salts to emulsions of lycopene in decane made
with nonionic surfactants Span 20 and Tween 20 greatly affects the oxidative stability of
the emulsions when catalyzed by iron. This effect is highly negative, in accordance with
the Hofmeister Series and with increasing effect with increasing concentration. It is
possible that the cations of the salts examined (lithium, sodium, and potassium) “salt-out”
the nonionic surfactant through interaction with ethoxylate groups on the surfactant head
group and thus decrease the water solubility of the surfactant. This, in turn, may enrich
the emulsion droplet surface with a more hydrophobic surfactant system. Is has been
shown in previous research that surfactant blends with high ratios of hydrophobic :
hydrophilic surfactant are less stable toward oxidation. Although the mechanism for
increased stability with increasing hydrophilic surfactant amount is unclear, this research
indicates that it be a result of decreased IFT due to changes in HLD of the system brought
on by the HS effect. Further work needs to be done to determine if IFT is the driving
force between the trends seen in stability in these systems.
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RESEARCH CONCLUSIONS AND RECOMMENDATIONS
Overall, the research objectives initially proposed were achieved. The three main
objectives were:
1. Develop a simple method for measuring the iron-catalyzed degradation of lycopene in
oil-in-water emulsions in a reasonable timeframe (hours) that allows changing of
surfactants.
2. Determine the effect of changing ratio of Span to Tween molecules.
3. Determine the effect of additives that may alter the HLD of Span and Tween
surfactant-based emulsions (salts).
A method based on colorimetry and utilizing neat emulsions was developed and
shown to be comparable to an extraction-based method. When compared against each
other, obtained values for lycopene degradation had a linear fit with an R2 value of
0.9663. This indicates a good correlation between methods. Although this method does
not give insight into the specific mechanism of degradation like the analysis of oxidation
byproducts might, the model system that was used controlled for potential alternative
pathways. The use of a saturated solvent system (decane), low pH (~3), and iron catalysis
promoted the oxidation of lycopene through direct interaction with prooxidant species
like iron.
This method allowed the identification of optimized reaction conditions to enable
rapid throughput of a large number of samples at multiple time points while making
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significant changes to the emulsion system that could have resulted in difficulties
utilizing an extraction-based method.
Using this method, investigation into the effect of changing Span and Tween ratio
in emulsions of lycopene in decane were able to be completed. It was found that overall,
decreasing the Span:Tween ratio improved the performance of a given surfactant system
regardless of tail length. However, shorter tail length systems performed better overall.
This could be due to the increased interfacial tension predicted by HLD theory present
when more water-soluble surfactants are utilized in emulsion systems.
Lastly, this method was used to investigate the effect of added salts from the
Hofmeister series on the stability of lycopene in emulsion. It was found that the stability
of the emulsions followed the Hofmeister series general order for cations: KCl > NaCl >
LiCl. This information could be used to help formulation of emulsions susceptible to
oxidation.
Together, this data sheds more light onto the incredibly complex chemistry that
occurs in food systems. As interest in clean label products and continued reductions in
antioxidant usage requires more creative approaches to stabilize emulsions of oxidizable
species, this data may help leverage surfactants in new ways. This could be applied in
the stabilization of molecules like lycopene for use in applications such as food colorants
without adding synthetic antioxidants.
Although this work shows some key relationships between surfactant structure
and stability, much work can still be done to elucidate a more complete understanding.
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In-depth measurement of changes in interfacial tension with Span:Tween ratio
and blends of surfactant structures would be an ideal next step for this area of research.
This can also be used to further elucidate the driving force behind the salt effects. It
appears that decreased IFT in line with HLD may be the critical factor in lycopene
stability in these emulsions, but detailed measurements would need to be carried out to
prove so.
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