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ABSTRACT

INVESTIGATION OF SURFACE PROPERTIES OF QUINCE SEED
EXTRACT AND ASSESSMENT OF ITS PERFORMANCE AS A NOVEL
POLYMERIC SURFACTANT

Kırtıl, Emrah
Doctor of Philosophy, Food Engineering
Supervisor: Assoc. Prof. Dr. Mecit Halil Öztop
Co-Supervisor: Prof. Dr. Serpil Şahin

December 2020, 247 pages

The use of sustainable ingredients from natural sources has shown an increase in
recent years. For stabilization of dispersions, proteins and polysaccharides are
increasingly being used in combination for their synergistic properties. Various
studies have focused on developing biopolymers that merge the functions of proteins
and polysaccharides in a single molecule. Quince seed extract (QSE) is a natural
biopolymer that display this exceptional attribute in its native state. However, the
literature is still lacking in demonstrating its potential as a natural stabilizer through
analysis of the extract's interfacial properties.
This dissertation has two main objectives; to assess the performance of QSE as an
emulsion stabilizer and to examine its air-water and oil-water interfacial properties.
Quince seed extract provided a similar stability to emulsions compared to same
concentrations of Xanthan gum but at smaller apperant viscosities. Overall, QSE
concentrations >0.3 w/v yielded physically stable emulsions even after 5 months.
QSE was effective in lowering surface tension at an air-water interface even at
concentrations as low as 0.025 % w/v (reduction of eq. ST from 72 mN/m to 58.9

v

mN/m). By QSE addition alone equilibrium surface tension could be lowered to ~36
mN/m, which is lower than the lowest ST that can be achieved with many other
surface active biopolymers. Critical aggregation concentration (CAC) was identified
as 0.165 % w/v,. In addition to these findings, the study; provides the possibility of
obtaining more information on the processes happening during adsorption and
describing their mechanism with established theories.

Keywords: Quince Seed Extract, Polymeric Surfactant, Dispersion Stability,
Colloidal Dynamics, Interfacial Phenomena
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ÖZ

AYVA ÇEKİRDEĞİ EKSTRESİNİN YÜZEY ÖZELLİKLERİNİN
İNCELENMESİ VE YENİ BİR POLİMERİK YÜZEY AKTİF MADDESİ
OLARAK PERFORMANSININ DEĞERLENDİRİLMESİ

Kırtıl, Emrah
Doktora, Gıda Mühendisliği
Tez Yöneticisi: Doç. Dr. Mecit Halil Öztop
Ortak Tez Yöneticisi: Prof. Dr. Serpil Şahin

Aralık 2020, 247 sayfa

Doğal kaynaklardan elde edilen sürdürülebilir malzemelerin endüstride kullanımı
son yıllarda artış göstermiştir. Dispersiyonların stabilizasyonu için, özellikle,
proteinler ve polisakkaritler, sinerjistik özellikleri nedeniyle kombinasyon halinde
kullanılmaktadır. Proteinlerin ve polisakkaritlerin işlevlerini tek bir molekülde
birleştiren biyopolimerler geliştirmeye odaklanan çeşitli çalışmalar vardır. Bazı
biyopolimerler bu istisnai niteliği doğal hallerinde sergiler. Ayva çekirdeği ekstresi
(QSE) bu eşsiz biyopolimerlerden biridir. Ancak literatür, ekstraktın ara yüzey
özelliklerinin analizi yoluyla doğal bir stabilizatör olarak potansiyelini göstermekte
yeterli bir seviyeye ulaşmamıştır.
Bu tezin iki temel amacı vardır; QSE'nin emülsiyon stabilizatörü olarak
performansını değerlendirmek ve ayva çekirdeği ekstraktının hava-su ve yağ-su
arayüzey

özelliklerini

incelemek.

Ayva

çekirdeği

ekstresi,

aynı

konsantrasyonlardaki ksantan sakızı ile karşılaştırıldığında emülsiyonlara benzer bir
stabilite sağlamıştır, ve bunu daha düşük kesme viskozitelerinde gerçekleştirmiştir.
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Genel olarak, 0.3 (w/v)’ten yüksek ayva çekirdeği ekstratı ile, 5 ay sonra bile fiziksel
olarak stabilitesini koruyan emülsiyonlar oluşturmuştur. QSE, %0.025 w/v kadar
düşük konsantrasyonlarda bile (eq. ST'nin 72 mN/m'den 58.9 mN/m'ye düşürülmesi)
hava-su arayüzünde yüzey gerilimini düşürmede etkili olduğu görüldü. Tek başına
QSE ilavesi ile denge yüzey gerilimi ~36 mN / m'ye düşürülebilir; bu, diğer birçok
yüzey aktif biyopolimer ile elde edilebilen en düşük ST'den daha düşüktür. Kritik
agregasyon konsantrasyonu (CAC), benzer hidrokolloidlere kıyasla daha düşük olan
%0.165 w/v olarak tanımlandı. Bunların yanısıra, bu çalışma; adsorpsiyon sırasında
meydana gelen süreçler hakkında daha fazla bilgi edinme ve bunların
mekanizmalarını yerleşik teorilerle açıklama imkanı sağlayacak; ve ayrıca
okuyuculara bu ekstraktın uygulaması ve emülsiyonlarda stabilite artırıcı olarak
kullanımı hakkında doğrudan bilgi sağlayacaktır.

Anahtar Kelimeler: Ayva Çekirdeği Ekstresi, Polimerik Yüzey Aktif Madde,
Dispersiyon Kararlılığı, Kolloidal Dinamikler, Arayüzey Olayları
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1 CHAPTER 1

INTRODUCTION

1.1

Use of Hydrocolloids for Stabilization of Dispersions

Preparation of a wide range of food products involves the dispersion of oil into water.
However, in lyophobic colloidal dispersions such as food emulsions, the continuous
water phase does not have the desire to wet the dispersed oil phase (Adams et al.,
1998). The dispersion of oil in water increases the contact area, hence the interfacial
tension between the two phases and carries the system to a higher overall free energy
state. In agreement with the thermodynamic dictum that all systems wish to be in
their minimum energy state, the two phases have a tendency to separate and
minimize interfacial area (Damodaran, 2005; McClements, 2004).

These

thermodynamically unstable systems can be kinetically stabilized by minimizing the
rate of separation. Some favored methods of accomplishing this are, addition of
amphiphilic molecules that adsorb on the interface and decrease interfacial tension,
or addition of non-adsorbing thickening polysaccharides that reduce particle
movements and collisions in emulsions by increasing the viscosity of the continuous
phase (Bouyer et al., 2012).
There is a growing trend in recent years from both the academia and the industry
towards the use of "clean-labeled" ingredients obtained from renewable resources.
Biopolymers are being used for their stabilizing, emulsifying, viscosity-enhancing,
micro-encapsulating, and gelling properties, among others (Farahmandfar et al.,
2017). Proteins and polysaccharides, in particular, are becoming increasingly
popular as alternatives to already well-established synthetic surfactants (Bouyer et
al., 2012; Covis et al., 2014; Dalgleish, 2006; Dickinson, 2003). In addition to their
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environmental impact, synthetic surfactants may cause acute toxic symptoms in
animals and humans (Cserháti et al., 2002; Effendy and Maibach, 1995; LiwarskaBizukojc et al., 2005). Thus, replacing them with much safer alternatives would be
of significant benefit.
Proteins are adsorbing biopolymers; that is, they adsorb to the interface, decreasing
surface tension, and easing the emulsification process. Even though proteins,
compared to low molecular weight surfactants, adsorb more slowly to the interface;
during emulsification process, where turbulent hydrodynamic conditions are present,
they can adsorb quite rapidly (Seta et al., 2014; W. Wang et al., 2014). Once
adsorbed, these polymers with their high molecular weight and complex structure
form a highly viscoelastic gel layer on the interface which provides an additional
layer of protection to droplet coalescence during subsequent processing and storage
(Benjamins et al., 1996; Bos and Van Vliet, 2001; Dickinson, 2001, 1999, 1998).
Non-adsorbing polysaccharides, on the other hand, contribute to dispersion stability
by forming an extended network in the continuous phase that enhances its viscosity,
even create a gel thus hindering droplet movements and encounters (Bouyer et al.,
2013). Merging the advantages of proteins (interfacial adsorption, reduction in
interfacial tension) and polysaccharides (steric repulsion, viscosity enhancement) in
the same system, and coming up with the most appropriate conditions (concentration,
pH, ionic strength, temperature) to increase their stabilizing properties, poses a great
potential in improving dispersion stability (Dickinson, 2008a, 2008b; Evans et al.,
2013; Guzey and McClements, 2006).
Various strategies have been developed for this purpose. One common approach
involves the chemical modification of biopolymers' native structure. By dry heating
of protein and polysaccharides, amino group in proteins become covalently attached
to the carbonyl group of a reducing end on the polysaccharide backbone through
Maillard reaction (Anal et al., 2019; Kontogiorgos, 2019). In systems stabilized by
such biopolymers, the protein can first adsorb at the interface, and polysaccharides
linked to the proteins extend from the interface to the bulk phase, and provide a steric
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stabilization. Systems stabilized by this approach have shown enhanced kinetic
stability compared to systems stabilized by proteins and polysaccharides alone or in
combinations (Anal et al., 2019; Bouyer et al., 2013; C. Gao et al., 2017; W. Y. Liu
et al., 2018; Vernon-Carter et al., 2008). There are several natural gums that possess
this exceptional attribute in their native state. Out of these, gum Arabic is the most
widely used adsorbing biopolymer and considered a benchmark emulsifying,
encapsulating, and film-forming agent (Vernon-Carter et al., 2008). Gum Arabic is
an extensively branched complex hetero-polyelectrolyte composed of L-arabinose
and D-galactose, and minor proportions of 4-O-methyl-D-glucuronate, and Lrhamnose. The gum's surface-activity comes from its protein content (1-2% w/w)
(Goycoolea et al., 1997; Orozco-Villafuerte et al., 2003; Ray et al., 1995). However,
the use of this gum is restricted by its high cost (Dickinson, 2018).
During this dissertation three different hydrocolloids were used, whey protein,
xanthan gum and quince seed extract. Now we will briefly talk about these
biopolymers.

1.1.1

Whey Protein

Whey protein isolate (WPI) is a mixture α-lactalbumin and β-lactoglobulin and
several other minor proteins (Sun et al., 2007) and is widely used as a natural
emulsifier in food products (Sun and Gunasekaran, 2009). When dissolved in
emulsions, WPI tends to be rapidly adsorbed on the surface of oil droplets in the
form of a stabilizing monolayer that prevent droplet agglomeration through a
combination of electrostatic and steric interactions (Djordjevic et al., 2004;
Gwartney et al., 2004).

1.1.2

Xanthan Gum

In addition to surfactants, polysaccharides are often added in order to thicken
emulsions, thereby decreasing the rate of common destabilization mechanisms such
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as flocculation, creaming, sedimentation or Ostwald ripening (Bouyer et al., 2012).
Xanthan gum (XG) is one of the most preferred polysaccharides in this regard. XG
is an anionic polysaccharide produced by the bacterium, Xanthomonas campestris.
The structure consists of a β-(1-4)-ᴅ-glucose main chain and side chains of α-ᴅmannose, β-ᴅ-glucuronic acid and β-ᴅ-mannose as terminal residues (Bouyer et al.,
2012). The polymer, when dissolved in water, exists as multiple forms of helices that
is in interaction with one another, forming a complex yet loosely bound network
(Jansson et al., 1975; Melton et al., 1976). This particular arrangement gives the gum
its unique thickening and shear thinning properties (Benmouffok-Benbelkacem et
al., 2010). The high low-shear viscosity and powerful shear-thinning characteristic,
gives xanthan gum solutions high stability against collapse of colloidal suspensions,
yet makes it easy to mix and swallow.

1.1.3

Quince Fruit and the Extract of Its Seeds

Quince is a fruit of west Asian region, which is commonly cultivated in Caucasus
regions, Syria, Afghanistan, Iran, Dagestan and Antalya (Trigueros et al., 2011).
Quince belongs to the genus Cydonia and the scientific name of ordinary quince is
Cydonia oblonga (Abbastabar et al., 2015). In the region, fruit flesh has been
traditionally used in treatment of inflammatory bowel disease whereas the seeds are
used to treat diarrhea and stomach ulcers (Rahimi et al., 2010). Pulp and peel extracts
of the fruit have illustrated radical scavenging properties and antioxidant activity
(Rahimi et al., 2010). A mature fruit contains roughly 10 seeds (Abbastabar et al.,
2015). Seeds are reported to contain various amino acids as well as phenolic
compounds and antioxidants such as citric, ascorbic, malic acid (Silva et al., 2005).
Seeds also embody a mucinous material, which could be extracted upon mixing with
water. Though the seeds have been used for years in Turkish culinary for gelling,
they have recently attracted researchers’ attention, which caused a recent increase on
the amount of research on the subject. A number of researchers have demonstrated
applications for this new source of hydrocolloid (Abbastabar et al., 2015; Hakala et
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al., 2014; Jouki et al., 2014; Ritzoulis et al., 2014; Trigueros et al., 2011). Studies
revealed that, basic constituents of quince seed mucilage were cellulose, water
soluble polysaccharides (with the major component being partially O-acetylated (4O-methyl-ᴅ-glucurono)-ᴅ-xylan and high proportion of glucuronic acid residues)
and the amino acids Ara, Xyl, Gal and Glc in proportions 8:54:4:34 (Ritzoulis et al.,
2014; Vignon and Gey, 1998). In a recent study by Abbastabar et al. (2015), the
mucilage was shown to possess great gelling capacity and introduced enhanced
viscosity and shear thinning behavior to solutions (Abbastabar et al., 2015). Though
the protein content of the seed extract had been known for years, recently the
emulsifying properties of quince seed extract have been extensively studied and
confirmed for a pH range of 6-8 (Ritzoulis et al., 2014).
Quince seed extract (QSE) has shown similar characteristics to Gum Arabic and,
thus, have raised some interest among researchers. The seed extract has shown very
high emulsification and foaming properties (Deng et al., 2019). This is related to its
high hydrophobic amino acid content, which gives the hydrocolloid its exceptional
surface activity (Deng et al., 2019). However, research up until now, has mostly
concentrated on the chemical and physical analysis of quince seed mucilage's watersoluble carbohydrates. There still is a considerable amount of research needed to
examine the gum's potential in stabilizing dispersions, such as investigation of its
surface properties and use of the gum in a real dispersed system.

1.1.3.1

Physicochemical Properties of Quince Seed Extract

The identification of the molecular structure is critical in a surface study like this one
because the composition of the interfacial layer is defined by the relative intensities
of the many kinds of interactions. These interactions, in turn, are influenced by the
specific affinity for the interface and various physicochemical parameters, such as
differences in the sizes and shapes, surface activity, overall electrical charges, and
hydrophobicity of the molecules (Bos and Van Vliet, 2001; Dickinson, 2001, 1999).
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To best our knowledge, a thorough chemical analysis of the extract is not yet carried
out. Thus, we still do not have exact information on the polymer’s chemical structure.
We have tried to gather pieces of information from different studies and come up
with a complete hypothetical molecular model. However, this approach may be
prone to some errors. As stated in Phillips (2008), “natural polymers are never
uniform or simple; their functionality depends on more than one structural feature”
(Phillips, 2008). The extract is known to be a complex combination of high
molecular weight polysaccharides and proteins. Even after a complete analysis of
carbohydrate structure, the term “protein” when it is covalently bonded to a
polysaccharide, is rather generic and poorly biochemically defined. The information
in the literature of the protein fractions concerning their amino acid composition,
folding patterns, or physicochemical characteristics currently is insufficient for a
complete structural identification (Kontogiorgos, 2019).
Additionally, the hydrocolloids extracted from fruit seeds are responsible for keeping
the seeds moist and enable them to survive in varying climactic conditions (Alizadeh
Behbahani et al., 2017; Huang et al., 2008; Koocheki et al., 2009b). Thus, the seed
composition is subject to changes depending on the growing conditions, subspecies,
age, and other botanical characteristics of the tree as well as harvest season and
maturity of the raw material (Buffo et al., 2001). As a result, control of the
functionality and reproducibility of the results may be poor. Additionally, the
presence of so many unknowns and uncontrollable parameters, introduce an
inconsistency that acts as a challenge in interpretation of the results.

1.1.3.1.1 Molecular Weight
The weight-average molecular weight of QSE was reported as 9.61 × 106 Da while
the number average molecular was reported as 4.153 × 106 Da (Rezagholi et al.,
2019), which is greater than wt. av. molecular weight of most common hydrocolloids
used in commercial applications; such as Xanthan Gum (2.0 x 106 Da)(Jindal and
Singh Khattar, 2018), gum Arabic (7.2 x 105 Da) (Duvallet et al., 1989), Guar Gum
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(1.45 × 106 Da) (Khouryieh et al., 2007), Locust bean gum (1.6 × 106 Da) (Doublier
and Launay, 1981), Gellan gum (1.64 × 106 g Da)(Sworn and Kasapis, 1998). High
molecular weight biopolymers, though slow to adsorb on the interface, can enhance
protein foam stability due to their thickening and gelling properties (Rezagholi et al.,
2019).
In another study by Wang et al. (2018), the extract was subjected to a two-step
purification process in order to remove proteins and any insoluble matter. The
researchers have identified three different homogenous fractions of polysaccharides
with a Sepharose fast flow column. These carbohydrate fractions, QSG-1, QSG-2,
and QSG-3, had average molecular weights of 1250 Da, 1.4 x 106 Da, and 1529 Da,
respectively. The major fraction was identified as the one with the highest molecular
weight (QSG-2), and further efforts were carried out to map out the molecular
structure of this complex polysaccharide (Wang et al., 2018).

1.1.3.1.2

Monosaccharide Composition

An analysis of the mucilage itself reveals the presence of the monosaccharides, Xyl,
Glc, Ara, Man, Gala, with their relative amounts in this order. Different studies
identified different monosaccharide proportions but in almost all Xyl and Glc were
the principal monosaccharides (Abbastabar et al., 2015; Hakala et al., 2014;
Rezagholi et al., 2019; Vignon and Gey, 1998; Wang et al., 2018). Vignon & Gey
(1998) revealed that the mucilage contained Ara, Xyl, Gal and Glc in the proportions
8:54:4:34. Uronic acid content was determined to be 20%. Carboxyl reduction
followed by total hydrolysis and GC-MS analysis allowed the identification of the
uronic acid as 4-O-methylglucuronic acid. This finding was supported by Lindberg
et al. (1990)’s study that showed that the major water-soluble polysaccharide in the
mucilage of quince tree seeds is a partially O-acetylated (4-O-methyl-ᴅ-glucurono)ᴅ-xylan with an exceptionally high proportion of glucuronic acid residues (Lindberg
et al., 1990). Rezagholi et al. (2019) also identified Xyl as the most dominant
monosaccharide in quince seeed mucilage, followed by Man, Glc and Glca. Thus,
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the researchers suggested that the gum consisted of a xylan and/or mannon backbone
with glucose, galactose, arabinose and glucuronic acid at the branches (Rezagholi et
al., 2019; Vignon and Gey, 1998).
Wang et al. (2018) carried out a more detailed analysis and came up with a different
model. The three fractions previously mentioned (QSG-1, QSG-2 and QSG-3)
exhibited vastly different monosaccharide compositions. QSG-1 and QSG-3 were
both rich in glucose and xylose. QSG-3 was especially high in glucose (4.3:0.9
glucose/xylose ratio). So they hypothesized that glucose and xylose were in the
backbones of each of these fractions. QSG-2, on the other hand, contained Ara, Glu,
Xyl, Gala and Glca in the molar proportion of 4.0:0.3:15.2: 4.2:3.8. Xylose was the
most dominant monosaccharide in this large molecule and presumably was present
at the backbone.
Even the first study in quince seed mucilage dating back to 1932, reports the presence
of celluloses that were not easily separable from the water-soluble gum by dilute acid
or alkali treatments at room temperature (Renfrew and Cretcher, 1932). Despite
multiple purification steps in other studies, the cellulosic fractions still remained
attached to the water-soluble polysaccharides. It was concluded that the strong
interactions between cellulose microfibrils and the acidic glucuronoxylan resulted in
their coexistence in the mucilage (Ha et al., 1998; Hakala et al., 2014; Vignon and
Gey, 1998) Without any purification, Hakala et al. (2014) reported the crude gum
extract to be composed of roughly 46% of celluloses and hemicelluloses. This
amount was based on the amount of glucose, and considering the fact that watersoluble fractions also contain glucose at the branches (Wang et al., 2018), cellulose
content should be less than that under the light of the more recent findings. Cellulosic
portions come from the cellulose nanofibrils stored on the epidermal layer of the
seeds and have a tendency to self-assemble into a helicoidal organization when
dispersed in water (Ha et al., 1998; Hakala et al., 2014; Renfrew and Cretcher, 1932).
This attribute assigns the extract a shear-thinning behavior, slippery texture and
possible lubrication function, which was also observed in our samples. The smaller
MW fractions (QSG-1 and QSG-3) were likely the cellulose and hemicelluloses.
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1.1.3.1.3

Chemical Structure

Most studies when examining the structure as a whole, have found out that the gum
was a glucuronoxylan with a very high proportion of glucuronic acid residues
(Abbastabar et al., 2015; Lindberg et al., 1990; Ritzoulis et al., 2014; Vignon and
Gey, 1998). However, as previously mentioned, the extract is composed of at least
three identifiable different homogenous polysaccharide fractions. A detailed
chemical structure analysis for separate fractions was only recently carried out by
Wang et al. (2018). Thus, here we will try to merge the results of previous studies
and reanalyze them under this recent information.
Lindberg et al. (1990) proposed that the extract was composed of a glucan, a galactomanno-glucan and an acidic arabinoxylan fraction. They claimed that the major
water-soluble polysaccharide of quince seed mucilage was partially O-acetylated (4O-methyl-ᴅ-glucurono)-ᴅ-xylan having an exceptionally high proportion of
glucuronic acid residues. Vignon & Gey (1998) found the molar proportions of ᴅXyl and 4-O-methyl-ᴅ-GlcA to be 2:1, and also associated the cellulose microfibrils
with a glucuronoxylan possessing high proportions of glucuronic acid residues. All
these seem to fit with the findings of Wang et al. (2018).
As previously mentioned, QSG-1 and QSG-3 fractions mainly contained glucose and
xylose (with QSG-3 being especially high in glucose). This seems to support the
earlier findings that claim cellulose microfibrils were glucuronoxylans (Ritzoulis et
al., 2014; Vignon & Gey, 1998). The glucose residues, were present as (1→2)-linked
glucopyranosyl uronic acid and (1→4)-linked glucopyranosyl at a molar ratio of
2.2:0.3 (Wang et al., 2018). Thus, QSG-1 and QSG-3 can be identified as cellulose
and hemicelluloses composed of glucose, xylose, and glucuronic acid residues at
different ratios.
The major and bulky proportion (QSG-2) had a more complicated structure. The
fraction was very high in xylose (Ara, Glu, Xyl, Gala and GlcA in the molar
proportions of 4.0:0.3:15.2:4.2:3.8). The xylose residues were composed of (1/4) and
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(1→2, 4)-linked xylopyranosyls at a molar ratio of 5.9:4.5. These (1→4) and (1→2,
4)-linked xylopyranosyls residues produced the backbone with branching points at
the 2nd position of xylose sugar ring. Quince seed extract had a degree of branching
(DB) value of 0.42, which indicates that it is a highly branched molecule (Whistler,
1954). This branched structure provides easier hydration related to a higher hydrogen
bonding capability. The branches contained 1,2-α-ᴅ-GlcpA residues and 1, 2, 3, 5L-Araf, and were terminated with T-GalpA and T-Arap residues. Considering all
these, the molecular structure of QSG2 (major polysaccharide fraction in quince seed
extract) was proposed as shown in Fig. 1.1;

Figure 1.1. Proposed structure of QSG-2 (→: Covalent bonds, - - - : H-bonds) (R1:
1, 2, 3, 5-Araf or 1, 4-Glcp, R2: -NH2 group of proteins)
Therefore, overall, QSG-2 a highly branched heteroxylan composed of a (α→4)-βᴅ-Xylp-(1→2, 4)-β-ᴅ-Xylp backbone with 1, 2-α-ᴅ-GlcpA, 1, 2, 3, 5-L-Araf or 1, 4β-ᴅ-Glcp attached to O-2 position forming the side chains. To find the exact positions
of uronic acid linkages in the polysaccharide sequence, further attempts are required.
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Crude extract contains approximately 20% proteins as determined by our previous
study (Emrah Kirtil and Oztop, 2016). Proteins are integrated into the gum structure
as apparent in its high emulsification and foaming capabilities (Deng et al., 2019;
Emrah Kirtil and Oztop, 2016). Molecular weight of proteins in QSE ranged between
15-60 kDa (Deng et al., 2019). Proteins were, presumably covalently bonded to the
extract through the reducing end of the monosaccharides at the ends of the branches
(Arap and GalpA) and the amino groups of proteins. Additionally, non-covalent
interactions (H-bonding, steric exclusion, electrostatic and hydrophobic) could occur
to bind the proteins to the polysaccharide chain. H-bonding, being the strongest
among these, can form within polymers containing amide and carbonyl groups in
adjacent chains. The partially positively charged hydrogen atoms in N-H groups of
one chain can attach to the partially negatively charged oxygen atoms in C=O groups
on another (Anal et al., 2019; Reid, 2018). In similar hydrocolloids with surface
active properties such as gum Arabic and mesquite gum, proteins are known to be
attached to the polysaccharide chain either covalently or non-covalently (Bouyer et
al., 2013; Kontogiorgos, 2019; Vernon-Carter et al., 2008). This indicates that the
surface-active fractions of the extract are mostly positioned at the branches. This
type of graft co-polymer structure was shown to be highly favorable in emulsion
stabilization, which will be discussed further in the upcoming sections (Tadros,
2009).

1.1.3.1.4

Amino Acid Composition

Deng et al. (2019) identified the amino acid profile of QSE proteins. CPI contained
almost all of the essential amino acids in amounts exceeding that of required by
adults as determined by WHO/FAO (“WHO | Protein and amino acid requirements
in human nutrition,” 2018). The only exception to this was a slight lack of
methionine. Glu (26.81%) and Asp (11.45%) were the most abundant amino acids.
These amino acids are known to have excellent antioxidant capacities due to the
abundance of excess electrons willing to interact with free radicals. Acidic amino
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acids constitute 38.26% of the whole profile. This coupled with the fact that the seeds
also contain organic acids (0.5 to 0.8 g/kg) such as citric, ascorbic, malic, quinic,
shikimic and fumaric acid explains the extract's negative surface charge at neutral
pHs (Silva et al., 2005).
What is even more essential and directly related to our study is the exceptionally
high amount of hydrophobic amino acids. Hydrophobic amino acids composed
33.27% of the whole amino acid profile, which was higher than that of some other
seed proteins such as cumin seed proteins (32.95%) and peony seed proteins
(20.87%) (Z. Gao et al., 2017; Siow and Gan, 2014). A higher amount of
hydrophobic amino acids provides more sites on the chain that could attach to the
interface and is directly related to the polymer's surface activity (Kontogiorgos,
2019). Basically, for strong adsorption, the molecule needs to be "insoluble" in the
dominant medium and has a substantial affinity ("anchoring") to the interface.
However, for long term stabilization, the molecule needs to be soluble and be in
strong interactions with solvent molecules (Tadros, 2009). So molecules that are
composed of sites with both of these two attributes prove to be the most suitable for
emulsion and foam stabilization. Considering how soluble the rest of the molecule
is, the high hydrophobicity of the proteins is favorable for strong surface adsorption.
Surface hydrophobicity which is associated with the hydrophobic regions exposed
at the protein surface is just as essential to surface activity as hydrophobic amino
acid composition. It gives the extent of availability of those hydrophobic regions to
the interface (Beverung et al., 1999; Sosa-Herrera et al., 2016). Surface
hydrophobicity value of QSE proteins was 932.8 (Deng et al., 2019) which was
considerably greater than that of Akebia trifoliata var. australis seed protein isolate
(319.4) and grandis seed protein isolate (649) (Du et al., 2012; Yu et al., 2017). This
high surface hydrophobicity suggests the presence of unaggregated proteins in the
QSE protein dispersion that is responsible for the rapid adsorption on the air/water
interface.
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Disulfide bonds (SS) and Sulfhydryl groups (SH) are essential functional groups in
protein conformation, as they grant structural stability to protein macromolecules
and is one of the most dominant protein-protein interaction that influences the
proteins' native conformation (Hu et al., 2010). Free SH groups and SS bonds of QSE
proteins were found as 9.73 μM/g and 19.79 μM/g, respectively (Deng et al., 2019).
This suggests that most of the cysteine exists as disulfide bonds rather than free SH
groups. Disulfide bonds are strong covalent bonds that can interconnect the peptide
chains in proteins; thus, proteins with more disulfide bonds tend to have a higher
resistance against structural disintegration. Presence of disulfide bonds is also
associated with a reduced conformational entropy, a tighter and more stable folded
structure, and improved thermal stability (Du et al., 2012). A highly stable structure
may not be desirable when used for its surfactant properties, since proteins go
through a type of denaturation at the interface, unfolding from its native state to
expose the hydrophobic regions to the interface (Dickinson, 2018; Karbaschi et al.,
2014; Young and Torres, 1989). A higher stability obstructs and extends this
procedure.

1.1.3.1.5

Other physiochemical properties

QSE has a high charge density compared to some other similar polyelectrolyte
biopolymers (such as ghatti and Arabic gums) (Rezagholi et al., 2019). This is
associated with the high uronic acid content (20% by wt.) in the form of glucuronic
and galacturonic acids (Vignon and Gey, 1998). A thorough analysis by Deng et al.,
2019, on the change of extract’s zeta potential with pH, indicated that the gum had a
maximum positive charge of 26.7 mV at pH 2.0 and a minimum negative charge of
-38.1 mV at pH 10. The gum had 0 net charge at pH 4.2, which was accordingly
identified as the isoelectric point (Deng et al., 2019). The protein solubility,
emulsifying properties and foaming capacity of the gum was found to be directly
correlated with the zeta charge of the extract, as observed by the overlapping trend
curves of these properties with the zeta potential curve. Protein solubility and
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emulsifying/foaming capacity of the gum was lowest at its isoelectric point (pH 4.2)
and increased at either ends of the pH spectrum. However, basic conditions fortified
these properties more than acidic ones, presumably due to the extract’s higher
content of groups with an affinity towards releasing H+ to the solution, resulting in
a higher net negative charge.
QSE yielded relatively good thermal stability, with the thermal degradation starting
at 95.1 oC (in the form of protein denaturation). The peak denaturation temperature
was reported as 103.4 oC, which is higher than that of many plant proteins (Deng et
al., 2019). The strong resistance against denaturation was associated with the high
content of disulfide bonds and strong hydrophobic interactions in the protein’s native
state, as supported by the high hydrophobic amino acid content (≅ 33% 𝑏𝑦 𝑤𝑡).
In our previous research, emulsions obtained with QSE and sunflower oil (20% v/v)
yielded a typical shear thinning flow behavior with negligible yield stresses
(maximum 𝜏0 ≤ 1 𝑃𝑎). The power law index (𝑛) decreased and consistency index
(𝑘) increased with increasing concentrations (from 0.05 to 1% w/v), which points
out to formation of solutions with higher apparent viscosity and stronger
pseudoplastic behavior as concentrations increase (Emrah Kirtil and Oztop, 2016).
Apparent viscosities also changed with respect to pH, where it was at a maximum
around the isoelectric point of pH 4.2 and decreased as you get farther from that to
either ends of the pH spectrum (Deng et al., 2019).
Time Domain Nuclear Magnetic Resonance Relaxometry (TD-NMR) is a method
whose application in food samples is still new. This dissertation contains
applications of NMR in assessment of emulsion stability and measurement of selfdiffusion coefficient. Thus, we find it necessary to explain the methods theory and
some of its application related to our study.
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1.2

Nuclear Magnetic Resonance Relaxometry

Many different methods have been employed for analysis of real or model food
systems, yet the destructive nature of most methods poses challenges in timedependent monitoring of system dynamics. NMR and its imaging based counterpart
Magnetic Resonance Imaging (MRI) are relatively new and non-invasive procedures
for investigation of colloidal food systems. In literature, the method has been used
in particle size measurement, investigation of shear induced particle diffusion,
determination of dispersed phase ratio and emulsion stability analysis. This
dissertation aims to design various colloidal systems (such as gels and emulsions) by
using quince seed extract and to examine microstructural changes in these systems
using custom designed NMR sequences.
Magnetic resonance imaging (MRI) is a technique that has been traditionally used in
medical applications to investigate the structure of soft tissue as a tool for clinical
diagnosis and has emerged from the utilization of radio frequency range pulses as a
means of attaining information on the internal structures of human tissues.
Nevertheless, MRI has proven to be a strong analytical tool for engineering research
as well, due to its accuracy and versatility. Currently MRI can be used in
characterization of many biological and non-biological systems (D’Avila et al.,
2005). Magnetic Resonance Imaging (MRI), is performed with an NMR instrument
equipped with magnetic gradient coils that can spatially gather the data thus creating
two dimensional and three dimensional images that display areas having different
physicochemical properties (e.g. water content) with different contrasts (D’Avila et
al., 2005; Hashemi et al., 2010). In other words, MRI provides spatial distribution of
the signal due to presence of gradient in three axes.
NMR Relaxometry on the other hand does not require gradients (except for diffusion
measurements). It features the use of a radio frequency (RF) pulse in order to create
a temporary disturbance on a sample placed into another static magnetic field. The
relaxation of excited signal is then monitored and various information on the object
can be attained (Hashemi et al., 2010). In contrast to MRI, for an NMR Relaxometry
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experiment the signal attained comes from the whole sample and spatial information
is not obtained. However, it is possible to differentiate signal coming from
compartments with varying proton environments (e.g. cellular organelles, water
compartments with different mobilities in hydrogels).
The non-invasive, non-destructive nature of both methods and the fact that both
qualitative and quantitative data on physical and chemical properties of a wide range
of samples can be gathered, have made NMR Relaxometry and MRI popular in food
related applications (Cornillon and Salim, 2000).

1.2.1

Theory

The basic principle behind the techniques is nuclear magnetism. Nuclear magnetism
emerges from the spins of nucleons (protons or neutrons). In order to obtain a net
nuclear magnetization moment, the nucleus should contain an odd number of
nucleons. For the experiments any element with an odd number of nucleons can be
used; though mostly hydrogen is preferred. This owes to hydrogen’s abundance in
organic samples (presence in water and oil), and high MR sensitivity (H+ gives the
highest signal) (Konez, 2011).
To acquire a signal from a sample; it is initially placed into a large static magnetic
field (B0) (Fig. 1.2). For this purpose, a variety of magnets (i.e. permanent,
superconductive) with a wide range of field strengths (0.2 T to 7.0 T); can be
employed (Hashemi et al., 2010). When placed into the magnetic field, the protons
within the sample align themselves with this external magnetic field (in z direction)
(Fig. 1.3).
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Figure 1.2. Schematic of magnetization occurred by placing a sample into an
external magnetic field in z direction (B0)
Every proton possesses a magnetic moment. As seen in Fig. 1.3, the magnetic
moments of protons are aligned either in the same direction or in the opposite
direction with the external magnetic field. The former ones possess a lower free
energy than the latter. The number of protons that are aligned in the same direction
with B0 are slightly higher than the ones that face the opposite direction. However,
this slight difference is enough to create a net magnetic field in the sample in +z
direction. This magnetic field is referred to as longitudinal magnetization.
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Figure 1.3. Schematic showing the direction that protons are facing in samples. (a)
Without the presence of an external magnetic field, (b) under the influence of an
external magnetic field of B0
The protons do not directly face the external magnetic field all the time. Instead, they
make a spin top like movement called precession, shown in Fig. 1.4. The frequency
of this circular motion is identified with the following relation;
𝜔 = 𝛾𝐵0

(1.1)

where 𝜔 = angular precessional frequency of proton, γ = gyromagnetic ratio and B0
= strength of the external magnetic field (Hashemi et al., 2010).
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Figure 1.4. Schematic depicting the precessional motion of protons
All the protons have the same frequency owing to the relation above. The
magnetization on the xy plane due to this precession is called transverse
magnetization. However, the precessing protons are not in-phase. What this means
is; though the protons precess at the same frequency they are not at the same position
at the same time. An illustration is given in Fig. 1.5. Therefore, the randomly
precessing protons cancel each other out and the net magnetization along the xy
plane (transverse magnetization) becomes zero (Bernstein et al., 2005).
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Figure 1.5. Precessional motion of protons. (a) Without an RF pulse application, (b)
phasing of protons right after an RF pulse application
To tip away the net magnetization from the z-axis to the xy plane, an RF pulse is
applied. Owing to this RF pulse, some of the protons align themselves opposite to
B0 which causes a decline in longitudinal magnetization, also precessional
movement of protons get in-phase with each other giving rise to a transverse
magnetization. When RF pulse is removed, the protons turn back to their previous
states. This process is called relaxation. The relaxation of longitudinal and transverse
magnetization is measured to attain information on the sample. Fig. 1.6 displays the
stages of disturbance and relaxation through changes of net magnetization (Bernstein
et al., 2005; Konez, 2011).

Figure 1.6. Relaxation of transverse (Mxy) and longitudinal (Mz) magnetization after
application of a 90o RF pulse
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Longitudinal relaxation time, T1, (also referred to as spin-lattice relaxation time)
refers to the time it takes for the spins to realign themselves along the axis of the
external magnetic field, and is computed from the recovery curve (displayed in Fig.
1.7) of Mz component of the magnetization vector with the relation;
𝑀𝑧 (𝑡) = 𝑀0 (1 − 𝑒

−

𝑡
𝑇1

)

(1.2)

where T1 is the time constant of magnetization recovery curve, Mz(t) is the
component of magnetization along the z-axis, and M0 is the initial magnetization.

𝑀𝑜 (1 − 𝑒

−

𝑡
𝑇1 )

Figure 1.7. A representative exponential relaxation curve of longitudinal
magnetization for a sample with a T1 of 10 ms.
Transverse relaxation time, T2, (also referred to as spin-spin relaxation time)
refers to the time it takes for the transverse magnetization, to decay to the
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equilibrium value of zero. Mxy component of the magnetization is shown with the
relation;
𝑀𝑥𝑦 (𝑡) = 𝑀0 (𝑒

−

𝑡
𝑇2

)

(1.3)

where T2 is the time constant of magnetization decay curve in Fig. 1.8, Mxy(t) is the
component of magnetization on the xy plane and M0 is the initial magnetization
(Hashemi et al., 2010).

𝑀𝑜(𝑒 −𝑡/𝑇2 )

Figure 1.8. A representative exponential relaxation curve of transversal
magnetization for a sample with a T2 of 10 ms.
Molecular tumbling rate (the rotation correlation time) is important in relaxation.
The changes of the state of oil and water, as well as their interaction with the
surrounding macromolecules can significantly influence T1 times. T2 relaxation time
(also known as spin-spin relaxation time) is a measure of the effectiveness of energy
transfer between neighboring spins, and is expected to be shorter for closer proximity
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between molecules. Thus, T2 is shortest in solids (molecules packed closely resulting
in a higher energy transfer efficiency between spins), followed by oil and water. T2
relaxometry measurements, coupled with T2 relaxation spectra, are known to yield
information on water content, physical properties of water and interaction of water
with the surrounding macromolecules (Bernstein et al., 2005; Hashemi et al., 2010;
Kirtil et al., 2014; Zhang and McCarthy, 2013, 2012).

1.2.2

Droplet Size Measurement & Emulsion
Characterization

Pulsed field gradient spin echo (PFGSE) sequence is one of the most commonly
employed sequences in TD NMR studies (Colnago et al., 2015). The method’s
introduction dates back to late 1960s. Since then, it has been used to measure the
water self-diffusion coefficient, viscosity, and droplet size in numerous studies
(Colnago et al., 2015; Ling et al., 2016; Mitchell et al., 2014). The characterization
is done by exploiting the restricted diffusion of molecules through observation of the
geometrical restriction of their mean free path (Guthausen, 2016). However, PFGSE
requires an additional hardware accessory that is not present in all TD-NMR
spectrometer by default. PFGSE provides rapid characterization of emulsion mean
drop sizes and can readily be employed on opaque, concentrated and complex
emulsions where other common methods droplet size measurement methods (such
as dynamic light scattering, microscopic observations, and ultrasound spectrometry)
would not function (Cullen et al., 2001; Guthausen, 2016; Ling et al., 2016). Recent
studies on the subject focus on using PFG NMR’s strengths to characterize emulsions
that would prove challenging to measure with conventional droplet size
measurement methods. More recently Ling et al. (Ling et al., 2016) have
demonstrated that bench-top PFG NMR devices could distinguish between restricted
diffusion inside emulsion particles and the transverse shear-induced particle
diffusion that takes place as the particles collide during flow along a capillary. The
study was the first to use NMR in quantitative measurement of shear induced
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diffusion of particles in a concentrated emulsion (Ling et al., 2016). In another recent
study by Kock and Colgano (Kock and Colnago, 2016), TD NMR relaxometry was
shown to be a rapid monitoring method for to detect chitosan coagulation with pH.

1.3

Surface Chemistry and Interfacial Science

In analysis of a surface-active material, a comprehensive understanding of the
adsorption mechanism is crucial in the determination of its functionality. These
involve, but not limited to, foaming and emulsification applications that are widely
employed in the production of pharmaceuticals, cosmetics, and foods, as well as
mining and oil industry (Karbaschi et al., 2014). In addition to industrial applications,
examination of the dynamics of interfacial layers is also critical from a fundamental
point of view as it generates the possibility of understanding the interaction of
molecules, change in their conformations, and the process of molecular aggregation
formation (Karbaschi et al., 2014). In literature, for years there have been many
studies on surfactant equilibrium adsorption properties (i.e., adsorption isotherms),
and with the increasing availability of modern technologies, advanced investigations
dedicated to adsorption kinetics, interfacial viscoelastic behavior and changes of the
interfacial electric charge are becoming possible (Möbius et al., 2001).
As surface active molecules adsorb to an oil-water interface, changes occurring in
interfacial properties are an indication of the individual sub-processes at play
(Beverung et al., 1999). These examinations are conducted by a variety of
complicated scientific instruments (Arabadzhieva et al., 2011). Out of these,
interfacial tension remains to be the easiest and most accessible dynamic quantity of
a fluid interface. This method features the formation of a fresh interface and the
subsequent determination of interfacial tension as a function of time (Karbaschi et
al., 2014). Surface-active molecules, as they adsorb to the interface, decrease the
interfacial tension, which facilitates the dispersion of two phases within one another.
This is explained by a reduction in Gibbs' free energy of the system (W. Wang et al.,
2014). This process though simple in principle provides data related to both the state
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and denseness of the interfacial layers and the surfactant exchange between the
interface and solution bulk as well as the stability of the dispersion (Arabadzhieva et
al., 2011; Benjamins et al., 1996; Liggieri et al., 2002; Ravera et al., 2005; Senkel et
al., 1998).
However, the reduced interfacial tension is not the only parameter that governs
stability. Kinetically stabilized emulsions by large molecule surfactants were
demonstrated to remain stable for years, despite having an interfacial tension of
around 30-40 mN/m; whereas emulsions formed by certain lower paraffin
hydrocarbons do not remain stable even when the interfacial tension is extremely
low (W. Wang et al., 2014). Emulsion and foam stability have been associated with
interfacial skin formation, which refers to the generation of a gel-like network and is
more dominantly observed in interfacial adsorption of macromolecular species
(Freer et al., 2004a). This means, equal surface forces do not essentially mean equal
foam or emulsion stabilities. Thus, it would be wrong to explain stability of
dispersions solely by the magnitude of repulsive interactions acting normal to the
film surface. There happens to be another factor that plays a role in dampening
external disturbances, hence preventing film rupture. The barriers against
coalescence are thin liquid films, attributes of which are governed by interfacial
rheological properties of the respective surfactant layer (Santini et al., 2007).
Dilatational surface rheology method is based on the application of periodic
expansion and contraction to the interface with subsequent measurement of the
change in interfacial tension as a response to these perturbations (Miller et al., 1996).
This methodology gives information on the interface's resistance to deformation.
When the dispersion consists of two (or more) fluid phases in particular, deformation
of one material implies a deformation of all the constitutive phases. As such,
dilatational rheology measurements give us an insight on the stability of dispersed
system against disturbances it could infer during formation, processing (such as
spraying and atomization), and storage (Rodríguez Patino and Rodríguez Niño,
1999). Additionally, unlike surface tension which operate normal to the surface,
interfacial dilatational elasticity is associated with forces that act tangential to the
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surface (Santini et al., 2007b). There are a multitude of studies in literature that have
demonstrated a correlation between surface dilatational properties and stability of
dispersed systems (Cao et al., 2013; Davis and Foegeding, 2006; Langevin, 2000;
Stubenrauch and Miller, 2004; Tadros, 2009; Vernon-Carter et al., 2008; Zhang et
al., 2011).

1.3.1

Definition of Interface and Interfacial Forces

Interface is defined as the thin boundary region that separates macroscopic chunks
of matter from their surroundings and from one another (Berg, 2010). The term
“interface” is the more general for any phase boundary, whereas the more commonly
used “surface” term only refers to the boundary between a condensed phase and a
gas (Berg, 2010; Shaw, 1992). In this review, for consistency, we will use the term
“interphase” for any disperse system boundary.
Interfaces are separated from material bulk in their physical and chemical attributes
that govern them some unique set of properties. The existence of short range forces
of attraction between molecules that define the macroscopic phase (solid, liquid, gas)
that the material will exist in, is a well-known phenomenon. Surface and interfacial
tension can be readily explained by these forces. All molecules inside the bulk of a
liquid is under the influence of equal forces of attraction from all directions on
average. However, molecules located at the interface experience unbalanced
attractive forces that causes a net inward pull. This phenomenon is depicted for a
liquid-air interface in Fig. 1.14.
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Air

Interface

Liquid

Figure 1.9. Schematic displaying the attractive forces between molecules inside the
liquid interior and at the interface
Interfacial tension is born out of this force that is only observed at interfaces. It can
be defined in several ways. One common approach is to identify it as the energy
necessary to create new surfaces. Accordingly, we can write;
𝑑𝑊 = 𝛾𝑑𝐴

(1.4)

Where 𝑑𝑊 is the change in the energy input (J), 𝛾 is the interfacial tension (mN/m)
and 𝑑𝐴 is the change in interfacial contact area (m2). As evident from Eqn. 1, 𝛾
(𝑚𝐽/𝑚2 ) is the energy that is required to increase the interfacial area by one unit.
Another approach is to identify it as force per unit length exerted on the adjacent
phase boundary (𝑁/𝑚) (Berg, 2010; Shaw, 1992). Homogenization methods (in the
form of mixing for instance) applied to two immiscible fluids increase the interfacial
contact area. The excess energy owing to the increase in area, results in a
thermodynamically unstable state for the dispersed system. Emulsifiers, which are
amphiphilic molecules, when adsorbed on the interface, decrease interfacial tension,
hence increasing the system's thermodynamic stability. For the case of polymers, the
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hydrophobic regions attach firmly to the interface or become dissolved inside the oil
phase, while hydrophilic regions are dissolved by the water molecules (Dickinson,
2009; Guzmán et al., 2016; McClements, 2009).

1.3.2

Adsorption of Polymeric Surfactants onto a Fluid
Interface

The use of polymeric surfactants is commonplace in preparation of many disperse
systems, such as in dyestuff, agrochemicals, inks, pharmaceuticals, ceramics,
cosmetics, and food products (Arabadzhieva et al., 2011; Farahmandfar et al., 2017;
Tadros, 2009). Compared to low molecular weight surfactants, they provide
prolonged stability and help modify the system's rheological properties
(Kontogiorgos, 2019; Seta et al., 2014). In recent years, the public's growing interest
has led pharmaceutical, cosmetic, and food industries to spend resources on
developing natural alternatives to synthetic polymers (Bouyer et al., 2013; Covis et
al., 2014; Dickinson, 1993; Vernon-Carter et al., 2008). For a polymer to exhibit
surface activity, it should possess sites with the ability to adsorb on the interface.
These sites act as an anchor for the rest of the polymer. In polymers of biological
origin, two main categories of anchoring sites have been identified;
(i) Hydrophobic groups connected to glycosidic residues along the carbohydrate
chain (i.e. methyl, octenyl, acetyl, phenolic, etc.)
(ii) Regions of covalently bound protein or polypeptide (Dickinson, 2018).
Homopolymers. that consist of repeating units of a single type of monomer, are not
the most suitable types of polymers for stabilization of dispersions (Tadros, 2009).
However, they can be modified by the addition of the aforementioned groups into
block and graft type copolymers, which confers them interfacial activity. Typical
examples are cellulose derivatives and modified starches where, to a hydrophilic
chain, hydrophobic groups are covalently bound (methyl, hydroxypropyl, etc.) in an
alternating pattern (BeMiller and Whistler, 2009; Lee et al., 2005; Whistler and
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BeMiller, 1973; Xiao and Grinstaff, 2017). Another such modification is the
introduction of short peptide blocks into a polysaccharide chain. This is made
possible by heating of a dry protein and polysaccharide mixture in controlled
temperature and relative humidity conditions which causes the amide groups of
proteins to be covalently bound to polysaccharides through Maillard reaction
(Akhtar et al., 2002; Jasniewski et al., 2016). This approach, also known as
conjugation, proves more advantageous compared to the use of proteins alone or in
combination with carbohydrates, since the stabilization function of these conjugates
are less affected by changes in pH, temperature and salt content (Anal et al., 2019;
Zha et al., 2019). In recent years, many studies have been published on the
conjugation of various proteins and carbohydrates to come up with a designed
biopolymer with superior properties to already available ones (Bi et al., 2017;
Hamdani et al., 2018; Koshani et al., 2015; Zha et al., 2019). Table 1.1 lists some of
the recent publications regarding the use of chemically or enzymatically modified
carbohydrates and protein-polysaccharide Maillard conjugates for emulsion
stabilization.
Table 1.1. Summary of some recent publications using biopolymers as emulsion
stabilizers either as modified polysaccharides or protein-polysaccharide Maillard
conjugates
Polysaccharide

Modification Method

References

Sugar Beet Pectin

Enzymatic Modification

(Siew and Williams,
2008)
(Funami et al., 2007)
(Chen et al., 2016)
(H. Chen et al., 2018)
(Zhang et al., 2016)
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Table 1.1. (continued)
Inulin

*OSA, DDSA & β-

(López-Castejón et al.,

lactoglobulin

2019)
(Kokubun et al., 2018)

Kudzu Starch

*OSA

(Zhao et al., 2017)

Alginate

*DDSA

(J. S. Yang et al.,
2012)

Corn Starch Dextrin

*OSA

(Pan et al., 2019)

Dextran

Glycidyl phenyl ether

(Desbrières et al.,
2017)

Waxy Maize Starch

*OSA

(W. Liu et al., 2018)
(Ye et al., 2017)

Quinoa Starch

*OSA

(Li et al., 2020)

Cotton Cellulose

H2SO4 Hydrolysis

(Capron and Cathala,

Nanocrystals

2013)

Corn Fibre Gum

*OSA

(Wei et al., 2020)

Gum Arabic

*AGp

(Han et al., 2019)
(Hu et al., 2019)

Brea Gum

--

(Castel et al., 2017)

Asafoetida Gum

--

(Saeidy et al., 2018)
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Table 1.1. (continued)
Polysaccharide-Protein

Preparation Conditions

References

Dry heating (1:1) @ 60

(Wong et al., 2011)

Complex
Dextran + Wheat protein

°C & 75% RH for 5 days
Corn fibre gum + β-

Dry heating (1:3) @ 75

Lactoglobulin, whey

°C & 79% RH for 2 days

(Yadav et al., 2012)

protein isolate
Maltodextrin + whey

Heating in an aqueous

protein isolate

solution @ pH 8.2 (1:1)

(Mulcahy et al., 2016)

@ 90 °C for 3,5,8 & 24 h
Galactose + β-

Dry heating (1:1) @ 40

(Corzo-Martínez et al.,

Lactoglobulin

°C for 24 h & 50 °C for

2012b)

48 h, 44% RH
Dextran + β-Conglycin

Dry heating (10:10) @

(Zhang et al., 2012)

60 °C & 75% RH for 6
days
Glucose, lactose,

Heating in an aqueous

maltodextrin & dextran +

solution @ pH 11 (1:1),

Rice protein hydrolysate

100 °C for 0, 5, 10, 20,

(Li et al., 2013)

30 & 40 min
Corn Starch + Sodium

Heated in an aqueous

Caseinate

solution of pH7.5 (1:2.5)
@ 75 °C for 3,6,9,12 and
24 h
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(Consoli et al., 2018)

Table 1.1. (continued)
(Corzo-Martínez et al.,

Galactose + Bovine

Dry heating (1:0.2) @ 60

sodium caseinate

°C for 4 h & 50 °C for 72 2012a)
h, 67% RH

Fenugreek gum + Soy

Dry heating (1:1, 1:3,

whey protein

1:5) @ 60 °C & 75% RH

(Kasran et al., 2013a)
(Kasran et al., 2013b)

for 3 days
Pectin + Egg white protein

Dry heating (1:1) @ 60

(Al-Hakkak and Al-

°C & 79% RH for 6–48 h

Hakkak, 2010)

Low Methoxy Pectin + β-

Dry heating (4:1, 2:1,

(Setiowati et al., 2017)

Lactoglobulin

1:1) @ 60 °C & 74% RH
for 16 days

Gum Arabic + Canola

Heated in an aqueous

(Jasniewski et al.,

protein isolate

solution of pH7 (1:2) @

2016)

90 °C for 15 min
Fructose & inulin + Egg

Dry heating (2:1) @ 60

white protein

°C & 79% RH for 3 days

(Jing et al., 2011)

*Abbrevations: OSA: octenyl succinic anhydride, DDSA: dodecenyl succinic
anhydride, AGp, arabinogalactan-peptide complex

1.3.3

Properties of an Effective Polymeric Surfactant

The path to better predict the behavior of surfactant polymers before attempting an
application would be through a fundamental understanding of the mechanism of
adsorption throughout their appropriate operational conditions and even by
development of "conformational maps" that clearly defines the conformation that the
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material takes at the surface. This approach would provide us the necessary
information to design a biopolymer that can take the most compact structure at the
shortest amount of time while occupying a thick and elastic interface with extending
chains solvated through the bulk phase. There are numerous intrinsic properties that
confer a polymer superior interfacial properties, such as chemical identity, electrical
charge, distribution of hydrophobic groups along the carbohydrate chain, and how
these groups and the rest of the polymer are organized (Dickinson, 2018, 1998).
These intrinsic attributes help shape the properties that a functional surfactant
polymer should have. A good polymer surfactant that provides effective stabilization
against phase separation in dispersions should satisfy the following criteria:
1. Absolute coverage of the particles or droplets by the surfactant. Any uncovered
spots may cause flocculation as a consequence of van der Waals attraction or
bridging.
2. Strong solvation (hydration) of the main polymer chain
3. Strong affinity (hence, adsorption) of the surfactant molecule to the surface of
particle or droplet.
4. A reasonably thick and elastic adsorbed layer to provide adequate steric
stabilization
5. A rate of adsorption that is adequate for complete monolayer coverage to occur
over a timescale appropriate for the process of emulsion preparation (Dickinson,
2018, 2003; Fleer, 2010; Guzmán et al., 2016; Semenov and Shvets, 2015;
Tadros, 2009, 2006).
Not the mechanism of polymer adsorption in a fluid-fluid interface will be discussed
by going over each of the crucial properties listed above.
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1.3.3.1

Absolute Interfacial Coverage

The amount of surfactant is vital in determining the equilibrium interfacial tension.
The change in interfacial tension with surfactant concentration follows the trend
shown in Fig. 1.15. As the number of molecules adsorbed on the interface (at
equilibrium) increases, surface tension decreases. At some point, the interface is
saturated with the surfactant. After this point, there is little to no effect of further
surfactant addition on interfacial tension. The saturation concentration for the
surfactant is called critical micellization concentration (CMC) for small molecule
surfactants. For polymers, this concentration is referred as critical aggregation
concentration (CAC). Further polymer addition after CAC, causes the polymers to
form aggregates in the dispersed phase (Arabadzhieva et al., 2011; Berg, 2010;
Krstonošić et al., 2019). These aggregates are reversible, and in the case of any
possible interfacial dilution, they can be redistributed on the interface. If the polymer
is soluble in the dispersed phase, the layers they form at the interface are called Gibbs
monolayers. On the contrary, if the polymers are insoluble in the bulk phase and only
spreads at the interface, the layers they form are called Langmuir films (Bos and Van
Vliet, 2001; Freer et al., 2004a; Radke, 2014; Wüstneck et al., 1996). The reason for
this differentiation comes from the difference in the behavior of these two interfaces
to any type of interfacial perturbations in the form of expansion or contradiction,
which is the subject of surface rheology.
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Figure 1.10. A schematic and representative experimental curve demonstrating
the change in equilibrium surface tension with surfactant concentration
Thus, by surfactant addition, it is only possible to decrease the equilibrium
surface tension up to a certain value. This value changes with the surfactant type
and the two phases being dispersed. Surfactant concentration, though, is not the
sole parameter in determining the equilibrium interfacial tension. Electrostatic
potential of the polyelectrolyte and the conformation of the molecule are also
crucial parameters (Young and Torres, 1989). However, at a constant pH and
salt concentration, each surfactant displays an intrinsic CMC (or CAC) for the
given two phases. At this point it causes the system to acquire the minimum
equilibrium interfacial tension for that specific surfactant. However, for some
surfactants, even after CMC (or CAC) interfacial tension still decreases. This
decrease is much smaller in scope compared to the dependency of interfacial
tension on concentration before CMC. Change in interfacial tension beyond that
of the critical concentration is usually interpreted to changes on the aggregation
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in the bulk phase, which could affect the interface. Another reason could be
multilayer adsorption. Some surfactants can form more than a single layer on
the interface. Thus, even after saturation, continued molecular rearrangements
and multilayer formation can result in a reduction in equilibrium interfacial
tension (Beverung et al., 1999; Gashua et al., 2016; Krstonošić et al., 2019;
Semenov and Shvets, 2015; W. Wang et al., 2014; Wüstneck et al., 1996).
Complete coverage of the interface by the surfactant dramatically reduces the
energy necessary for emulsion formation while also helping the system to
preserve its final dispersed state. Bare patches on the surfactant that are devoid
of surfactant can act as points of initiation for dispersion destabilization
mechanisms such as flocculation and coalescence (Bouyer et al., 2013;
Dickinson, 2017; T. Tadros et al., 2004). Therefore, it is clear that surfactant
addition will help in stabilizing any type of dispersions, particularly up until its
saturation concentration. In the special case of polymeric surfactants, not all of
the molecule adsorbs onto the interface. Only the hydrophobic sections that are
readily accessible can permanently be attached to the interface. That is why the
saturation point (CAC) of these molecules is usually higher. Despite requiring
a higher amount of emulsifying ingredient for their formation, once formed,
these hydrocolloid-stabilized dispersions tend to be more resilient to
destabilization (Anal et al., 2019; Dickinson, 2018; Fleer, 2010). Among many
others, one of the critical reasons for the prolonged stability with polymer
surfactants is their ability to be irreversibly adsorbed (Freer et al., 2004b;
Karbaschi et al., 2014), which will be discussed in detail in the upcoming
sections.
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1.3.3.2

Strong Solvation

The primary requirement for steric stabilization is for the polymer to be soluble
in the continuous phase. The role of polysaccharides at interfaces is primarily
controlled by their bulk solution characteristics, which are defined
thermodynamically by the variations in the free energy of mixing (𝐺𝑚𝑖𝑥 ) of the
polymer-solvent system. Description of solution properties dictates the fate of
the biopolymer at the interface as it interacts with the solvent. As an example,
if the polymer's arrangement at a hydrophobic liquid interface is less favorable
than the interactions between polysaccharide chains and solvent, it will avoid
positioning itself on the interface. On the contrary, if the solvent cannot properly
dissolve the polymer, it may lead to self-association or interfacial anchoring
(Fleer, 2010; Netz and Andelman, 2003).
The driving force for mixing is usually entropy, not interaction energy. In other
words, despite the common conception of “like dissolves like”, miscible
materials do not form a solution solely because the interaction between the
molecules of the two materials is more favorable than the interactions between
each material's own molecules (Gooch, 2012; Shaw, 1992). We also have to
consider the increased entropy associated with the increased volume available
to each element. The increase in entropy is proportional to the number of moles
being mixed. Polymers have much larger molecular sizes and specific volumes
than small molecules, which makes the number of molecules involved in mixing
much fewer for the same amount ingredient. On the other hand, the energetics
of mixing stay the same on a per-volume basis for small molecule and polymeric
mixtures. Therefore, the free energy of mixing for polymers is considerably
higher, which makes their solvation less favorable, despite a favorable
interaction between solute and solvent. Consequently, for polymers, entropic
considerations are more dominant in determining their solvation characteristics.
For this reason, we rarely come across with concentrated solutions of polymers.
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The total free energy of interaction (𝐺𝑡𝑜𝑡𝑎𝑙 ) for a colloidal system stabilized by
polymeric surfactants, is given by;
𝐺𝑡𝑜𝑡𝑎𝑙 = 𝐺𝑚𝑖𝑥 + 𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 + 𝐺𝑣𝑑𝑊 + 𝐺𝑒𝑙𝑒𝑐𝑡𝑟

(1.5)

where each 𝐺 refers to different components of free energy in the mixed system.
𝐺𝑚𝑖𝑥 is the mixing interaction between the polymer molecules and the solvent,
𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 is related to the loss of conformational entropy of the molecular chains,
𝐺𝑣𝑑𝑊 is due to van der Waals interactions and 𝐺𝑒𝑙𝑒𝑐𝑡𝑟 is due to electrostatic
interactions. Out of these, 𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 and 𝐺𝑒𝑙𝑒𝑐𝑡𝑟 are always positive which
indicates repulsion. 𝐺𝑣𝑑𝑊 , on the other hand, is always negative indicating
attraction (Kontogiorgos, 2019; Tadros, 2011, 2009). 𝐺𝑒𝑙𝑒𝑐𝑡𝑟 only exists for
hydrocolloids that carry a net electrostatic charge, otherwise it is zero. For
polyelectrolytes, the process of solvation is even more complicated as additional
factors such as charge density, ionic strength and pH come into effect, and act
alongside the steric effects (Fleer, 2010). The unpredictability of electrostatic
interactions necessitates a per-case based approach and make it harder to make
general assumptions that are valid for any surfactant-solute combination, pHs
and ionic strengths. Some carbohydrates have been shown to show interfacial
activity only at certain pH ranges such as okra and sugar beet pectin that
stabilize emulsions through a combination of electrostatic and steric
stabilization effects only at the acidic range of the pH scale (Alba et al., 2016;
Leroux et al., 2003).
During mixing, as chains from different materials interact, there occurs some
overlapping due to volume reduction. As chains have less space available to
move freely, their conformational entropy (𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 ) decreases. The sum of 𝐺𝑚𝑖𝑥
and 𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 gives the free energy of steric stabilization (𝐺𝑠𝑡𝑒𝑟𝑖𝑐 = 𝐺𝑚𝑖𝑥 +
𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 ). The sign of 𝐺𝑚𝑖𝑥 depends on the Flory-Huggings parameter. The
Flory-Huggins theory is based on the second law of thermodynamics and
assigns two contributions to 𝐺𝑚𝑖𝑥 ; the enthalpy (∆𝐻𝑚𝑖𝑥 ) and entropy of mixing
(∆𝑆𝑚𝑖𝑥 ) (Flory, 1953).
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∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥

(1.6)

∆𝑆𝑚𝑖𝑥 = −𝑘[𝜂1 𝑙𝑛𝜑1 + 𝜂2 𝑙𝑛𝜑2 ]

(1.7)

∆𝐻𝑚𝑖𝑥 = 𝜂1 𝜑2 𝜒𝑘𝑇

(1.8)

where 𝑘 is the Boltzmann constant, 𝜒 is the dimensionless Flory-Huggins
interaction parameter, 𝜑1 , 𝜑2 are the volume fractions and 𝜂1 , 𝜂2 are the number
of molecules of the solvent and polysaccharide molecules, respectively. Upon
some rearrangement, ∆𝐺𝑚𝑖𝑥 becomes;
∆𝐺𝑚𝑖𝑥 = 𝑘𝑇[𝜂1 𝑙𝑛𝜑1 + 𝜂2 𝑙𝑛𝜑2 + 𝜒𝜂1 𝜑2 ]

(1.9)

Flory-Huggins interaction parameter (𝜒) that describes polymer-solvent
interactions plays a decisive role here. This parameter is a powerful tool to
determine the suitability of a certain solvent to the particular polymer used. If
𝜒 > 0.5, 𝐺𝑚𝑖𝑥 <0 such that mixing causes attraction between polymer chains,
thus, the material is poorly soluble in the solvent. For 𝜒 < 0.5, 𝐺𝑚𝑖𝑥 >0 and
mixing causes repulsion between molecules. For this case, the solvent can be
termed good since this means the molecules will repel each other and will be
dissolved inside the solvent (Kontogiorgos, 2019; Parkinson et al., 2005;
Tadros, 2009). There is the rare case where 𝜒 = 0.5 (𝐺𝑚𝑖𝑥 =0). In this case, the
polymer chains an ideal conformation when dissolved in the solvent and no
excluded effects are observed. In other words, the chains neither attract nor repel
each other. The solvent that provides this special case is called the 𝜃-solvent
whereas the temperature that this occurs is called the 𝜃-temperature (Alba et al.,
2018; Kpodo et al., 2017). There is also the other rare case where despite a
negative 𝐺𝑚𝑖𝑥 (attractive mixing interactions), a stable dispersion can be
obtained. This is caused by a 𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 high enough to compensate for the
attractive energy from 𝐺𝑚𝑖𝑥 (𝐺𝑠𝑡𝑒𝑟𝑖𝑐 = 𝐺𝑚𝑖𝑥 + 𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 ), and is reminiscent of
sterically stabilized material in a poor solvent (Tadros, 2009).
To acquire a surface-active polymer, one needs repeating sections of insoluble
and soluble parts. Thus, for an aqueous solvent; an ideal adsorbing polymer
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should have hydrophobic sections with 𝜒 > 0.5 so that these sections would
prefer attaching to the interface than being solvated by the aqueous phase; while
hydrophilic sections should have 𝜒 < 0.5, so that the chains would swell and
expand in the solvent. This is why homo-polymers are not suitable for
stabilization of dispersions, since all of the molecule is soluble in either a
hydrophobic or hydrophilic solvent. With polymers that have proteins for
hydrophobic sections, any parameter that effects protein hydrophobicity (i.e.,
pH or ionic strength) also effects Flory-Huggins parameter and hence, results in
variations of surface affinity (Alizadeh-Pasdar and Li-Chan, 2000; Tucker et al.,
2015). Flory-Huggins parameter also gives information on the extend of
solubility, meaning, for 𝜒 < 0.5, the smaller it is, the better the solvent is and
vice versa (Flory, 1953). The relative solubilities of various sections of a
polymer is especially important for food systems where the solvents and
constituents are rather diverse and complex (Berton-Carabin et al., 2018).
Consequently, comprehension of the interactions of polymer chains with the
solvents is the first step towards systematic design of functional molecules with
superior interfacial properties.
As previously mentioned, 𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 is always positive and plays a key role in
steric stabilization. It is especially dominant when the particle distances get
closer than the thickness of the adsorbed layer (𝛿). A schematic is shown in Fig.
1.16. 𝐺𝑚𝑖𝑥 displays a very sharp increase with a further decrease in ℎ after the
point where the adsorbed layers of two particles start to overlap, for ℎ < 2𝛿. As
ℎ decreases, 𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 similary shows a sharp increase with ℎ after ℎ < 𝛿. At
some distance, comparable to 2𝛿, 𝐺𝑇𝑜𝑡𝑎𝑙 exhibits a minimum with ℎ, 𝐺𝑚𝑖𝑛 . This
min is observed in the region ℎ > 2𝛿, since according to Eqn.1; 𝐺𝑇 also displays
a rapid increase for ℎ < 2𝛿. The value of 𝐺𝑚𝑖𝑛 is a function of Hamaker
constant (𝐴), thickness of the adsorbed layer (𝛿) and radius of the particle (𝑅).
𝐺𝑚𝑖𝑛 increases with increasing 𝐴 and 𝑅. For constant 𝐴 and 𝑅, it decreases with
an increase in 𝛿 (such as using a surfactant with a higher molecular weight that
adsorbs as a thicker layer on particles). Representational energy vs distance
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curves with changing 𝛿/𝑅 ratios are given in Fig. 1.17. As 𝛿/𝑅 values get larger,
𝐺𝑚𝑖𝑛 decreases. A lower difference in free energy (∆𝐺) indicates enhanced
thermodynamic stability for the system. This is the reason why, after some
point, systems reach thermodynamic stability, such is the case with nanodispersions with 𝑅 < 50 nm (Fleer, 2010; Kontogiorgos, 2019; T. Tadros et al.,
2004).
Adsorbed

Phase A

Surfactant

𝑅

Phase B

ℎ
𝛿

𝛿<ℎ

Figure 1.11. Flocculation of droplets in a colloidal system
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𝐺𝑇 (𝐽)
Increasing 𝛿/𝑅

𝐺𝑚𝑖𝑛

Figure 1.12. Effect of 𝛿/𝑅 of Gibbs free energy of a dispersion
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1.3.3.3

Strong affinity towards the interface

To act as an emulsifying agent, a polymer should possess sections with
interfacial activity. That is, when mixed, it should position itself on the interface
and decrease the interfacial tension. This happens spontaneously when polymerinterface interactions are preferred over solvent-interface interactions. There are
many established theories that identify interfacial adsorption of small molecule
surfactants. Being much larger and more involved in structure, the behavior of
polymers is far more unpredictable. Thus, it is much harder to develop
approaches that predict polymer behaviors with absolute accuracy (Netz and
Andelman, 2003; Pérez-Mosqueda et al., 2013). To treat the problem, two main
approaches so far have gained considerable acceptance;
i.

Random Walk Approach

ii.

Statistical Mechanical Approach
Random walk approach bases itself on Flory’s theories about polymer chain
behaviors in bulk solutions where surfaces are considered as reflecting barriers.
The most crucial attribute of Statistical Mechanical approach is the distinction
of polymer chains into three segments based on their interfacial functionality;
trains, loops and tails. Out of these, statistical mechanical method is a more
realistic model as, unlike random walk approach, it also considers the possible
interactions within the polymer chains itself (Scheutjens and Fleer, 1980, 1979).
To this day, the most widely accepted and studied theory defining polymer
adsorption has been Scheutjens and Fleer (SF) self-consistent field
theory (Ettelaie et al., 2016; Fleer et al., 1993; Fleer, 2010; Parkinson et al.,
2005; Scheutjens and Fleer, 1985), which merges ideas from both theories and
combines then in a realistic manner. SF theory is widely accepted as a useful
framework for discussing the relative interactions of commonly used
biopolymers (Lips et al., 1991). Therefore, it is SF Theory (also referred to as
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the step weighted random walk approach) that will be further discussed in this
study.
SF theory does not involve any predetermined assumption for segment density
distribution. Partition functions for all segments (molecules adsorbed,
dissolved, and solvent molecules) were derived in a random approach. All types
of chain conformations were represented as step weighted random walks on a
quasi-crystalline lattice, which elongates in parallel layers from the interface. A
schematic representation is given in Fig. 1.18. According to this approach, the
three segments with energy states were identified. Trains are the adsorbed
layers, the parts of the molecule that show interfacial activity. These sections
are divided by loops and tails that extend to the continuous phase. For an
aqueous phase, loops are the hydrophilic section in between the two points of
contact with the interface, whereas tails constitute the hydrophilic sections that
are free at one end and connected to the interface on the other (Fleer et al., 1993;
Scheutjens and Fleer, 1980, 1979).

Figure 1.13. Representation of trains-tails-loops configuration of a polymer at
an interface
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SF theory identifies the different chain conformations that are comprised of
varying degrees of the three segments (trains, loops and tails). The partition
function is written for different configurations, all of which are treated of
connected sequences of segments. Random mixing between the solvent
molecules and the polymer segments are assumed in each layer. This
approximation is called the mean-field approximation. To calculate the relative
amounts of each segment, each step in the random walk is assigned a weighting
factor, 𝑝𝑖 . This parameter is the result of three contributions;
(i)

Configurational entropy of mixing

(ii)

An adsorption energy, 𝜒 𝑠 (=0 for segments far from the interface)

(iii)

Segment-solvent interaction parameter, 𝜒 (the Flory-Huggins parameter,
that was previously mentioned)

Using the weighting factors and a matrix formulation, the statistical probability
of the chain taking any conformation can be estimated for any given segment
density profile. Eventually, this makes it possible to draw theoretical adsorption
isotherms that relate the amount of adsorbed polymer on the interface with
respect to bulk concentration (Fleer et al., 1993; Scheutjens and Fleer, 1980,
1979). SF theory also confirms the experimental observation of irreversible
adsorption of proteins. Proteins, once adsorbed on the interface, even after a
washout procedure, were shown to remain attached to the interface (Freer and
Radke, 2004). For high chain lengths (as in polymers), the isotherms take the
shape called “high-affinity isotherm” that is identified with very low bulk
concentrations of polymer in solution (approaching zero) that does not change
with desorption (Tadros, 2009). This suggests that almost all of the chains are
completely and irreversibly adsorbed.
SF theory provides not only mathematical relations that help predict the
interactions between different constituents of dispersed systems, it also builds a
fundamental framework of information that helps in explanation of the
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underlying mechanism. Some applications include identification of the
interactions between mixtures of polymers and colloid particles (Park and
Conrad, 2017; Yan et al., 2011; Yang et al., 2006), behavior of weakly charged
polyelectrolytes in charged cylindrical systems (Man et al., 2008; Man and Yan,
2010), nucleation in binary polymer blends (Qi and Yan, 2008), self-assembly
of diblock copolymers and phase behaviors of diblock copolymer solutions (Suo
et al., 2009).
For polymers, SF theory gives a very accurate representation of the
experimental adsorption isotherm, only except for a difference in shape in the
low concentration region. The estimated curves are flat, whereas the real
experimentally obtained data results in a more rounded curve. This effect was
later identified by Cohen-Stuart et al. and was associated with molecular weight
distribution (polydispersity) of polymers (Fleer et al., 1993). The changes in
adsorption affinities of smaller and larger molecules in a single polymer solution
at varying concentrations result in this irregular behavior. SF Theory also makes
it possible to predict the relative percentages of each segment in the total
distribution for a certain chain length, polymer volume fraction and FloryHuggins parameter. At low concentrations, fraction of trains (𝑝) is much higher
according to SF theory. With increasing concentration and surface coverage, 𝑝
tends to decrease which leaves more room for loops and tails. This case is very
similar to typical protein adsorption and is observed in a number of studies
(Calero et al., 2010; Davis and Foegeding, 2006; Dickinson, 2018; Padala et al.,
2009; Seta et al., 2014). SF Theory, being a statistical approach that is made
possible by an abundance of assumptions for simplification, may present an
idealized case compared to the complex behavior of most biopolymers in nature.
However, there is a fairly broad consensus of view, established by extensive
experimental proof on well-defined synthetic polymer systems, that the
simplified statistical models do indeed present a sound mechanistic foundation
for defining the fundamental characteristics of adsorption and colloidal
stabilization by all kinds of macromolecules, including natural biopolymers.
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Different types of polymers adsorb differently on the interface. The train-looptail configuration is more akin for homopolymers and copolymers of block type.
For a segment of a molecule to adsorb, the minimum segment adsorption
energy, 𝜒 𝑠 is required. Though the minimum value of 𝜒 𝑠 is fairly small by itself,
the overall energy might be high as it is the cumulative energy from all
adsorbing segments. For adsorbing homopolymers (i.e., poly(ethylene oxide)
(PEO) or polyvinyl pyrrolidone (PVP)), the energy requirement might be
exceptionally high due to the abundance of trains segments, and this value is
subject to change with molecular conformation (Tadros, 2009).
As previously stated, homopolymers are inferior alternatives as dispersion
stabilizers. A literature assessment led us to the conclusion that effective
functionality of polymer chains demands a certain degree of repetitive structure
similar to that of copolymers. These repetitive segments should be composed of
alternating divisions that are either soluble (𝜒 < 0.5) or insoluble (𝜒 > 0.5) in
the medium. This definition resembles that of random, block or graft
copolymers (Atta et al., 2013; Fleer et al., 1993). There are some synthetic
polymers that are especially designed with these properties in mind, such as
polyvinyl alcohol (PVA) (Cano et al., 2015). There are also similar copolymers
of natural origin. Though natural polymers exhibit somewhat unpredictably
patterns of repetition and even with modification of biopolymers, preparation of
strictly alternating copolymers are difficult (Voragen et al., 2009; Winning et
al., 2009).
The type of polymers that possess the capability to provide effective
stabilization to dispersions are of the types 𝐴 − 𝐵 (di-block), 𝐴 − 𝐵 − 𝐴 (triblock), 𝐵𝐴𝑛 (graft) and random copolymers. In this representation, 𝐴 refers to
the soluble segments where 𝐵 are the segments with interfacial affinity. Some
examples of 𝐴 for aqueous media could be polysaccharides, polyethylene oxide,
polyvinyl pyrollidone and examples of 𝐵 particles that could be inserted into
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these chains proteins, polymethylmethacrylate and polystyrene (Guzmán et al.,
2016; Tadros, 2009).
Fig. 1.19 illustrates all different types of adsorption based on chain architecture.
Most natural polysaccharides tend to have a random copolymer structure. Some
examples are cellulose derivatives (i.e. hydroxyl propyl methyl cellulose
(HPMC), methyl cellulose (MC), non-blocky pectin). In random copolymers,
there is no strict pattern in the distribution of hydrophobic patches; thus, it is
more likely for these polymers to have local sections that either contains a higher
density of anchoring points or long lateral soluble chains. Consequently, steric
stability is hindered (Ettelaie et al., 2003; Voragen et al., 2009; Winning et al.,
2009). Chemical and enzymatic modification of polysaccharides by the addition
of functionalized groups in between sugar molecules resulting in a random
pattern of repetition. Therefore, this type of adsorption is common for
polysaccharides with functionalized sugar residues as in chemically modified
starches and celluloses (Kontogiorgos, 2019). Polymers with di-block, tri-block
or graft type grant more effective steric stabilization. Block copolymers are
composed of regions (blocks) of varying lengths that display different affinities
towards the solvent. For such a polysaccharide (i.e. citrus pectin) when
dissolved in an aqueous-based dispersion, hydrophobic blocks adsorb at the
interface while hydrophilic blocks (called “buoy”) extrude laterally towards the
solvent, forming a steric stabilization layer (Ettelaie et al., 2003; Voragen et al.,
2009; Winning et al., 2009). Graft copolymers, on the other hand, contain side
chains or branches whose repeat units have a different composition or
configuration than the main chain (Feng et al., 2011). Graft copolymers
commonly are the most suitable polymers to grant effective stabilization to
dispersions (Liang et al., 1995; Netz and Andelman, 2003; T. F. Tadros et al.,
2004). Polymers of 𝐵𝐴𝑛 type, where the hydrophilic sections form the side
chains, have a brush-like conformation when adsorbed on the interface in an
aqueous medium (Fig.5). This mode of adsorption is particularly helpful in
steric stabilization, and its efficiency scales with side-chain length (Fleer, 2010;
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Marques et al., 1988; Sheiko et al., 2008; Zhao and Brittain, 2000). There are
some natural polysaccharides that lie in this category like gum Arabic, mesquite
gum and quince seed extract (Ray et al., 1995; Vernon-Carter et al., 2008; Wang
et al., 2018). Nevertheless, it should be mentioned that it is quite tricky to assign
biopolymers to one of these categories. In reality, most biopolymers of natural
origin will fall into an intermediate situation. Even the same biopolymer could
change in structure depending on its source. For instance, pectin, exists in forms
of either di-block, tri-block or grafted in nature (Voragen et al., 2009; Winning
et al., 2009)

Figure 1.14. Representational adsorption models depending on copolymer type
(a) 𝐴 − 𝐵 copolymer (b) 𝐴 − 𝐵 − 𝐴 copolymer (c) Graft copolymer (d) Random
copolymer
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1.3.3.4

Steric Stabilization

Steric stabilization is mainly achieved through the bulky solvated polymer chains
that extend laterally into the outer medium. However, the presence of some nonadsorbed material dissolved in the continuous phase can also contribute to dispersion
stability through the depletion mechanism (Semenov and Shvets, 2015). As stated
before, the soluble regions of the polymer are responsible for this type of
stabilization. For polysaccharides conjugated with proteins, the irreversibly adsorbed
proteins provide a reliable anchor at the interface for the carbohydrates to execute
their steric stabilization functions. Many studies have demonstrated and discussed
the importance of carbohydrates in emulsion stabilization (Al-Assaf et al., 2007;
Anal et al., 2019; Z. Gao et al., 2017; Jain and Anal, 2018; W. Liu et al., 2018; Shi
et al., 2017). A protein-carbohydrate conjugate’s stabilization properties were found
to be more related to the function of carbohydrates rather than proteins. Many studies
on the subject revealed that there was no direct correlation with protein content and
emulsion stabilization (Alba et al., 2016; Bai et al., 2017; Huang et al., 2001;
Nakamura et al., 2006, 2004; Osano et al., 2014; Sanchez et al., 2018). This led the
researchers to the conclusion that protein content, though essential for interfacial
activity, was not the determining factor in long term stabilization. Adsorption
mechanism, folding patterns of the protein, and length and distribution of
polysaccharide chains, all of which determine the extent of steric effects, were found
to be more influential for colloidal stabilization.
Here we will focus on stabilization by steric effects, though for systems stabilized
by polyelectrolytes, steric effects are complimented by electrostatic mechanisms of
stabilization (Napper, 1983; Netz and Andelman, 2003; Rodriguez Patino and
Pilosof, 2011). Nevertheless, steric repulsions are the dominant mode of stabilization
for all neutral polymers and are common for all adsorbing polymers. Assume two
droplets that are entirely covered with a protein-polysaccharide layer of thickness,
𝛿, as shown in Fig. 1.20. If the droplets approach each other so that surface–surface
separation distance between the two droplets gets smaller than the thickness of the
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sum of the two layers (ℎ < 2𝛿), the polysaccharide chains start to interact with each
other. For such a case, two distinct scenarios could occur;
(i)

Interpenetration without compressions

(ii)

Compression without interpenetration

For the first case, the chains could overlap and penetrate into the gaps (Fig. 1.20a),
whereas for the second case, the chains compress each other without overlapping or
penetration (Fig. 1.20b) (Flory and Krigbaum, 1950). Both cases create a higher
polymer density in the interaction zone (ℎ < 2𝛿) and influence the conformation of
adsorbed polymer. These alterations could trigger changes in the thickness of the
polymer layer and fractions of adsorbed segments. In the real case, it is presumably
an intermediate between the two, the polymers most likely undergo both
interpenetration and compression to varying degrees (Tadros, 2009; T. F. Tadros et
al., 2004).
ℎ

a)

b)

𝛿
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Figure 1.15. Schematic representation of the interaction between particles with
adsorbed polymer layers
The local increase in polymer load in the interaction region causes a strong repulsion
as a consequence of two effects; (i) A sharp rise in the osmotic pressure in the overlap
zone due to unfavorable mixing of polymer chains, assuming the polymer was in
favorable solvent conditions. This effect is expressed as osmotic repulsion or mixing
interaction, and it is identified with the free energy of interaction, 𝐺𝑚𝑖𝑥 . (ii) Loss of
configurational entropy of the overlapping chains. The decrease in entropy is caused
by the decrease in available volume for the chains through overlapping or
compression. This is termed as volume restriction interaction, entropic or elastic
interaction, and it is defined by the free energy of interaction 𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 (Fleer et al.,
1993). Remember that steric interaction free energy (𝐺𝑠 ) was defined as the
combination of 𝐺𝑚𝑖𝑥 and 𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 .
𝐺𝑠 = 𝐺𝑚𝑖𝑥 + 𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐

(1.10)

Before the droplet’s interactions, there are no steric repulsion effects and assume the
chemical potential for the solvent on each droplet layer is defined by 𝜇𝑖𝛼 , and the
volume fraction for the polymer in the layer is 𝜙2 . In the interaction zone (of a
𝛽

volume element 𝑑𝑉), the chemical potential of the solvent is changed to 𝜇𝑖 where
𝛽

𝜇𝑖 < 𝜇𝑖𝛼 . This reduction in chemical potential of the solvent is the result of the rise
in polymer concentration in the overlap region. In the overlap region, the chemical
potential of the polymer chains, on the other hand, displays a sudden rise due to
compression or penetration. These changes cause a rise in the local osmotic pressure
of the overlap zone; hence the solvent diffuses from the bulk to overlap zone, which
sets the particles apart (Kontogiorgos, 2019; Tadros, 2011). The intense repulsive
energy born from this effect is calculated by considering the free energy of mixing,
𝐺𝑚𝑖𝑥 which is a function of Flory-Huggins (𝜒) parameter among others. This
amounts to the strong influence solubility of the polymer in the solvent plays on
steric stabilization (Flory and Krigbaum, 1950).
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Van der waals forces, especially when particles are particularly close, become a
dominant attractive force that might act against steric stabilization. Van der Waals
forces are distance-dependent, weak intermolecular attractions that operate between
all molecules and atoms. Three distinct forces contribute to van der Waals
interactions: orientation force, induction force, and dispersion force. All these forces
are present in interactions between polar molecules. For non-polar molecules,
however, the dispersion force is the only interaction existing between molecules (Lu
et al., 2005). Ninham and Paresegian (1970) proposed a model for the van der Waals
interaction energy for a particle surface covered by an adsorbed layer, given by the
following expression;
1

𝑈𝐴 (ℎ) = − 12𝜋 [

𝐴232
ℎ3

𝐴

𝐴

123
121
+ (ℎ+𝛿)
+ (ℎ+2𝛿)
3

(1.11)

Where 𝛿 is the thickness of the adsorbed layer, ℎ is the separation distance and 𝐴232 ,
𝐴123 , 𝐴121 are distinct Haymaker constants that refer to the characteristics of interparticle interaction between different particles in vacuum (Ninham and Parsegian,
1970). As seen in Eqn. 7, the relation is strongly dependent on the distance between
particles. For particles close enough that 𝛿 < 2ℎ, van der Waals forces become very
prominent. For polymers however, with the presence of a thick adsorbed layer (a
relatively large 𝛿/𝐷 ratio), effect of van der Waals forces are less pronounced. It is
known that with increasing thickness of the adsorbed layer, molecular attraction
energy gradually decreases (Sato and Ruch, 1980). That is why, for systems
stabilized by polymeric surfactants, the influence of van der Waals attraction is less
notable than other intermolecular interactions.

1.3.3.5

Rate of Adsorption

For effective emulsion stabilization, a hydrocolloid should exhibit surface activity,
that is, it should have the capability to reduce interfacial tension. What is just as
essential is that, this process should take place over a timescale that is relevant to
emulsion preparation. To put it more clearly, the rate of adsorption and the rate of
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formation of a transient adsorbed layer should be higher than the rate of droplet
collisions, that acts as the primary source of initiation for phase separation (Adams
et al., 1998; Walstra, 2002). Observation of the whole process of adsorption from the
transient surface tension curves is crucial considering the fact that many surface
phenomena occur at distinct time scales. Adsorption process takes place in a number
of different steps each identified with distinct rates. From surface tension relaxation
curves, it is possible to identify important mechanisms such as diffusion from the
bulk phase, relaxation of polymer at the interface, molecular reorientation following
adsorption, phase transitions, or even possible retardation of adsorption through
steric hindrance (Bos and Van Vliet, 2001; Graham and Phillips, 1980; Serrien et al.,
1992; van den Tempel and Lucassen-Reynders, 1983).
Adsorption of macromolecular surfactants generally display a surface tension
relaxation profile similar to the one shown in Fig. 1.21. The rate of relaxation follows
three distinct regimes, namely;
i)

Induction period (Regime I), region where no change in surface tension is
observed

ii)

Monolayer saturation (Regime II), identified as the region of steep tension
decline

iii)

Interfacial gelation (Regime III), the final and longest region of relaxation
regime with slow decline in ST (Beverung et al., 1999; Freer et al., 2004b).
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Regime II

Regime III

(𝛾)

Interfacial Tension

Regime I

time

Figure 1.16. A representative curve displaying typical dynamic interfacial tension
response of polymeric surfactants in dilute solutions
The duration of initial adsorption of biopolymers onto the void interface is identified
as the induction period where the interfacial tension values remain relatively constant
at pure fluid values. There is a prevailing effect of the molecular size of the surfaceactive material on the surface tension, with large molecules like proteins
necessitating %99 of monolayer coverage for a surface tension reduction of 1 mN/m.
This requirement explains why induction period is only observed for dilute solutions.
Many reserachers witnessed induction periods for macromolecular surfactants that
have vanished over certain bulk concentrations (Bouyer et al., 2013; Covis et al.,
2014; Davis and Foegeding, 2006; Freer and Radke, 2004; Moreira et al., 2012;
Pérez-Mosqueda et al., 2013; Wüstneck et al., 1996). After this critical
concentration, rate of adsorption increases to a point where adsorption is so rapid
that induction finalizes in a duration that exceeds the instrument’s limitations, which
is perceived as an instant tension decline in relaxation curves.
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The presence and duration of an induction period and/or the critical concentration is
strongly related to the interfacial affinity of the adsorbing material. The number of
surface contacts (trains) also plays a major role in the time it takes for these sections
to be exposed to the interface and is one of the reasons behind the induction period
(Freer et al., 2004b; Shaw, 1992). Consequently, the differences in induction periods
of different protein solutions at the same concentration suggests at a difference in
protein affinity and/or denaturation kinetics (Beverung et al., 1999). Protein
adsorbed in their native state are much more rapid in displaying interfacial activity.
Proteins with a random structure were demonstrated to adsorb much faster than
globular proteins onto an oil-water interface. Beverung et al. (1999) have reported a
much faster rate of adsorption with 𝛽-casein than ordered globular proteins and
associated this with the irregular structure of the protein that does not require an
interfacial unfolding for surface coverage. The lack of an induction period is also a
vital requirement for a desirable foaming agent, where an instantly adsorbed material
is essential for preventing foam collapse during agitation (Arabadzhieva et al., 2011;
Davis and Foegeding, 2006).
Regime II is characterized with a steep decline in interfacial tension and is over
within seconds for most proteins (Fig. 1.21) (Beverung et al., 1999). The rapid
reduction in surface tension during this period is related to continued loading of the
interface accompanied by molecular arrangements within the already adsorbed layer.
As proteins relax from their rigid conformations, new side chains from the interiour
of the protein are exposed to the interface, thereby increasing the number of contacts
(trains) between the macromolecular surfactant and the interface. This phenomenon
initiates the irreversible adsorption mechanism for proteins (Berg, 2010; Freer et al.,
2004b). Another process taking place during this regime that results in reduction in
interfacial tension is diffusion of new surfactans from bulk phase. Both routes
decrease the interfacial tension by increasing the number of contacts with the
surfactant and interface. However, taking into account the induction mechanism in
Regime I, it is possible to suspect that denaturation of proteins or conformational
changes in the polymer might have a more dominant control over interfacial tension
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reduction than diffusion of new surfactants and their initial adsorption. Assuming
this is the case, Regime II could be used as an indication of the conformational
stability of a polymer (i.e. to measure rate of interfacial unfolding). With protein
unfolding the hydrophobic residues are exposed, not only to the interface, but also
to some of the adjecent peptide residues that, upon interaction, initiates interfacial
gelation (interprotein aggregation) (Anderson et al., 2000). This phase is also the
point where initiation of interfacial gelation occurs. Arrangements in the molecular
structure of the adsorbed polymer also has a secondary effect. With continued
conformational changes, polymer positiones itself in such a way that more of the
non-adsorbing regions head towards the bulk phase where they are soluble in, which
makes room for new molecules to adsorb (Beverung et al., 1999).
Final regime (Regime III) in Fig. 1.21 is characterized by a much slower decline in
interfacial tension and can last anywhere between hour to days as evidenced by a
number of studies (Cao et al., 2013; Y. Liu et al., 2018; Niño et al., 2001; SosaHerrera et al., 2016; Wüstneck et al., 1996). Adsorbed molecules after an initial
conformational change to maximize the contact area with the interface, slowly
continue to relax to a more energetically favorable conformation. During this period,
the final remaning hydrophobic and hydrophilic side changes that are stuck in an
unfavorable position, change positions to end in a more energetically favorable
environment (Freer et al., 2004b; Shaw, 1992). For an oil-in water emulsion, this
causes multiple hydrophilic layers to extrude through the aqueous phase, which
causes a more compact adsorbed layer with the molecules getting closer in
proximity. As a result, the intermolecular interactions of the adsorbed polymer layer
increases. This causes the proteins at the interface to aggregate and form bridges that
connect at various points. The resulting crosslinked structure resembles that of an
amorphous gel-like network. That explains why Regime III is also called interfacial
gelation period. Interprotein aggregation, which initiated in Regime II, finalizes
during this stage. For polymers, long-time molecular rearrangements, formation of
new interactions between adjecent proteins, breakage and build of non-covalent
structure-stabilizing bonds may continue for days which contribute to surface tension
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changes, even after surface concentration is saturated. These changes are irreversible
and for proteins cause permanent loss of structure and function. For some polymers,
the conformational changes might result in attraction between the adosrbed
surfactant molecules and those dissolved in bulk phase. This attraction causes
additional layers to form over the initial monolayer. Surface tension decline after
critical micellization concentration is associated with multilayer formation
(Karbaschi et al., 2014; Rühs et al., 2013; Wüstneck et al., 1996).

1.4

Objectives of the Study

Even though first studies on quince seed extract dates back to 1930s (Renfrew and
Cretcher, 1932), and there have been several exciting findings (de Escalada Pla et
al., 2010; Rakhimov et al., 1985), it is safe to say that this seed with exceptional
properties has not received enough attention. To the best of our knowledge, the
current literature is still lacking in the number of comprehensive studies regarding
the use of quince seed extract for stabilizing dispersions.
In the first part of this dissertation, the goal was to assess the emulsion stabilizing
performance of quince seed extract with respect to a commonly used and studied
emulsion stabilizer, xanthan gum. The objective was to investigate the physical
stability, rheology and microstructure of oil (sunflower oil) in water emulsions,
stabilized by 2 % w/v (g/mL) WPI and varying concentrations of xanthan gum and
quince seed extracts. This first section of the study made use suspect that the extract
might have emulsifying capabilities, which at the time of the study was not yet
discovered. Hence, from then on, we focused our efforts on the interfacial activity of
this extract.
Next study investigated the air-water interfacial properties of quince seed extract as
a representation of how the extract would behave in a real foam application. This
study aims to establish how the extract's surface properties (dynamic surface tension
and dilatational surface rheology) differ with varying concentrations (between
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0.01%-1%), pH's (3, 7, 9, and 11) and ionic strengths (0.1, 0.3, 0.5 M NaCl). The
last part of the study concentrates on the examination of the oil-water interfacial
properties of quince seed extract, which can serve as a representation of how the
extract would function in a real emulsion system. This last part follows a similar
experimental design and aims to discover how the extract's interfacial properties
(dynamic surface tension and dilatational surface rheology) change with varying
concentrations (between 0.01%-1%), pH's (3, 7, 9, and 11) and ionic strengths (0.1,
0.3, 0.5 M NaCl). This way, in a fundamental point of view; the study provides the
possibility of gaining more insight on the processes occurring during interfacial
adsorption and explaining their mechanism with established theories; as well as,
providing the literature with direct information of this novel biopolymer’s possible
applications and it is performance as a stability enhancer in foams and emulsions. We
believe the dissertation will also be a great addition to current literature as there
currently are no studies that examine interfacial properties of this extract or its
potential application in an emulsion or foam system.
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2 CHAPTER 2

MATERIAL & METHODS

2.1

Materials

2.1.1

Characterization of emulsion stabilization properties
of quince seed extract as a new source of hydrocolloid

Quinces were of variety Cydonia oblonga cultivated in Antalya and was
purchased from a local grocery store in Ankara, Turkey. Xanthan gum and sodium
azide (≥99.99% trace metals basis) were purchased from Sigma Aldrich. Whey
protein isolate having a protein content of 88% (WPI) (Bipro, Hardline Nutrition,
Turkey) was used. Sunflower oil (Yudum, Balıkesir, Turkey) was purchased from a
local grocery store in Ankara, Turkey. Distilled water was used to prepare all
solutions.

2.1.2

Investigation of surface properties of quince seed
extract

Quince seed extract (QSE) was obtained from seeds of the quinces purchased from
a local grocery store during the winter season in Ankara, Turkey. All solutions were
prepared with distilled water further purified using a Milli-Q filtration unit (with a
resistivity ≥ 18.2 MΩ cm) (Millipore Co., Bedford, WA). The pH and ionic strength
of the solutions were adjusted using HCl (0.1 M at pH1), NaOH (0.1 M at pH13) and
NaCl purchased from Sigma-Aldrich Chemie Gmbh (Darmstadt, Germany).
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2.1.3

Examination of interfacial properties of quince seed
extract on a sunflower oil-water interface

Quinces, to prepare the extract, were purchased from a local grocery store during the
winter season in Ankara, Turkey. Milli-Q water purified by a Milli-Q filtration unit
(with a resistivity > 18.2) (Millipore Co., Bedford, WA) was used for the preparation
of all samples. HCl (0.1 M at pH1), NaOH (0.1 M at pH13), and NaCl purchased
from Sigma-Aldrich Chemie Gmbh (Darmstadt, Germany), were incorporated to
adjust the pH and ionic strength of solutions.

2.2

Methods

2.2.1

Characterization of emulsion stabilization properties
of quince seed extract as a new source of hydrocolloid

2.2.1.1

Production of quince seed extract

For quince seed extract extraction, a modified version of the method by Abbastabar
et al. (2015) was followed. Seeds were removed from the fruit flesh and freeze-dried.
In order to maximize surface area for extraction, the seeds were ground prior to
soaking into deionized water. Water – ground seed mixture (with a water/solid ratio
of 50:1) was continuously agitated at 30oC for 24 hours. The resulting solution was
centrifuged, filtered with a cheese cloth and freeze dried to obtain the crude gum
extract. The method yielded approximately 8% extract based on dry weight of seeds.

2.2.1.2

Emulsion preparation

Sun flower oil was added into 2.5% w/v (g/ml) WPI solution prepared with distilled
water, to obtain dispersions with 2% (w/v) WPI and 20% (w/v) sun flower oil. An
O/W emulsion was formed by homogenization at 7500 rpm for 2 min with a high-
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speed homogenizer (WiseTis HG-15D, Wertheim, Germany). Xanthan gum (XG)
and quince seed extract (QSE) with varying concentrations (0.05%, 0.1%, 0.2%,
0.3%, 0.5%, 0.75% w/v) were added to the emulsions and homogenized at 7500 rpm
for 3 min. Sodium azide (0.02% w/v) was added into the final emulsions as an
antimicrobial agent. The final compositions of the emulsions are given in Table 2.1.
Day 0 measurements were carried out within 1-3 hours of emulsion preparation. For
time-dependent measurements, the emulsions were sealed and stored in refrigerator
at 4 oC. With a simple chilling test, it was assured that oil did not freeze under
refrigeration temperature. No pH adjustments were made to the final emulsions since
both WPI concentration and oil-phase volume fraction had little effect on pH. The
final pH of the emulsions ranged between 6.5-7.
Table 2.1. Composition of the O/W emulsions
Conc. of
Conc. of

Conc. of

quince seed

Sample

Conc. Of

sun flower

xanthan gum

extract

Description

WPI (% w/v)

oil (% v/v)

(% w/v)

(%w/v)

NOX

2

20

0

0

0.05X

2

20

0.05

0

0.1X

2

20

0.1

0

0.2X

2

20

0.2

0

0.3X

2

20

0.3

0

0.5X

2

20

0.5

0

0.75X

2

20

0.75

0

0.05Q

2

20

0

0.05

0.1Q

2

20

0

0.1

63

0.2Q

2

20

0

0.2

0.3Q

2

20

0

0.3

0.5Q

2

20

0

0.5

0.75Q

2

20

0

0.75

2.2.1.3

Confocal Microscopy

To study the microstructure of the emulsions, a confocal scanning laser microscope
was used (Zeiss LSM 510, Zeiss, Germany). CSLM was operated in fluorescence
mode. The samples were excited with an Ar laser at 488 nm, with light emitted back
at 585 nm. Nile Red was used to stain the oil phase. In CSLM images, stained oil
particles were displayed as bright red spots buried throughout the dark continuous
phase.
For staining, a modified version of the method by Sun and Gunasekaran (2009) was
followed (Sun and Gunasekaran, 2009). Nile Red was dissolved with acetone to
acquire 10% w/v Nile red solution. 20 µl aliquots of this solution were immediately
added to deionized water to obtain a Nile Red concentration of 0.01% w/v. 50 µl of
the dye solution was poured into 5 ml of each emulsion and resulting solution was
vortexed for 1 min. The whole staining procedure was carried out with minimal light
exposure to dye. Confocal images of samples 0.1X, 0.1Q, 0.5X and 0.5Q were taken
within 2 hours of preparation and on day 30.

2.2.1.4

Rheological Characterization

Shear rate ramp and amplitude sweep tests were conducted using a cone-and-plate
(40 mm diameter and 4° cone angle, 0.1425 mm gap) dynamic rheometer (Kinexus
Dynamic Rheometer, Malvern, UK). For shear rate ramp, shear stress values were
recorded for shear rates varying between 0.1 s-1 – 100 s-1, with a total ramp time of
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2 min and 20 sample points. Amplitude tests were conducted to measure the linear
viscoelastic region of the samples with varying strains of 0.1% - 100% and at a fixed
frequency of 1 Hz.
Xanthan gum is known to display shear thinning behavior and its solutions are
rhelogically characterized with power-law based models (Koocheki et al., 2009a).
Observing the shear stress vs shear rate curves and considering the results of previous
studies, the samples were fitted to three different models; Newtonian, power-law and
Herschel Bulkley model. The only model that consistently yielded good fitting
results for all samples (𝑅 2 >0.98) were the power-law model. Thus, for ease of
comparison, power-law model was chosen;
𝜏 = 𝐾𝛾̇ 𝑛

(2.1)

where 𝜏 is shear stress, 𝐾 is the consistency index, 𝛾̇ is shear rate, 𝑛 is flow behaviour
index. However, for some of the samples that either display non-negligible values of
yield stress (> 1 Pa) or have a flow behavior index (𝑛) higher than 0.9 so that it is
almost Newtonian; the results are separately reported inside text (Hosseini-Parvar et
al., 2010; Shiroodi et al., 2012). All data All rheological measurements were
performed at 25±0.1oC within 2 hours of emulsion preparation

2.2.1.5

Visual Assessment of Creaming

To assess the relative stability of the emulsions, creaming stability measurements
were conducted. The emulsions, within 30 min of preparation, were poured into glass
tubes, 10 mm in diameter and 100 mm in height. The tubes were sealed and kept at
4oC, and visually monitored over the course of 5 months. The emulsions displayed a
time-dependent separation into a top cream layer and a bottom serum layer.
Creaming index was calculated as;
𝐻

𝐶𝐼 (%) = 100 𝐻𝑆

𝑇
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(2.2)

where HS is the serum layer height, HT is the total emulsion height (Keowmaneechai
and McClements, 2002). Creaming stability data and images were used to evaluate
the extent of droplet aggregation in an emulsion. A higher aggregation rate favored
particle coalescence, which increased the rate of creaming.
Modified Stokes equation (Gouldby et al., 1991) (Eqn. 2) can be used to predict the
creaming rate of non-dilute emulsions with poly-dispersed particles;
𝑣=−

𝜙𝑚 𝑑𝑓2 (𝜌2 −𝜌1 )𝑔
18𝜂1

× (1 − 𝜙𝑓 )

4.65

(2.3)

Where 𝑑𝑓 is effective floc diameter, 𝜙𝑚 is maximum packing volume fraction, 𝜙𝑓 is
effective volume fraction, 𝑔 is acceleration due to gravity, 𝜌2 is the density of the oil
phase, 𝜌1 is the aqueous phase, and 𝜂1 is the viscosity of the continuous phase.

2.2.1.6

Particle Size Measurements

A light diffraction based particle size analyzer (Mastersizer 3000, Malvern, UK) was
used to analyze the volume−moment mean diameter (d43), calculated as;
∑ 𝑛 𝑑4

𝑑43 = ∑ 𝑛𝑖 𝑑𝑖3
𝑖 𝑖

(2.4)

where ni is the number of particles in emulsion with diameter di. The refractive index
and absorption values used were 1.56 and 0.1, respectively. Emulsions were diluted
to between 10-4 and 10-7 fold with distilled water to prevent possible multiple
scattering effects. Particle size measurements were performed at days 0, 4, 7, 10, 14,
20 and 30.

2.2.1.7
1

Nuclear Magnetic Resonance (NMR) T2 Relaxometry Experiments

H NMR relaxometry experiments were conducted on a 0.5 T NMR spectrometer

(SpinCore Inc, Gainesville, FL, USA) operating at a Larmor frequency of 23.2 MHz
for 1H equipped with a 10 mm diameter radio frequency (r.f.) coil. All data were
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recorded using a Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence with the
repetition delay (TR) set to 5s to minimize the effect of longitudinal relaxation on
the signal. The echo delay (TE) was set to 2000 µs and a total of 16 scans were
averaged for each of the 2750 echo maxima points. Mean spin-spin relaxation times
(T2) were calculated by fitting the decaying signal acquired over the 2750 points to
the equation;
𝑆 = 𝑀0 (𝑒

−

𝑇𝐸
𝑇2

)

(2.5)

where S denotes the NMR signal, M0 is the initial net magnetization. To calculate
the T2 times of distinct compartments, the signal was fit to a bi-exponential curve
instead. Samples were poured into 5 mm d. cylindrical tubes and were kept at 4 oC
until analysis. Approximately 3 hours before measurements, tubes were taken out of
the refrigerator and were allowed to equilibrate to room temperature (25oC) before
analysis.

2.2.2

Investigation of surface properties of quince seed
extract

2.2.2.1

Experimental Design

The experimental design followed is given in Table 2.2.
Table 2.2. Experimental Design for investigation of surface properties of QSE
Sample name

Concentration of QSE pH

NaCl Concentration

(% w/v)

(M)

Q0.01

0.01

7

0

Q0.025

0.025

7

0

Q0.05

0.05

7

0

Q0.1

0.1

7

0

Q0.15

0.15

7

0
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Q0.175

0.175

7

0

Q0.185

0.185

7

0

Q0.2

0.2

7

0

Q0.3

0.3

7

0

Q0.4

0.4

7

0

Q0.5

0.5

7

0

Q0.6

0.6

7

0

Q0.75

0.75

7

0

Q1

1

7

0

P3

0.3

3

0

P7

0.3

7

0

P11

0.3

11

0

S0

0.3

7

0

S0.1

0.3

7

0.1

S0.3

0.3

7

0.3

S0.5

0.3

7

0.5

Surface-active polymer concentration is one of the most influential factors in
determining the system's interfacial properties. Therefore, a wide range of
concentrations was investigated. After preliminary trials, the bottom limit was
decided as 0.01% (w/v), which is the least amount of polymer that has a notable
effect on lowering surface tension. The upper range was chosen as 1% (w/v) since,
after this concentration, the viscosity of the solutions was exceedingly high, which
is known to hinder the effects of surface relaxation due to molecular diffusion (PérezMosqueda et al., 2013). The concentration span between two consecutive
concentrations were narrowed down, getting closer to the identified critical
aggregation concentration (CAC=0.165 % w/v). This was done to identify CAC and
further examine the properties of the solution at that point.
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At a set concentration, the fate of the polysaccharide at the air-water surface, hence
the stability of the dispersions, is a function of its molecular characteristics and
water-air-polymer interactions. The hydrocolloid's conformation plays a vital role in
that regard (Kontogiorgos, 2019). Hydrocolloids dispersed in food systems, that can
display a wide range of pHs and ionic strengths similarly can exhibit exceptionally
different molecular conformations. Thus, we have prepared solutions with a set
amount of QSE (0.3% w/v) and changed pH (3, 7, and 11) and NaCl concentration
(0, 0.1, 0.3, and 0.5 M). Samples Q0.3, P7 and S0 are same, yet named differently
for ease of comparison of samples with different pHs and salt contents.

2.2.2.2

Quince Seed Extract Preparation

The same procedure from Section 2.2.1.1. was followed for QSE production.

2.2.2.3

Sample Preparation

Pre-determined amounts of QSE were added to Millipore water with pH adjusted (to
either 3, 7 or 11), and solutions were mixed with a magnetic stirrer for 3 hours before
measurements. QSE was acidic in nature, so to secure the set pHs, a final adjustment
was performed after QSE addition. For adjustment of ionic strength of solutions,
NaCl was added to Millipore water (pH7) in given amounts to obtain solutions of
0.1, 0.3, and 0.5 M.

2.2.2.4

Dynamic Surface Tension Measurements

For real-time surface tension data acquisition, a Ramé-Hart tensiometer (Ramé-Hart
Instrument Co., Netcong, NJ, USA) coupled with an automated dispenser was used.
The droplet profile was recorded through a charge-coupled device camera and
digitized via a computer with DropImage Advanced software, v.2.2. installed. A
schematic of the system is given in Fig. 2.1.
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PC with AV
Automatic Dispenser

Sample
Halogen

Teflon

Lamp
Quartz cuvette Air

Camera
Platform Support

Figure 2.1. Schematic representation of the pendant drop measurement setup for
measurement at an air-water interface
Prior to measurements, system was calibrated by a 4 mm diameter spherical standard.
Additionally, in-between measurements, syringe and needle were cleaned with
ethanol solution followed by an abundant rinse with MilliQ water. Cleanliness of
water and the equipment was ensured by measurement of surface tension of MilliQ
water. Measurements were pursued if water yielded a constant ST profile at 72 ±0.5
mN/m for 10 min. Data points were taken each 30 s. The automated pipette system
was adjusted to maintain drop volumes constant at 25 µL.
Pendant drop technique was employed for surface tension measurements. This
technique involves the calculation of surface tension from the size and the vertical
shape of a drop left hanging under the effect of gravity from the tip of a needle inside
a secondary fluid phase (which was air in our case). The needle was connected to a
syringe, which was controlled by computer software. Computer automation enables
rapid drop image acquisition, edge detection, and fitting of the axisymmetric drop
shape to the Young-Laplace equation to find the surface tension. The basic principle
of the measurement is based on the variation in pressure across a surface. The two
areas of curvature of the surface and surface tension are related to this pressure
difference by Young-Laplace equation (Eqn. 1).
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1

1

∆𝑃 = 𝛾 (𝑅 + 𝑅 )
1

2

(2.6)

where ∆𝑃 is Laplace pressure (the pressure difference across fluid interface), 𝛾 is the
surface tension, 𝑅1 and 𝑅2 are the orthogonal maximum curvature radii of the
elongated drop (Berry et al., 2015; W. Wang et al., 2014). The drop profiles were
continuously monitored, hence the reduction in surface tension could be recorded as
a function of time.
To distinguish the drop from any outside effects, the tip of the needle was positioned
inside a thermostatized quartz cuvette at 25 oC, and to keep relative humidity
constant inside; the cell was covered with waxed Teflon lids (Fig. 2.1). In order to
prevent droplet shrinkage due to evaporation, the cell was filled with 2 ml distilled
water. However, even in a saturated atmosphere, monitoring of a single droplet over
long periods is limited by evaporation or adsorption effects (Freer et al., 2004a;
Wüstneck et al., 1996). Evaporation causes a reduction in surface area, which causes
compression and changes in polymer density at the surface.
It was claimed by multiple researchers that it is not possible to identify the real
equilibrium of large surface-active polymers (such as proteins). These large
molecules, after positioning themselves to the sub-surface (which is the hypothetical
layer right beneath the interface), continue to reorient themselves to come up with
the most compact and effective conformation that minimizes surface free energy
(Beverung et al., 1999; Ward and Tordai, 1946). This procedure might continue even
after 24 h (Arabadzhieva et al., 2011; Beverung et al., 1999). However, as previously
mentioned, prolonged observation of the same drop is subject to errors due to water
evaporation/adsorption effects. For this reason, specimens were subjected to a
detailed analysis with a high number of replications for varying time periods. All
samples were monitored for 24 h at least twice. Depending on the results of these,
we believed reliable dynamic surface tension data could only be taken within the first
2 h. Hence, the remaining replicates were monitored for 60 to 120 min. Due to the
large and complex molecular structure of the QSE, relaxation profiles turned out to
be quite complicated, and repeatability was rather low. To ensure data reliability, the
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total number of replicates varied between 8-10. A two-way analysis of variance was
performed (with α=0.05).
Within the first 120 min, true adsorption equilibrium, if it really exists, could not be
reached. Nevertheless, after a period of 30-60 min, all samples displayed a pseudoequilibrium where the tension did not change by more than 1 mN/m in 1 h.
Equilibrium surface tension data reported are actually these pseudo-equilibrium
values. Similar behavior was observed by various researcher studying surface
behavior of proteins, and a similar approach was followed (Bouyer et al., 2013; Cao
et al., 2013; Sosa-Herrera et al., 2016; Vereyken et al., 2001; Wüstneck et al., 1996).

2.2.2.5

Surface Rheology

2.2.2.5.1 Theoretical Background
Equilibrium surface tension analysis and the rate of surface tension relaxation
provides information on surface coverage mechanism. However, viscoelasticity of
the interfaces after dilation/compression or shear, being much more sensitive to
disturbances in the adsorption layer, gives access to a broader range of information
that is not attainable with surface tension analysis only (Karbaschi et al., 2014).
In this method, the drop is subjected to a sinusoidal expansion and contraction at a
set oscillation frequency. A similar change in surface tension accompanies this
infinitesimal periodic change in area. The dilatational surface modulus (𝜀) is defined
as the change in surface tension (𝛾) with a change in surface area (𝐴) (Lucassen and
Van Den Tempel, 1972a).
𝑑𝛾

𝐸 = 𝑑𝐴

(2.7)

There are two contributions to dilatational modulus; dilatational storage modulus
(𝐸 ′ ) and dilatational loss modulus (𝐸′′).
𝐸 = 𝐸 ′ + 𝑖𝐸 ′′
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(2.8)

The real part 𝐸 ′ (storage modulus) refers to the recoverable elastic energy stored at
the interface after a change in surface area. The imaginary part 𝐸′′ (loss modulus)
refers to the energy dissipated through surface tension relaxation by adsorption of
surfactants dissolved in the bulk phase. 𝐸′ and 𝐸′′ can be calculated independently
from the following equations (Cao et al., 2013);
𝐴

𝐸 ′ = ∆𝛾 ∆𝐴0 𝑐𝑜𝑠𝜃
𝐴

𝐸 ′′ = ∆𝛾 ∆𝐴0 𝑠𝑖𝑛𝜃

(2.9)
(2.10)

Where ∆𝛾 is the periodic variation in interfacial stress, ∆𝐴 is the periodic variation
in interfacial area and 𝜃 is the phase angle between the periodic stress and strain
curves.
Interfacial stress and surface area are calculated from the following relations;
𝛾 = 𝛾0 + ∆𝛾 sin(𝜔𝑡 + 𝜃)

(2.11)

𝐴 = 𝐴0 + ∆𝐴𝑠𝑖𝑛(𝜔𝑡)

(2.12)

Where the parameters 𝛾0, ∆𝛾, 𝐴0 , ∆𝐴 and 𝜃 are determined by regression using a
least squares method. Once these parameters are found, dilatational storage and loss
moduli can be calculated from Eqns. (4) and (5) (Freer et al., 2003). For a more
comprehensive review of oscillatory pendant-drop tensiometry theory, readers are
advised to refer to (Miller et al., 1996).

2.2.2.5.2

Dilatational Rheology Measurements

Dilatational rheology measurements were carried out with the same Ramé-Hart
tensiometer (Ramé-Hart Instrument Co., Netcong, NJ, USA) tensiometer used for
dynamic surface tension data acquisition. Oscillation in area was provided by
automated dispenser coupled with a gas-tight syringe, capable of oscillating drop
area with a maximum frequency of 0.2 Hz. 𝐸 ′ and 𝐸 ′′ was calculated by fitting of
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area, surface tension and time data to the above-mentioned equations using
DropImage Advanced Software, v.2.2.
Upon preliminary amplitude sweep measurements, a strain of below %10 was found
to be suitable to devoid the samples off non-linear effects (data not shown). For 25
µL sized drops, below %1 strain, the moduli could not be calculated due to
instrument restrictions. Other researchers have also stated a strain of below %10 to
lie within the linear viscoelastic region (Ravera et al., 2010; Rühs et al., 2013).
Nevertheless, most disturbances happening during preparation, storage and
transportation of dispersions, cause strains usually higher than this limit. Most
interfacial responses in real-life, thus, are non-linear (Mendoza et al., 2014). Eqs. (4)
and (5) require the perturbations to be limited to a strain that lies within the linear
viscoelastic regime. Consequently, to better represent real life behavior, strain for
oscillation measurements was chosen as %8, which lies within the linear region and
is close to the upper limit of that. Additionally, in order to maintain a Laplacian shape
for the oscillating drop, we restrain attention to drops that are not highly viscous (up
to 1% w/v QSE).
Similar to the dynamic-tension measurements, surface rheological response is
observed over long time frames. To avoid continually oscillating the same drop for
long periods of time, fresh drops are formed for each experiment and aged for 30
min before starting periodic oscillations. Area was varied at a constant strain of 8%,
at 10 different frequencies between 0.01-0.1 Hz. 40 points were recorded with a
period of 4. Experiments were repeated 5 times for each sample. All experiments
were performed at 25 oC.

2.2.2.6

z-Average Particle Size

Quince seed extract mean radius was estimated by calculation of z-average particle
sizes using a Malvern Zetasizer (Nano ZS, Malvern, UK). The system was based
on dynamic light scattering. The method involves the measurement of self-
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diffusion coefficient (𝐷, 𝑚2 /𝑠) and conversion of it to hydrodynamic diameter
(𝑑𝐻 , 𝑛𝑚) according to Stokes-Einstein equation.
𝑘𝑇

𝑑𝐻 (× 109 ) = 3𝜋𝜂𝐷

(2.13)

Where 𝑘 is the Boltzman’s constant and 𝑇 is the absolute temperature (𝐾) (Y. Yang
et al., 2012). Experiments were conducted in standard disposable cuvettes at 25 oC
with a refractive index of 1.45 for the biopolymer. To ensure observation of
aggregate sizes at the pre-determined concentrations, solutions were not diluted.
Nevertheless, as confirmed with the software’s data quality section, none of the
samples displayed multiple scattering. The results obtained are mean of 100
measurements from three replicates each.

2.2.2.7

Estimation of Diffusion Coefficient from Tensiometer
Measurements

Dynamic surface tension can be utilized as a tool for investigating the adsorption
mechanism of surface-active material onto interfaces. In the case of low molecular
weight surfactants, there are a number of adsorption theories whose accuracy is wellestablished over many years of research. However, for polymers, no such model
exists. In this study, we have used a diffusion-controlled adsorption model.
Measurements of the dynamic surface tension are used to define the adsorption
process using an approach by Fainerman et al. (1994) to determine the effective
diffusion coefficient (Fainerman et al., 1994). The diffusion coefficients found with
this approach are 𝐷𝑒𝑓𝑓 values, yet they still provide information about the rate of
interfacial layer formation. 𝐷𝑒𝑓𝑓 calculated this way is expected to lie within a certain
range. Unrealistically low results would indicate that processes slower than diffusion
determines the rate of adsorption, whereas too high values point out to an error in
the fitting or the lack of assumptions necessary to identify a process seemingly faster
than diffusion (Wüstneck et al., 1996).
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To distinguish between the initial and final rate of adsorption, two diffusion
coefficients at the time dependencies as 𝑡 → 0 and 𝑡 → ∞ will be determined. For
low protein concentrations and as 𝑡 → 0, diffusion coefficients can be estimated
solely from 𝛾 − 𝑡 dependencies without the requirement of any particular conditions
(such as obeying any well-recognized adsorption isotherm).
Calculation of 𝐷𝑒𝑓𝑓 at long times, on the other hand, requires the information of the
thermodynamic equilibrium state of the interfacial layer. For proteins that may never
reach a true equilibrium, this knowledge does not exist. In our case, the quasiequilibrium points were used. The identification of these were previously stated in
Section 2.2.2.4. Taking all these into account and the fact that polymers behave
differently at short and long times, the two diffusion coefficients (𝑡 → 0 and 𝑡 → ∞)
does not necessarily have to be in good agreement (Freer et al., 2004a; Wüstneck et
al., 1996).
𝐷𝑒𝑓𝑓

𝑡→0

can be determined from the following relation;
𝐷𝑒𝑓𝑓

𝜋

𝑡→0

1

𝑑𝛾

= 4 [𝑅𝑇𝑐 (𝑑𝑡 0.5 )

𝑡→0

]

2

(2.14)

where 𝑇 is the temperature (𝐾), 𝑐 is the concentration (𝑀), 𝑅 is the gas constant
𝑗

𝑁

𝑑𝛾

(𝑚𝑜𝑙.𝐾) and 𝛾 is surface tension (𝑚) (Wüstneck et al., 1996). 𝑑𝑡 0.5 is the slope of the
initial linear section of 𝛾 vs 𝑡 0.5 curve. However, choice of method (pendant drop)
limits the acquisition of surface tension at 𝑡 = 0 (where surface concentration Γ =
0). Even the first measurement taken right after the drop was full formed at the tip
of the needle does not give the correct surface tension at 𝑡 = 0. Especially for higher
surface-active polymer concentrations, the initial adsorption will presumably be > 0.
Thus, 𝛾 was extrapolated to 𝛾 = 𝛾0 , where 𝛾0 is the surface tension of water. The
measurements were repeated if the time when 𝛾 = 𝛾0 differed from 0 by more than
3 s. If this prerequisite was met, the results were deemed reliable.
To find 𝐷𝑒𝑓𝑓

𝑡→∞

, the following relation can be used;
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𝑑𝛾

(𝑑𝑡 0.5 )

=

𝑡→0

2𝑅𝑇Γ2
𝑐

(4𝐷

𝜋
𝑒𝑓𝑓 𝑡→∞

0.5

)

(2.15)

where Γ is the surface excess concentration. Assuming the polymer’s adsorption is
identified by Gibb’s adsorption isotherm, given as;
𝑐 𝑑𝛾

Γ = − 𝑅𝑇 𝑑𝑐

(2.16)

We obtain;
𝐷𝑒𝑓𝑓

𝑡→∞

(

=𝜋

𝑑𝛾 4
)
𝑑𝑙𝑛𝑐
𝑑𝛾

2

(2.17)

(𝑅𝑇𝑐( −0.5 )
)
𝑑𝑡
𝑡→∞

Though Gibb’s equation may not ideally represent polymer adsorption mechanism,
there are many approaches used for proteins that are based on Gibb’s equation
(Radke, 2015, 2014; Wüstneck et al., 1996; Young and Torres, 1989).

2.2.2.8

Estimation of Diffusion Coefficient using NMR Relaxometry
Measurements

NMR experiments were conducted on a 0.32 T NMR system (Spin Track SB4, Mary
El, Russia). Self-diffusion coefficients (SDCs) of QSE samples were determined
using a pulse gradient spin echo sequence with three 22 µs, 90° pulses. The time
intervals between the first and the second pulses and between the second and the
third pulses were 2 ms and 60 ms, respectively, with an acquisition time of 500 µs.
The duration of the pulsed gradient field was 1 ms, and the gradient strength was
1.66 x 10-2 T/m. All NMR measurements were repeated four times for each sample
and NMR results ( gradient vs amplitude data) were fitted to a suitable equation to
estimate self-diffusion coefficients using MATLAB. All fittings resulted in R2 >
0.95.
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2.2.3

Examination of interfacial properties of quince seed
extract on a sunflower oil-water interface

2.2.3.1

Experimental Design

The experimental design is presented in Table 2.3.
Table 2.3. Experimental Design for investigation of interfacial properties of QSE
Sample name

Concentration of

pH

QSG (% w/v)

NaCl Concentration
(M)

Water

0.01

7

0

Q0.02

0.025

7

0

Q0.05

0.05

7

0

Q0.1

0.1

7

0

Q0.2

0.2

7

0

Q0.3

0.3

7

0

Q0.4

0.4

7

0

Q0.5

0.5

7

0

Q0.75

0.75

7

0

Q1

1

7

0

P3

0.3

3

0

P7

0.3

7

0

P11

0.3

11

0

S0

0.3

7

0

S0.1

0.3

7

0.1

S0.3

0.3

7

0.3

S0.5

0.3

7

0.5

Out of the many factors that shape a system's interfacial properties, surfactant
concentration is one of the most influential. Therefore, concentration was determined
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as the main parameter for this study. After some preliminary experiments, the bottom
and upper limit was chosen as 0.01 and 1% w/v, respectively. Concentrations lower
than 0.01% had next to no effect on interfacial tension, whereas concentrations
higher than 1% were exceedingly high, which could introduce a viscosity induced
hindrance to polymer diffusion.
The molecular conformation is another vital element determining interfacial
properties (Kontogiorgos, 2019). Thus, factors such as pH and ionic strength that
play a key role in the molecular arrangement were chosen as the other independent
variables for the study. For this purpose, solutions were prepared with a constant
QSE concentration (0.3% w/v) and adjusted to pHs 3, 7, and 11 and NaCl
concentrations of 0.1, 0.3, and 0.5 M.

2.2.3.2

Quince Seed Extract Preparation

The same procedure from Section 2.2.1.1. was followed for QSE production.

2.2.3.3

Sample Preparation

Pre-determined concentrations of QSE were added to Milli-Q water with pH set (to
either 3, 7 or 11), and solutions were mixed with a magnetic stirrer for 3 hours prior
to analyses. QSE was acidic in nature, so to ensure the set pHs, an additional
adjustment was performed after QSE incorporation. For modification of ionic
strength of solutions, NaCl was added to Milli-Q water (≅pH7) in assigned amounts
to achieve solutions of 0.1, 0.3, and 0.5 M.

2.2.3.4

Dynamic Interfacial Tension Measurements

For real-time surface tension data acquisition, a Ramé-Hart tensiometer (Ramé-Hart
Instrument Co., Netcong, NJ, USA) coupled with an automated dispenser was used.
The droplet profile was monitored through a charge-coupled device camera and
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digitized via a computer with DropImage Advanced software, v.2.2. installed. A
schematic of the system is given in Fig. 2.2. Pendant drop method was employed.
This method involves the acquisition of surface tension data by relating the shape
that a drop of a primary fluid takes inside a secondary fluid, to interfacial tension by
using the Young-Laplace relation (Berry et al., 2015; W. Wang et al., 2014).
PC with AV

Automatic Dispenser

Sample
Teflon

Halogen
Lamp

Quartz cuvette

Camera

Oil
Platform Support

Figure 2.2. Schematic representation of the pendant drop measurement setup for
measurement at an oil-water interface
The system was calibrated with a 4 mm diameter spherical standard prior to analyses.
In-between measurements, syringe, and needle were washed with ethanol solution
followed by an abundant rinse with Milli-Q water. The purity of water and
cleanliness of the equipment were assured by measuring surface tension of water
used. We have analyzed if water generated a constant ST profile at 72 ±0.5 mN/m
for 10 min. Measurements were taken each 30 s. The automated pipette system was
adjusted to maintain drop volumes constant at 25 µL.
The needle tip was positioned inside a thermostatized quartz cuvette at 25 oC (Fig.
2.2). The cuvette was filled with approximately 30 ml of sunflower oil. Sunflower
oil was pre-saturated with water by mixing it with water (1:1 ratio) by a magnetic
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stirrer for 24 h. The mixture is left to settle, and the separated oil phase is
subsequently removed from the water to be used for analysis.
Surface active polymers, with their large and complex molecular structure, continue
to reorient, and change their molecular arrangement even after being positioned to
the interface. This process could last over a day (Arabadzhieva et al., 2011; Beverung
et al., 1999; Ward and Tordai, 1946). However, such a long measurement of droplets
might introduce problems of their own. In our case, we could not ever achieve perfect
equilibrium. The interfacial tension kept decreasing even after 24 h. What is
interesting is that, this continuous reduction was observed even for water. This could
be related to the contaminants in oil that exhibit surface activity. A similar behavior
was observed by other researchers in the past (Bouyer et al., 2013; Seta et al., 2014).
Additionally, even after the pre-saturation of oil, it was able to dissolve water.
Though the solubility is minimal, it still caused enough reduction in the interfacial
area to affect interfacial tension significantly.
After prolonged monitor of most of the samples for at least 12 h, we have decided
that reliable dynamic surface tension data could be taken within the first 60 min for
most samples. Within this time, true adsorption equilibrium is not achieved.
Nevertheless, the reduction in interfacial tension slowed down to < 1 mN/m per 1 h,
which was identified by the researchers as a pseudo-equilibrium state. Equilibrium
interfacial tension data shown in Fig. 3.16 are the interfacial tension values that this
pseudo-equilibrium state starts. To maximize data reliability, 8-10 measurements
were taken from each sample. To identify the statistical significance of the difference
between samples, a two-way analysis of variance test was performed (with α=0.05).
Similar behavior was witnessed by several researchers examining surface behavior
of proteins, where a similar approach was pursued (Bouyer et al., 2013; Cao et al.,
2013; Miller et al., 1996; Sosa-Herrera et al., 2016; Vereyken et al., 2001).
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2.2.3.5

Dilatational Interfacial Rheology

Dilatational rheological measurements were performed with the Ramé-Hart
tensiometer (Ramé-Hart Instrument Co., Netcong, NJ, USA) tensiometer likewise
used for dynamic surface tension data acquisition. Oscillation in area was provided
by automated dispenser coupled with a gas-tight syringe, capable of oscillating drop
area with a maximum frequency of 0.2 Hz. Modulus data was calculated by
mathematical fitting of area, surface tension and time data with the help of
DropImage Advanced Software, v.2.2.
The dilatational interfacial modulus (𝜀) is described as the change in surface tension
(𝛾) with a change in surface area (𝐴) (Lucassen and Van Den Tempel, 1972a) (Eqn.
1). The method involves the introduction of a sinusoidal expansion and contraction
to the drop in order to observe the subsequent change in interfacial tension.
Dilatational modulus has two contributors;
𝑑𝛾

𝜀 = 𝑑𝐴 = 𝜀 ′ + 𝑖𝜀 ′′

(2.18)

where 𝜀 ′ is dilatational storage modulus and 𝜀′′ is dilatational loss modulus. The real
part 𝜀 ′ (storage/elastic modulus) is associated with the recoverable energy stored at
the interface, whereas the imaginary part 𝜀 ′′ (loss/viscous modulus) is associated
with the energy dissipated through relaxation of interfacial tension through
adsorption of surfactants dissolved in the bulk phase. (Cao et al., 2013). For an
ideally elastic interface, there is an instantaneous change in interfacial stress
following the change in interface area without any delay (Mendoza et al., 2014).
Nevertheless, for most real systems there is a phase angle (𝜃) born out of the delay
between the periodic oscillations of area and interfacial stress curves (Freer et al.,
2004a).
Upon preliminary amplitude sweep measurements, a strain of < %10 was found to
be suitable to rid the samples of non-linear effects (data not shown) identified with a
modulus dependency on the applied strain. The presence of a strain dependency
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invalidates the relations employed to estimate dilatational moduli. Thus,
perturbations were carried out at a strain of 8%, which belongs to the linear
viscoelastic region, and is close to the upper limit so that it might better represent
disturbances occurring in real life (Mendoza et al., 2014).
As in the dynamic-tension measurements, the interfacial rheological response is
monitored over long time spans. To avoid continuously oscillating the same drop for
extended periods, new drops are formed for each measurement and aged for 30 min
prior to analysis. Area was altered at a constant strain of 8%, at 10 different
frequencies between 0.01-0.1 Hz. For each frequency, 40 points were measured with
a period of 4. Experiments were repeated 5 times for each specimen. All experiments
were conducted at 25 oC.

2.2.4

Statistical Analysis

Statistical analyses were performed using statistical analysis software (Minitab
v16.0, Pennsylvania, USA). For comparison of the means to identify which groups
were significantly different from others, analysis of variance (ANOVA) with Tukey's
multiple comparison test was used. Differences were considered significant for p <
0.05.
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CHAPTER 3

3

RESULTS & DISCUSSION

As previously stated, the dissertation can be divided into three different studies that,
as a whole, compliment eachother. Section 3.1 is dedicated to evaluation of
stabilization properties of QSE in an oil-in-water emulsion, and comparing it to a
non-adsorbing and commonly employed biopolymer, Xanthan Gum. Section 3.2 and
3.3, that follows, are dedicated ot the investigation of surface (air-water) and
interfacial (oil-water) properties of the biopolymer, respectively.

3.1

Characterization of emulsion stabilization properties of quince seed
extract as a new source of hydrocolloid

3.1.1

3.1.1.1

Rheological Characterization

Linear-Viscoelastic Behavior

Rheological characteristics of emulsions are shaped by various interaction forces
taking place in the system during creaming, sedimentation, flocculation, coalescence
and Ostwald ripening. A number of parameters influence emulsion flow
characteristics such as oil volume fraction, chemical composition and viscosities of
the dispersed and continuous phases, electrolyte concentration, droplet granulometry
as well as interfacial rheology (Tadros, 1994).
Most of the dynamic rheological measurements are carried out in the linear
viscoelastic range. The range of linear viscoelastic region is determined by three
factors; (a) length of the polymer molecules, (b) elasticity of the molecular chains,
and (c) interactions between portions of a polymer molecule with other portions of
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the same molecule or other molecules (Rouse, 1953). Storage modulus (G’) is
insensitive to changes in strain until a critical strain value. In amplitude sweep
measurements; if the deviation from linear becomes larger than 5%, the linear
viscoelastic region is over (Abbastabar et al., 2015). The length of linear viscoelastic
region is associated with the strength of polymer gel and is a crucial indicator
determining whether the gel behaves like a particle (strain weakening, short linear
region, small rupture strain) or polymer gel (strain hardening, long linear region, and
large rupture strain) (Abbastabar et al., 2015; Sun and Gunasekaran, 2009).
Table 3.1. Effect of XG and QSE concentration on consistency (K), flow index (n)
and correlation coefficient of power law model (R2) and length of linear viscoelastic
range in 2% (w/v) WPI stabilized emulsions containing 20% v/v O/W.
Linear
Viscoelastic
Sample

range

Description

K (Pa.sn)

n

R2

strain)

0.05Q

0.016g

0.918a

0.994

-

0.1Q

0.029g

0.834ab

0.994

3.35e

0.2Q

0.063g

0.770b

0.996

3.90de

0.3Q

0.136fg

0.618c

0.995

6.40cd

0.5Q

0.349e

0.526d

0.997

10.30ab

0.75Q

1.012d

0.417e

0.997

10.95a

0.05X

0.051g

0.682c

0.999

-

0.1X

0.225ef

0.505d

0.999

2.35e

0.2X

0.889d

0.331f

0.999

4.95de

0.3X

2.083c

0.259fg

0.999

6.05cd
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Tanle 3.1. (continued)
0.5X

5.733b

0.184gh

0.999

7.95bc

0.75X

9.927a

0.159h

0.998

10.85a

Means within the same column, followed by the different letters (a–h) are
significantly different (p<0.05).
The % strain that G’ deviates from linear for each sample is given in Table 3.1. No
measurements could be taken for control sample (NOX) and 0.05X and 0.05Q
samples as they did not display any visible viscoelastic region. The rest of the quince
and xanthan emulsions exhibited increasing range in viscoelastic region with an
increasing gum concentration. This could be explained with increased polymer gel
strength and viscoelastic behavior with gum concentration. Quince and xanthan
samples displayed comparable linear viscoelastic ranges for the same concentrations.
For 0.75X and 0.75Q, G’ deviated from linear at 10.85 % and 10.95 %, respectively.
Table 3.2 shows linear region storage (G’) and loss modulus (G’’) at 1 MHz
frequency for all samples. For dilute solutions, G’’ and G’ were quite close to each
other. As gum concentration increased, G’ increased more than G’’. At 0.75 % w/v,
G’ became excessively larger than G’’. This indicated that the gum solution tended
to generate macromolecular networks with a more elastic behavior at higher gum
concentrations (>0.2% for Xanthan, >0.3% for Quince emulsions). Both G’ and G’’
for xanthan emulsions were approximately 8 times the magnitude of those of quince
emulsions indicating a more elastic behavior, a stronger structure, higher resistance
to flow which was also observed through shear rate ramp experiments.
Table 3.2. Effect of XG and QSE concentration on elastic (G’) and loss modulus
(G’’) in 2wt% WPI stabilized emulsions containing 20% v/v O/W.
Sample
Description
0.1X

G' (Pa)
0.475b

G''
(Pa)
0.530d
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Table 3.2. (continued)
0.2X

1.930b

1.500cd

0.3X

6.050b

3.400c

0.5X

17.00a

5.850b

0.75X

26.15a

9.050a

0.1Q

0.055b

0.130d

0.2Q

0.140b

0.195d

0.3Q

0.380b

0.410d

0.5Q

1.225b

0.975d

0.75Q

1.750b

1.070d

Means of each gum type within the same column, followed by the different letters
(a–e) are significantly different (p<0.05).

3.1.1.2

Flow Characteristics

Shear thinning behavior, identified with a decreasing apparent viscosity with an
increasing shear rate, is probably the most encountered flow behavior in emulsions
(Bouyer et al., 2012). Different models have been proposed to define shear-thinning
behavior in low, medium, and high shear rate ranges; such as power law, HerschelBulkey, Cross, Reiner-Philippoff, Van Wazer, and Powel-Eyring (Abbastabar et al.,
2015). A number of studies have utilized Cross model for characterization of
rheological behavior of quince seed extract emulsions (Abbastabar et al., 2015,
2014). Cross model, similar to power law model, can be used to describe pseudo
plastic behavior, but is valid for a wider range of shear rates (Abbastabar et al., 2015).
However, it is quite common for xanthan solutions to be identified with a power law
model (Krstonošić et al., 2019; Sun et al., 2007; Sun and Gunasekaran, 2009; Tian
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et al., 2015). For ease of comparison, a relatively narrow shear rate range was chosen
(0.1 s-1-100 s-1) and the rheological data were fit to power law, Herschel-Bulkey and
Newtonian models depending on the presence of a yield stress and/or shear thinning
behavior.
It is common for solutions containing polysaccharides with thickening properties to
display Newtonian behavior until a certain polymer concentration (i.e. critical
concentration). The critical concentration (C*) is where the solution shows a
transition from dilute to semi-dilute state at which interaction of molecules increases
and interpenetration occurs (Hwang and Kokini, 1991; Williams and Phillips, 2009).
Below this value, polymer molecules are widely spread and molecule chains have no
interaction with each other. As concentration increases, overlapping of polymer
chains occur which results in a non-Newtonian behavior (Beckett, 1996). Critical
concentration for xanthan gum solutions has been previously defined as 0.1 g solid /
100 ml soln. (Walstra, 2002). However, in this study a significant shear thinning
behavior in all xanthan gum emulsions including the one with 0.05 g gum / 100 ml
soln (0.05X), was observed. This was most likely related with the synergistic effect
of whey protein isolate (WPI) and polysaccharides on the flow characteristics
(Bryant and McClements, 2000). 0.05Q emulsion, on the other hand, displayed
negligible changes in apparent viscosity values with changing shear rates and yielded
a power law index (n) of 0.92 (which is close to 1). Hence, it was more suitable to
define 0.05Q with a Newtonian model. Nevertheless, for quince seed extract
concentrations ≥ 0.1 % w/v; the emulsions exhibited a shear-thinning behavior.
Control sample (NOX) was fit to a Newtonian model with high correlation
coefficients (r2=0.997), and demonstrated a viscosity (µ) of 0.007 Pa.s.
There are a number of ways to increase the stability of emulsions such as (a) using
an adsorbing biopolymer or small surfactant that decreases interfacial tension, (b)
increasing thickness and viscoelastic behavior of the interfacial layer, (c) using a
non-adsorbing biopolymer (such as xanthan gum) to increase the viscosity of the
continuous phase and minimize particle collisions. A higher viscosity and yield stress
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greatly decreases the possibility of phase separation through creaming and
sedimentation.
Table 3.1 lists the consistency index (K) and power law index (n) values. For all
emulsions, emulsion consistency and shear thinning behavior was more pronounced
with increasing gum concentrations. For quince samples, emulsion viscosity was
quite insensitive to shear rate changes in dilute concentrations (0.05Q & 0.1Q); this
effect was replaced by a dominant shear thinning behavior at increasing
concentrations but never reached the levels of xanthan gum emulsions. At 0.75 %
w/v gum concentration, 0.75X possessed an extremely larger K (9.93 Pa.sn) and a
much smaller n (0.16) compared 0.75Q (K=1.012 Pa.sn, n=0.42). Fig. 3.1 shows the
change in apparent viscosity with shear rate for XG and QSE emulsions. As apparent
from Fig. 3.1a & 3.1b, all xanthan gum emulsions displayed higher viscosities than
their quince counterpart, as well as a higher dependency on shear rate illustrated with
a higher negative slope. For xanthan and quince samples that had similar K values,
n was smaller in xanthan gum emulsions. This underlines the relative power of
xanthan gum in giving shear-thinning characteristic to solutions. Under the effect of
an increasing shear rate, the emulsion droplets and polymer chains become more
ordered along the direction of flow which decreases the resistance to flow observed
as a lower viscosity. Xanthan gum molecules are capable of quickly aligning to
direction of flow and decrease the interaction between chains, thus showed better
shear thinning capability compared to quince mucilage (Abbastabar et al., 2015;
Hosseini-Parvar et al., 2010; McClements, 2004). Yield stress values were negligibly
small for most of the emulsions (<0.5 Pa) except 0.5X and 0.75X, which possessed
yield stress values of 0.85 Pa and 1.54 Pa, respectively. Xanthan gum solutions
overall had much higher viscosities, a more solid behavior when not under any stress
and an ease in mixing coming from the higher sensitivity to shear rate. Even for gum
concentrations that had similar apparent viscosities for the two gum solutions, the
lower n provides xanthan gum samples with a preferred fluidity when under the
effect of high shear rates.
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Apperant Viscosity (Pa.s)

100

0.05Q
0.75Q
0.05X
0.75X

10

1
0,1

1

10

100

0,1

0,01

Shear rate (s-1)

Figure 3.1. Effect of XG and QSE concentration on flow behavior of 2 %w/v WPI
stabilized emulsions containing 20%v/v sunflower oil.

3.1.2

Particle Size Distribution

Particle size measurements were performed at days 0, 4, 7, 10, 14, 20 and 30. Day 0
measurements were taken within an hour of sample preparation. Control samples
(NOX), and 0.05Q displayed a phase separation approximately 3-4 hours after
sample preparation. In the next 24 hours, further phase separations occurred in three
other samples with dilute gum concentrations (0.05X, 0.1X and 0.1Q). Hence, these
unstable samples were not further analyzed after day 0 measurements.
In contrast to our expectations, the volume-moment mean diameters (d43) of the
remaining samples did not change significantly over the course of 30 days (p>0.05)
(Fig. 3.2). However, the d10 (particle diameter corresponding to 10% of cumulative
undersize particle size distribution) of the samples exhibited a slight but significant
increase (data not shown) (p<0.05). After the visible disruption in stability of
samples with gum concentrations ≤ 0.1 (%w/v), the remaining samples seemed to be
stable over the course of 30 days. The experimental time scale was most likely not
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sufficient for molecules inside biopolymer network to overcome kinetic energy
barriers associated with the restricted movement of the dispersed particles.
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Figure 3.2. Change in volume−moment mean diameter (d43) of 2 %w/v WPI
stabilized emulsions containing 20%v/v sunflower oil with respect to storage time
and quince seed extract/xanthan gum concentration.
Another explanation is related with the procedure of measurement. Measurements
took place in 10-4 - 10-7 diluted mixtures that were continuously stirred at 2000 rpm.
This could have resulted in separation of flocculated particles. Flocculation of oil
particles is known to be reversible with mild stirring, whereas coalescence that
involves rupture of the thin liquid film of the continuous phase requires much higher
energy inputs to be reversed. Thus, coalescence is accepted as irreversible
(Damodaran, 2005; Wilde et al., 2004). Stirring during measurements could have
reversed particle flocculation. This, coupled with the presence of whey and other
proteins in quince mucilage most likely was sufficient to prevent coalescence and a
possible change in d43 during the 1 month that measurements were taken.
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Fig. 3.3 shows day 0 measurements of each sample. d43 particles sizes display a
decreasing trend with increasing gum concentration. There was a high negative
correlation between the particle sizes and gum concentration (Pearson correlation
coefficients of 0.90 and 0.91 for quince and xanthan gum emulsions, respectively).
As stated by Walstra et al. (1988), the average particle size of droplets achieved by
dispersion of oil in water is governed by the following empirical equation;
3

𝑑𝑎𝑣 ∝

𝛾𝑖5

2 1

𝐸 5 𝜌5

(3.1)

Where E is the energy input per unit volume, 𝛾 is the interfacial tension between the
two phases and 𝜌 is the density of the continuous phase (Walstra, 1988). Eqn. 4 states
that the mean particle size of emulsions prepared by the same method would be
higher for a larger density of the continuous phase. This is in agreement with our
finding that relates gum concentration with mean particle size. A higher mean
particle size increases the creaming rate by increasing the net force acting on the
particles, hence, is usually associated with a lower stability. Confocal microscope
images and creaming index measurements (Sections 3.4 and 3.5) also suggested at
an increased stability with increasing xanthan gum and quince seed extract
concentration. Emulsions prepared with xanthan gum had lower particles sizes than
quince seed extract emulsions; this could be explained with the possible adsorbing
nature of quince seed extract. Quince seed extract contains 10-25 % wt. proteins
which are known to adsorb at the oil-water interface due to presence of hydrophobic
and hydrophilic sides arbitrarily distributed in their tertiary structure (Ritzoulis et al.,
2014).
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Figure 3.3. Effect of gum type and concentration on Day 0 volume−moment mean
diameter (d43) measurements

3.1.3

NMR T2 Relaxation Measurements

Time domain NMR is a powerful noninvasive method to investigate microstructure
of water-based systems. Some applications in emulsions include particles size
measurements (Haiduc et al., 2007; Van Duynhoven et al., 2002), evaluation of
mobility states (Duval et al., 2006; Le Botlan et al., 2000) and quantification of
dispersed phase ratio (DPR) (Bernewitz et al., 2013; Le Botlan et al., 2000; Peña and
Hirasaki, 2003).
In 1H NMR measurements, sample placed in an external magnetic field is disturbed
by a secondary momentary magnetic signal that is perpendicular to the previous one.
After removal of the secondary signal, the sample relaxes to its former state. The
transversal component of the exponential relaxation is governed by the relaxation
time, T2. Protons of the sample with different environments will relax at different
rates, which ensure separation of signal coming from varying proton pools with their
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respective relaxation times (Kirtil et al., 2014; E. Kirtil and Oztop, 2016).
Transversal relaxation of mobile protons is usually described by an exponential
relaxation curve with T2 relaxation times larger than 2 ms. By setting an echo time
(TE) of 2 ms, it was ensured that the signal only comes from the mobile protons;
which, in our case, is majorly dominated by protons from oil and water (Duval, et
al., 2006). Accordingly, the exponential decaying signal was fit to a mono and biexponential curve to observe the changes in overall T2 times and T2 times of the
water and oil phases.
The measurements were taken for each sample, right after sample preparation and
over the course of 30 days. The results are of mono- and bi-exponential fitting of
relaxation data is given in Fig. 3.4 and Fig. 3.5, respectively. NOXc and NOXs refer
to the cream and serum phases acquired after phase separation of the control sample
NOX. As apparent in Fig. 4, all the mean T2 times reside within the limits set by T2
times of NOXc and NOXs. NOXs displayed the highest T2 times (≅1350 ms).
However, this value is still excessively smaller than that of pure water (≅2500 ms)
(Chary & Govil, 2008) most likely due to labile whey protons (such as in ~OH)
increasing the relaxation rate of water protons (Duval et al., 2006). Cream phase, on
the other hand, that contains high amounts of sunflower oil displays much faster
relaxation rates characterized with the lowest T2 times overall. Oil protons resonance
at a frequency that is close to Larmor frequency for 1H, thus exhibiting a much higher
rate of energy exchange compared to water, and is characterized by short T2 times
(≅150 ms) (Belton et al., 2003).
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Figure 3.4. Mean NMR T2 relaxation times of 2 %w/v WPI stabilized emulsions
containing 20% v/v sunflower oil with respect to storage time and quince seed
extract/xanthan gum concentration
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Figure 3.5. T2 relaxation times acquired through bi-exponential fitting of NMR
relaxation data of 2 %w/v WPI stabilized emulsions containing 20% v/v sunflower
oil with respect to storage time and quince seed extract/xanthan gum concentration
The fact that mean T2 of all samples (Fig. 3.4) lies between the extremes of cream
and serum T2 values was an indicator of the increased exchange of protons between
the two phases through emulsification. This intermediate relaxation rate could be
associated with (a) the increased contact area between the two phases by dispersion
of oil into water, (b) the presence of surface active agents adsorbed on the interface
(E. Kirtil and Oztop, 2016). In that regard, T2 relaxation times are expected to
decrease with a decreasing particle size and an increasing macromolecule and/or
surfactant concentration. As previously discussed, the particle sizes did not display
a changing trend with time. In that regard, it is normal for T2 relaxation time to yield
similar results. The chosen time scale coupled with the high random deviation in
NMR measurements (caused by momentary changes in frequency) might have
hindered the possibility of observing a statistically significant trend with time.
In Fig. 3.5, it is seen that the signal from oil (T2b) is not much affected from gum
concentration or type, since the mobility of oil is not affected from gum addition.
However, as seen in Fig. 3.4 and Fig. 3.5, gum type and concentration greatly affects
relaxation rate of free water and water that is closely associated with protein based
biopolymers adsorbed onto the surface of oil. It is apparent that there is a decreasing
trend in T2 times with the increasing gum concentration, owing to the macromolecule
network restricting mobility of water.
What is worth noting is that, xanthan gum emulsions, despite the smaller droplet
sizes, have longer T2 times (between 800-1000 ms) whereas quince seed extract
emulsions have shorter T2 times (between 500-850 ms). Xanthan gum is known to
decrease the mobility of water by entrapping it into stiff polymer chains of β-(1-4)D-glucose molecules making single, double or triple helixes that are in strong
interaction with one another (Jansson et al., 1975; Melton et al., 1976). This complex
network is loosely bound and flexible which gives the solution its shear thinning
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properties (Bouyer et al., 2012). However, xanthan gum is a non-adsorbing
polysaccharide, meaning it does not adsorb on the oil/water interface when used in
emulsions and does not have any interaction with whey protein (Bouyer et al., 2012).
Quince mucilage, on the other hand, though there still are not enough studies on its
use as a stabilizer in emulsions, is known to be an adsorbing polymer and has
emulsifying properties (Ritzoulis et al., 2014). Thus, for quince seed extract
emulsions, in addition to restricted mobility of water, the lowering in T2 is also due
to the increased proton exchange at the oil/water interface. Adsorbed quince
mucilage molecules act as emulsifiers, and emulsifiers are known to decrease
relaxation time by changing the conformation of triglyceride, water and whey
molecules at the interface (Le Botlan et al., 2000).

3.1.4

Emulsion Stability

Stability of the emulsions was assessed by visible observations and measurement of
the height of the separated serum layer. Creaming profile images and creaming index
(% CI) (calculated from Eqn. 1) data as a function of storage time are given in Fig.
3.6 and Fig. 3.7, respectively. The emulsions were monitored over a period of 5
months, with measurements taken at Day 0-10, 30, 45, 150. Upon this period, the
samples that displayed a visible phase separation were NOX, 0.05Q, 0.05X, 0.1Q,
0.1X, 0.2Q, 0.2X, 0.3Q. Out of these, NOX, 0.05Q were the first to destabilize.
Within 3-4 hours of sample preparation, both started showing signs of separation. Of
particular importance is that, 0.05Q was faster to reach the final % CI value of 72%
compared to NOX. The rapid creaming rate of 0.05Q was observed multiple times
during other measurements and posed a real challenge for us. The amphiphilic
characteristic of quince seed mucilage might be the reason behind this observation.
Quince seed mucilage is composed of linear chains of glucans, a galactoglucan/manno-glucans or galacto-manno-glucans (Ritzoulis et al., 2014). The
structure also shelters around 10-25 % wt of proteins with glutamic acid, aspartic
acid and asparagine being the most abundant amino acids (Ritzoulis et al., 2014;
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Vignon and Gey, 1998). Assuming the concentration of adsorbing biopolymer was
not high enough to saturate the whole interface, the long quince seed molecules might
have adsorbed on multiple droplets creating a bridge. This phenomenon, known as
bridging flocculation, is responsible for inducing extensive flocculation in the
presence of low concentrations of weak emulsifiers and could explain the faster
creaming in 0.05Q compared to control (Damodaran, 2005; Ritzoulis et al., 2014;
Sun and Gunasekaran, 2009).

(a)

(c)

(b)

(d)

(g)
(i)

(e)

(j)

(f)

(h)

99

Figure 3.6. Images of (a) emulsions on Day 0 prepared with xanthan gum in
decreasing gum concentration from left to right (0.75X, 0.5X, 0.3X, 0.2X, 0.1X,
NOX) (b) emulsions on Day 0 prepared with quince seed extract in decreasing gum
concentration from left to right (0.75Q, 0.5Q, 0.3Q, 0.2Q, 0.1Q, NOX) (c) emulsions
prepared with xanthan gum on Day 2 (d) emulsions prepared with quince seed
extract on Day 2 (e) emulsions prepared with xanthan gum on Day 10 (f) emulsions
prepared with quince seed extract on Day 10 (g) 0.2X on Day 30 (h) 0.2Q on Day 30
(i) emulsions prepared with xanthan gum on Day 150 (j) emulsions prepared with
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Figure 3.7. Effect of gum type and concentration on creaming index (%CI) of 2wt%
WPI stabilized emulsions containing 20%v/v sunflower oil.
0.05X, 0.1Q and 0.1X showed distinct layers of cream and serum within 24 hours of
preparation, though 0.1X was much slower to reach equilibrium % CI value. 0.1Q
reached equilibrium % CI at day 1, whereas it took more than 10 days for 0.1X to
reach equilibrium. The rapid phase separation in 0.1Q could again be attributed to
bridging flocculation. This is further supported by the fact that after the 0.1 % w/v
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limit, quince and xanthan emulsions started displaying comparable stabilities. At the
30-day mark, 0.2X and 0.2Q both had visible creaming with % CI’s of 7.5% and
18.3%, respectively. Unlike the sharp layer of 0.2X, 0.2Q showed a much vaguer
boundary layer (Fig 3.6g and Fig. 3.6h). This vague appearance suggests a more
poly-dispersed droplet distribution close to the cream boundary. In case the particles
are not under a yield stress that prevents free movement, large droplets cream faster
than small ones as indicated by the modified Stokes equation (Eqn. 2). One common
observation for all unstable quince samples was that, there was no clear boundary at
the beginning of creaming. The boundary layer gradually became sharper as all small
droplets eventually rose to the cream layer. In the presence of a yield stress, large
particles cannot cream faster than smaller ones as they are agglomerated or
flocculated to form a weak gel-like network throughout the system. However, with
time due to Brownian motion and effect of gravity this weakly flocculated system
goes through a restructuring which might reduce the interaction between flocs and
cause collapse of the gel network (Hemar et al., 2001). This latter mechanism was
previously associated with emulsions containing xanthan gum (Sun et al., 2007) and
explains the destabilization seen in xanthan gum emulsions with gum concentrations
≥ 0.1 % w/v, whereas quince seed extract emulsions with low viscosities and yield
stress displayed creaming behaviors more closely identified with modified Stokes
equation (Sun et al., 2007).
At the 5-month mark, 0.3Q had formed a phase boundary with a % CI of 7.5% while
0.3X did not display any visible phase boundary. As previously mentioned, the
stabilization mechanism of xanthan gum was through increasing the viscosity of the
solution and hindering droplet collisions. Quince seed is not as effective in increasing
the viscosity of the emulsion for the same concentrations. Actually, there is an order
of magnitude difference in apparent viscosities of same concentration of quince and
xanthan gum emulsions (for gum concentration ≥ 0.2 % wt/v). However, despite the
10-fold difference in apparent viscosities; emulsion-stabilizing effect of quince seed
extract was comparable to xanthan gum at same concentrations. Quince seed extract,
similar to gum arabic, is an adsorbing biopolymer (Damodaran, 2005; Ritzoulis et
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al., 2014). In addition to its thickening properties, the amphiphilic characteristic of
quince seed extract provides it with emulsification capabilities. Quince seed proteins
adsorb along with the whey proteins on the surface of droplets; and the steric and/or
electrostatic repulsions caused by the adsorbed proteins prevent flocculation.
Additionally, the presence of polymers on the surfactant layer increases the thickness
and flexibility of the lamella film, making it harder for flocculated particles to merge
(Evans et al., 2013; Ritzoulis et al., 2014; Tcholakova et al., 2005; Vignon and Gey,
1998).

3.1.5

Emulsion Microstructure

Microstructure of the emulsions can be seen as a function of storage time for samples
0.1X, 0.1Q, 0.5X and 0.5Q in Fig 3.8. Day 0 images were acquired within
approximately 2 hours of sample preparation. Initial microscope images revealed
that, 2% WPI and xanthan gum stabilized emulsions, 0.1X and 0.5X, had a similar
microstructure with the exception of 0.1X showing occasional signs of flocculation.
The ongoing flocculation that had begun within hours of preparation caused 0.1X to
generate a phase boundary within 24 hours (Fig. 3.7). Both 0.5X and 0.5Q had
individual droplets that seem to be stably suspended in the polymer network. At Day
0, confocal microscope images of quince seed extract and WPI stabilized sample,
0.1Q, consisted of very large particles surrounded by a rather blank continuous
phase. Even within 2 hours of preparation, 0.1Q exhibits signs of creaming. This
rapid disruption in stability could be associated with bridging flocculation as
previously explained.
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Figure 3.8. Confocal microscopy images of samples 0.1X, 0.1Q, 0.5X, 0.5Q on
day 0 (left) and day 30 (right).
0.1X and 0.1Q had completely phase separated by day 30 (Fig. 3.8). Therefore, they
were mildly agitated before a portion of the samples was taken from the middle of
the tubes and placed onto the coverslip for examination. Upon agitation, both
samples were easily distinguishable from their initial states displaying enormous oil
patches. However even after mild agitation, oil phase in 0.1X had a higher tendency
to be dispersed into the serum phase generating a greater number of small microsized particles compared to 0.1Q, which confirms the dominant role viscosity play
in emulsion stability. Unsurprisingly, not much of a change was observed in 0.5X
and 0.5Q after 30 days since these samples proved to be stable in emulsion stability
measurements even after 150 days (Fig. 3.7).
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3.2

Investigation of surface properties of quince seed extract

3.2.1

Equilibrium Surface Tension & 𝒛-Average Particle
Size

Equilibrium surface tension (ST) measurement is the most accessible and commonly
employed surface measurement and is defined as the capillary force per unit length
acting on the interface (mostly reported in mN/m) after the adsorption of the
surfactant is finalized (Berg, 2010; Shaw, 1992). Despite its immense popularity in
colloidal studies, the measurement of equilibrium surface tension alone provides no
information on the dynamic interfacial behavior, which leaves out important
interfacial phenomena like rate and mechanism of adsorption, the interface’s
resistance to shear and dilatational disturbances (Karbaschi et al., 2014). The impact
of these complimenting surface processes is established by research that confirms
that a reduction in interfacial tension is not the only parameter that defines the
stability of a dispersion. Emulsions of certain paraffin hydrocarbons exhibit poor
kinetic stabilities despite displaying considerably low surface tensions, yet emulsions
stabilized by some large molecular surfactants (such as asphalthenes and resins)
show prolonged stability under physical disturbances and even years after their
formation (Z. Wang et al., 2014). Nevertheless, equilibrium surface tension is
directly proportional to Gibb’s free energy of the interface, and any reduction in ST
is recognized as a reduction in excess surface energy, which confers dispersions
higher thermodynamic stability (Berg, 2010; Z. Wang et al., 2014). Consequently,
the use of a single value like ST eases comparison of different surfactants by
presenting scientists and the industry with a quantitative indicator of “performance”
of the surfactant on the employed interface.
For large molecular surfactants like quince seed extract, the process of adsorption
takes a long time to be finalized. Adsorption process will be examined in more detail
in the Section 3.2; however, at this point, we believe it is essential to talk about the
challenges we came across in identification of an equilibrium. All samples were
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subjected to a total of 10 measurements, with 2 of them lasting longer than 12 hours
(overnight), and the other 8 data were measured for 120 minutes. Samples continued
to relax (especially the ones with concentrations < 0.3 % w/v) even after 2 hours.
However, after 2 hours ST relaxation process was extremely slow (≅
0.5

𝑚𝑁
𝑚

𝑝𝑒𝑟 ℎ𝑜𝑢𝑟). The droplets were measured inside sealed cuvettes, whose inner

% RH was preserved close to saturation, which was ensured by filling approximately
¼ of the cuvette with water. The objective of this design was to minimize evaporation
and subsequent particle shrinkage. Nevertheless, despite our best efforts, we were
not able to completely stop evaporation. The disperser used was automated and was
adjusted to keep the particle area constant at all times. Still we believe, considering
the loss in total solution volume in syringe, evaporation was in place and after a
certain amount of time, relaxation processes become so slow that it was not possible
to certainly relate the reduction in surface tension with adsorption. ST reduction due
to evaporation induced shrinkage could start to dominate over the adsorption
considering the slower rates. For higher concentrations (<0.5 % w/v), interestingly,
we observed an opposite trend. There was a very slow increase in ST (≅
0.2

𝑚𝑁
𝑚

𝑝𝑒𝑟 ℎ𝑜𝑢𝑟) after the initial decrease. This behavior started after around 1-2

hours of droplet formation and was explained with the extract’s highly hygroscopic
structure. Upon conformational changes during relaxation due to formation of new
free adsorption sites on the air-water surface, some of the water vapor in the cuvette
could be attached to the droplet and adsorb on the particle surface. This hypothesis
was confirmed with marginal increases in syringe volume in overnight
measurements. That is why we found it most suitable to report equilibrium ST data
as the minimum ST achieved within 120 minutes of particle formation. Similar
challenges were encountered by other researchers as well; it was reported by some
that interfacial properties continue to drift even after days of formation for polymeric
surfactants (Bantchev and Schwartz, 2003; Beverung et al., 1999; Cascão Pereira et
al., 2003; Freer et al., 2004b; Tupy et al., 1998).
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Fig. 3.9a shows the surface tension isotherms that relate the change in quince seed
extract concentration with equilibrium surface tension values. QSE, to our surprise,
was very effective in displaying a significant reduction in surface tension even in
concentrations as low as 0.025 % w/v. At 0.025 % w/v, QSE managed to reduce ST
of water from 72 mN/m down to 58.9 mN/m. Expectedly, higher bulk concentrations
also increase the amount of surfactant on the interface, which further reduces surface
tension. By increasing QSE concentration, it was possible to decrease ST down to
around 36.5 mN/m. As analyzed in detail in the previous section, QSE is a large
branched polysaccharide that mainly consists of a xylose backbone, with proteins
attached to the glucuronic and galactronic acid molecules on the branches and it is
these proteins that are mainly responsible for the extract’s surface affinity. There are
very few biopolymers that naturally contain proteins that have such high accessibility
to the surface. Gum Arabic, which is a benchmark emulsifying and stabilizing agent,
contains around 1-2% protein and concentration of up to 3% w/v of the gum can
decrease ST of pure water down to the range of 46-55 mN/m as reported in multiple
studies (Bouyer et al., 2013; Cao et al., 2013; Huang et al., 2001). This value is also
lower than most other polysaccharide based stabilizers such as guar gum (52.95
mN/m @ 1% w/v concentration), tragacanth gum (47.4 mN/m @ 0.85 % w/v)
(Moreira et al., 2012), Acacia tortuosa gum (42.6 mN/m @ 0.5 % w/v
concentration)(Muñoz et al., 2007), Sterculia apetala gum (56 mN/m @ 0.5% w/v)
(Pérez-Mosqueda et al., 2013), Acacia Senegal gum (57.4 mN/m @ 0.5 % w/v)
(Castellani et al., 2010b), okra gum (47.9 mN/m @ 0.5 % w/v) (Yuan et al., 2019).
QSE shows an exceptional reduction in surface tension compared to similar
biopolymers. This behavior could be explained with the high hydrophobicity of the
gum. As explained in Section A.1.4 (See Appendix)., the extract’s proteins are
composed of 37 % of hydrophobic amino acids, and the hydrophobic portions of the
protein also possesses high accessibility to the surface, as is apparent in the gum’s
high surface hydrophobicity.
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Figure 3.9. (a) Equilibrium Surface Tension Isotherm (b) Equilibrium Surface
Tension Isotherms (x-axis drawn at a logarithmic scale)
As demonstrated in Fig. 3.9a, ST values decrease down to a plateau (~36 mN/m),
after which concentration has no effect on ST. This could be explained by total
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monolayer coverage of the interface. The concentration where this occurs is
reminiscent of critical micellization concentration for small molecular surfactants.
Critical micellization concentration (CMC) is defined as the concentration for a
specific surfactant-solvent combination at which the surface becomes saturated, and
any added surfactant would exist in micelles in bulk (Arabadzhieva et al., 2011;
Shaw, 1992). Similar behavior is also witnessed in polymeric surfactants, at which
after a certain polymer concentration (critical aggregation concentration, CAC),
further polymer addition produces polymeric aggregates (Krstonošić et al., 2019;
Tadros, 2009). Similarly, in our findings, after CAC, QSE addition had no effect on
eq. STs. To identify CAC, most utilized method is to draw linear curves over ST vs.
logC curve, and label the point of intersection as CAC (Bu et al., 2004; Dal-Bó et al.,
2011; Rub et al., 2013). Fig. 3.9b, is the ST vs. C curve drawn on a logarithmic scale.
The linear trend curves for the decreasing and constant ST sections intersect at a
concentration of around 0.165 % w/v. This sharp kink point of slope change in ST
isotherm curves (Fig. 3.9a and 3.9b) was defined as CAC for QSE at an air-water
interface. This means further polymer addition after a concentration of 0.165 % w/v
does not confer increased thermodynamic stability to an emulsion/foam or help
facilitate its initial formation. 0.165 % w/v is a relatively low concentration to
provide surface saturation. In comparison, Gum Arabic continues to decrease eq ST.
up to concentrations of 3% w/v (Cao et al., 2013). Consequently, it is safe to say that
QSE can provide similar emulsification properties for much lower concentrations
than most similar biopolymers, or ensures much higher stability for the same
concentration. The highly hydrophobic nature of the protein and the unique structure
that these hydrophobic residues are positioned could be the reason for this. It is
already well-known for block and graft type copolymers like QSE to have much
lower CACs compared to homopolymers or other copolymers (Tadros, 2009).
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Table 3.3. z-average diameters of QSE aggregates
Concentration (% w/v)

𝑧-ave (d.nm)

Control

481±68d

0.05

891±92cd

0.1

989±81d

0.2

2772.5±251b

0.3

2287±195bc

0.4

2795±253a

0.5

3013±193b

0.6

2619±228b

0.75

2643±230b

1

3124±378b

Table 3.3 shows the zeta-sizer measurement results for QSE solutions at various
concentrations. Measurement of hydrodynamic radius, determined by dynamic light
scattering measurements, is one of the most useful methods in determining the size
and conformation of polymers. Hydrodynamic radius (𝑅ℎ ) is a measure of the
effective size of a polymer and described as the radius of an equivalent hard-sphere
diffusing at the same rate as the molecule under observation (Wilkins et al., 1999).
The size of a molecule could change depending on external conditions, as is strongly
related to the solute-solvent and solute-solute interactions (Tadros, 2011). QSE chain
size seems to be around 900 nm when solvated in water (Table 3.3). However, for
concentrations above <0.2% w/v, the polymer sizes suddenly increase to <2500 nm,
which indicates aggregate formation composed of clusters of several QSE molecules.
These polymer aggregates occur as a result of close association of hydroxyl groups
(abundant in QSE molecule) that have strong hydrogen bonding capacity and are
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reversible via dilution (Burchard, 2001). The sudden jump in polymer size between
concentrations 0.1 – 0.2 % w/v, is in agreement with the CAC identified as 0.165 %
w/v by eq. ST measurements. QSE aggregates sizes go up to ~3100 nm. Protein
aggregates can range in size from nanometers to hundreds of micrometers, yet the
size of QSE aggregates is larger than aggregates of commonly employed proteins
and protein-polysaccharide combinations. Gelatin- hsian-tsao gum aggregates
showed aggregate sizes up to a maximum of 1500 nm (You et al., 2020), major
portion of gum Arabic aggregates peaked at around 1000 nm (Isobe et al., 2020),
casein micelles peaked around 550 nm (M. Chen et al., 2018), soy protein aggregates
showed maxiumum aggregate sizes of 525 nm (Wu et al., 2019), and acid aggregated
whey proteins reached a maximum aggregate size of ~2500 nm. QSE’s larger
molecular weight and highly branched structure could be the reason behind the large
aggregate sizes. Molecules with larger sizes, though tend to adsorb more slowly on
the interfaces, once adsorbed, form more stable dispersions as a result of the thick
gel-like network they form on the interface (Bouyer et al., 2013; Davis and
Foegeding, 2006; Freer et al., 2004b).
The effect of pH and salt content on equilibrium STs are depicted in Fig. 3.10a and
3.10b, respectively. Eq. ST of QSE decreased from 38.5 mN/m to 34.5 mN/m as pH
increases from 3 to 11. As stated in Section 1.1, the isoelectric point of QSE is pH
4.2 (Deng et al., 2019). So out of the chosen pHs, pH3 is the one closest to the
extract’s isoelectric point, where the net surface charge of the gum is zero. QSE is a
polyelectrolyte and contains a significant amount of charged groups such as sugar
acids and amino acids. These acids are located on the branches, and as we go further
away from the isoelectric point of pH 4.2 to basic pHs, more and more of these
groups are negatively charged, which increases the overall charge of the molecule
up to -38.1 mv at pH10 (Deng et al., 2019). The increased charge at the interface
may have promoted electrostatic attraction between polysaccharide and protein
molecules, which reduced competition for the interface and yielded more closely
packed and thicker, denser interfaces. Higher surface excess concentration is known
to result in lower STs. This result seems to be in line with findings of other studies
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that have demonstrated an increase in QSE’s emulsifying and foaming properties as
pH moves further away from the isoelectric point (Deng et al., 2019). STs were also
significantly effected from the ionic strength of the medium, as seen in Fig. 3.10b.
There was no significant difference between eq. STs. of S0.1, S0.3, and S0.5 (lying
around ~34.5 mN/m), yet ST without any NaCl for the same concentration was 37.0
mN/m. This means, salt addition decreases equilibrium STs. The concentrations used
are within the “salting in” range for QSE, as shown by previous studies (Ashraf et
al., 2017; Deng et al., 2019; Rezagholi et al., 2019), which means adding more NaCl
increases protein solubility. Protein chains are better solvated by water in the
presence of Na+ and Cl- ions, hence polymer chains spread out more with charged
and polar groups extruding through the aqueous phase in well-separated lateral
chains. This conformational change eases unfolding of the proteins, which better
exposes the hydrophobic residues to the interface, decreasing surface tension.
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Figure 3.10. (a) Equilibrium surface tension of QSE solutions at different pHs (b)
Equilibrium surface tension of QSE solutions at different NaCl concentrations

3.2.2

Dynamic Surface Tension Curves

For a biopolymer to be an effective foaming/emulsifying agent, in addition to
showing surface activity, it should also have the capacity to lower surface tension
within the time scales that are relevant to the emulsification process (Walstra, 2002;
Walstra and Smulders, 2007). The rate of adsorption as well as the adsorption profile
is just as important in assessment of emulsification properties of a surfactant.
Especially for polymers, due to their large molecular weight, the rate of adsorption
is usually slower that small molecular surfactants and also some processes, such as
foaming, requires a rapid positioning on the interface, which further necessitates the
investigation of adsorption dynamics (Cao et al., 2013; Freer et al., 2004b; Seta et
al., 2014; Wüstneck et al., 1996).
Interfacial adsorption of surface active materials is governed by the change in surface
pressure with adsorbent concentration on the surface. According to Le-Chatelier
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principle, the direction of equilibrium would shift in the direction which stress can
be relieved. For surface active biopolymers dissolved in solution bulk, interactions
between polysaccharides and the interface is more favorable that of solvent and the
interface (Wüstneck et al., 1996). Consequently, adsorption occurs spontaneously
and causes increasing surface pressure up to an equilibrium value. For low-molecular
weight surfactants there are well-established adsorption theories, yet in the case of
polymers no such model exists (Kontogiorgos, 2019; Wüstneck et al., 1996).
Langmuir isotherm, however, is demonstrated to be a close approximation to real
protein adsorption process and was used for estimation of diffusion coefficient in
surface studies (Santini et al., 2007b; Tadros, 2009; Wüstneck et al., 1996).
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Figure 3.11. Effect of concentration on the surface tension profile of QSE solutions
The dynamic ST vs concentration curves can be seen in Fig. 3.11. For ease of
comparison, only the first 30 minutes were shown on the graph. As previously
discussed, the data reliability decreases for longer times. As the rate of relaxation
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rate decreases, other processes such as evaporation of adsorption of water, becomes
more dominant which makes the curves harder to interpret. As seen in Fig. 3.11, the
adsorption curves for the first 30 minutes, seems to consists of two regions with
distinctly different slopes, with an initially high relaxation rate that greatly decreases
after around the 200-400 s mark. This kink in slope refers to a change in mechanism
of ST relaxation. Only one of the samples (Q0.01), follows a different relaxation
profile that contains an additional lag phase where ST does not drop within the initial
200 s. This behavior is reminiscent of typical protein adsorption that occurs in three
different regimes. A representative curve is given in Fig.1.21. The first of these,
Regime I, is only observed for dilute concentrations. During this period, because of
the possible existence of kinetic barriers to surfactant adsorption over the measured
time scale, there occurs no drop in ST (Adamczyk et al., 2009; Beverung et al., 1999;
Macleod and Radke, 1994; Pérez-Mosqueda et al., 2013). This regime, also called
induction or lag period. This phenomenon is interpreted in several ways. Such a
mechanism proposes a phase transition related to intermolecular attraction
supplemented by diffusion and adsorption of additional surfactant molecules that do
not create changes in surface tension. Another such mechanism explains this
behavior, co-operative adsorption caused by intermolecular attractions which causes
the activation energy for desorption to increase faster that adsorption. The presence
of interaction due to co-operative adsorption reduces surface pressure which
compensates for the ST reduction owing to the increase in surface concentration
(Calero et al., 2010). In any case, due to the slow rate of diffusion, or interfacial
unfolding and rearrangement of globular proteins, ST’s do not drop appreciably
during this period (Beverung et al., 1999; Nahringbauer, 1995; Pérez-Mosqueda et
al., 2013).
We have only observed an induction period for a concentration of 0.01%, at which
the equilibrium ST was around 63 mN/m. At such low concentrations, owing the
scarcity of QSE in bulk, the effective diffusion coefficient which is a function of
concentration is so small that a period of constant ST is observed. For concentrations
larger than 0.025 % w/v, the relaxation curves proceed to Regime II so quickly that
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it cannot be observed within the time scale of pendant drop method. For foams, rapid
interfacial acquisition is necessary. Molecules that do not require an unfolding to
show interfacial activity, have been demonstrated to be better suited for foam
formation. These molecules that can directly adsorb on the interface in their native
state, have shown no induction period and this attribute was reported to contribute to
their foamability (Davis and Foegeding, 2006; Zhu and Damodaran, 1994). With a
rapid adsorption, the interface acquires higher resistance against disturbances in the
form of energy input introduced during foam formation, which hinders foam
collapse. Due to differences in surface affinity and denaturation kinetics, different
polymers display vastly different relaxation profiles (Beverung et al., 1999). The fact
that QSE does not display an induction period for concentrations over 0.025 % w/v,
designates its strong potential as a foaming agent.
For concentrations over 0.025 % w/v, relaxation of ST starts within the first few
seconds of particle formation. A higher concentration of the surfactant polymer in
bulk results in an almost instant acquisition of an interfacial concentration above the
critical value necessary to observe ST reduction. The next relaxation phase (Regime
II in Fig. 1.21) is identified with a sudden decline in ST and for all QSE
concentrations was over within the first 200 s. During this phase, molecules diffused
to the interface partially expose hydrophobic residues to the air-water surface and
irreversibly adsorb (Macritchie, 1978; Vrij, 1976). The steep decline in surface
tension is explained with two mechanisms that act simultaneously. Adsorbed
molecules relax from their rigid conformation that makes room for more of the
hydrophobic sections of the molecule to adsorb, increasing the number of contacts
for each molecule. At the same time, new molecules continue to diffuse from the
bulk aqueous phase and adsorb, either in their native state or with minimal
conformational change. This process continues until interfacial saturation (Beverung
et al., 1999).
The lack of an induction period and the very steep ST decline is a rare observation
in surfactant biopolymers. For globular proteins for instance, a lag period is
commonly observed and Regime II ST reduction progresses at a slower rate
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(Beverung et al., 1999; Covis et al., 2014; Dickinson, 2018; Karbaschi et al., 2014;
Sosa-Herrera et al., 2016). This finding implies that QSE proteins, even in their
native state, and the polysaccharide chains solvated in water, contain hydrophobic
residues that have instant access to an interface. The high surface hydrophobicity of
QSE implies that the tertiary structure of the proteins is aligned such that the
hydrophobic amino acids are not embedded into the molecule interior. Protein
surface hydrophobicity was found to be directly related to the rate of tension decline
in Regime II by Beverung et al. (1999) who have shown casein and BSA that displays
the greatest rates of ST decline to also possess the highest surface hydrophobicities
out of the proteins investigated. As summarized in Section A.1.3 in Appendix, QSE
is composed of three different polysaccharide-protein complexes with some of them
being smaller than others. The smaller glycoproteins, could have rapidly diffused to
the interface and started ST decline which could have been supported by subsequent
irreversible adsorption of the much larger QSG2. A similar observation was made
for Gum Arabic. The consensus is that the AGP (arabinogalactan-protein)
component is the fraction mostly responsible for Gum Arabic’s interfacial properties
with the glycoprotein fraction taking a supplementary role (Evans et al., 2013;
Funami et al., 2007; Kontogiorgos, 2019; Sanchez et al., 2018). It is known that with
polydisperse polymers, the larger molecular weight fractions, adsorb preferentially
over smaller ones and with time, especially at higher concentrations, they replace
smaller fractions that are much quicker to be positioned on the interface (Cao et al.,
2013; Tadros, 2009). Rate of relaxation in Regime II, expectedly, increases with
increasing concentration. With higher concentration of surfactant in bulk, the
molecules’ accessibility to the surface increases. The rate of diffusion also increases
owing to the shortened mean free path for diffusion. A more crowded solution also
increases the rate and probability of molecular collisions that also increases
interfacial positioning of the protein molecules (Young and Torres, 1989). Many
other researchers have also reported increasing relaxation rate with surfactant
concentration (Arabadzhieva et al., 2011; Bouyer et al., 2013; Moreira et al., 2012;
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Pérez-Mosqueda et al., 2013; Sosa-Herrera et al., 2016; W. Wang et al., 2014; Young
and Torres, 1989).
The final regime starts around the 200 s mark and continues up until the end of time
dependent measurements. As previously discussed, QSE at the air-water interface
never displayed a true equilibrium. The slower gradual decline in Regime III (Fig.
1.21) is associated with conformational changes in the adsorbed layer, and the
resulting interfacial skin formation (Benjamins and van Voorst Vader, 1992; Cascão
Pereira et al., 2003). With ongoing slow rearrangements, adsorbed molecules tend to
seek the most energetically favorable positions for their hydrophobic and hydrophilic
side chains. During this process more and more of the hydrophobic sections are
exposed to the interface, whereas the rest of the molecule, through increased
intermolecular attractions, form aggregates, branches and protein-polysaccharide
complexes (Freer et al., 2004b; Krstonošić et al., 2019; Sosa-Herrera et al., 2016).
The enhanced degree of entanglements form bridges that connect at various points,
resulting in an amorphous gel-like network at the interface (Beverung et al., 1999;
Freer et al., 2004b). For surfactant polymers, this stage goes on for such a long time
at such a slow rate that makes it hard to distinguish a true equilibrium ST. Multilayer
adsorption, long-time molecular rearrangements, breakage and generation of noncovalent stabilizing bonds and interactions between adjacent proteins in solution
bulk continue to contribute to ST changes, sometimes over a period of days (Ward
and Tordai, 1946; Wüstneck et al., 1996). Slope of ST decline in Regime III,
decreases with increasing concentration (Fig. 3.11). This was quite opposite to our
observation with the relaxation in Regime II. Relaxation rate in Regime II had
increased with increasing concentration. After the critical aggregation concentration
of 0.165 % w/v, all samples equilibrated at the same ST plateau (38 mN/m).
However, as the QSE concentrations increased, it took longer to reach that
equilibrium. This behavior may be related to restriction of molecular mobilities by
enhanced viscosity of the solution. As previously examined by the authors, QSE
causes significant increases in viscosity and a shift from Newtonian to a non-
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Newtonian flow behavior over a concentration of 0.05 % w/v (Emrah Kirtil and
Oztop, 2016).
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Electrostatic effect also plays a major role in conformation of the adsorbed layer.
The relative contribution of these electrostatic effects is obviously dependent on the
pH and the ionic strength of the aqueous medium. Fig. 3.12a shows the dynamic ST
relaxation curves for solutions at different pHs. There is an obvious increasing trend
in the rate of relaxation as the pH increases from 3 to 11. The isoelectric point of the
proteins of the extract is pH 4.2 (Deng et al., 2019). Thus, out of the pHs examined
pH3 is the one closest to the isoelectric point, thus moving to higher pHs, we get
further from the isoelectric point. QSE has a high charge density, owing to an
abundance of glucuronic and galacturonic acid residues as well as the high protein
content. At pH10, the zeta potential of the extract is -38.4 mV. Fig. 3.13 shows an
idealized illustration of an adsorbed layer of QSE for pHs near isoelectric point (Fig.
3.13a) and further from it (Fig. 3.13b). Over a pH of 4.2 proteins are negatively
charged, this is also higher than the pKa’s of both galacturonic (pKa of 3.5)
(Dickinson, 2018) and gulucuronic acid (pKa of 3.12) (Wang et al., 1991). At pH
values close to 4.0, uncharged polymer chains readily self-associate and due to a lack
of electrostatic repulsion, molecules tend to locate in close proximity where
hydrophobic interactions become dominant. This causes a thinner and denser
adsorbed layer with decreased interactions with the aqueous phase (Fig. 3.13a). For
this case, the free volume associated with each chain is lower and the reduced
conformational entropy restricts the addition of new polymer chains on the interface.
The dense packing also makes it harder for the already adsorbed chains to relocate
and increases the time it takes for the molecules to relax to their most energetically
favourable state (Alba et al., 2016; Castellani et al., 2010a). This hindering effect of
pH in protein unfolding and the resulting diminished surface activity was also
encountered by Deng et al. 2019, who have discovered QSE to show lowest
emulsifying ability index (EAI), emulsion stability index (ESI) and foaming capacity
for pHs near 4.0 (Deng et al. 2019).
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a)

Figure 3.13. Idealized illustration of the effect of pH on the adsorbed QSE layer (a)
pH close to 4.2 (b) when pH<< or >>4.2.
For pH values well above 4.2, as illustrated in Fig. 3.13b, electrostatic repulsion
between the negatively charged carboxylic acid groups and the proteins cause the
polymer chains to extend further from the interface, increasing water-QSE
interactions, which is also supported by increased protein solubility at higher pHs
(Deng et al., 2019). As a result, hydrophilic molecule fractions extrude through the
bulk phase in a more wide-spread manner, providing more room for fresh molecules
to adsorb. Additionally, the reduced hydrophobic interactions within the molecule
itself results in an accelerated structural flexibility that increases the molecular
mobility which facilitates molecular rearrangements. All these increase the rate of
relaxation of the polymer for pHs higher than 4.2. At pH11, the equilibrium ST is
also significantly lower than other pHs by around 2 mN/m. This implies that, with
the increased negative charge, after a certain point, not only the rate of unfolding,
also the final state of the molecule changes. QSE is abundant in disulfide bonds
(19.79 μM/g as identified by method) which is known to provide high structural
stability of proteins and can act as a barrier against protein denaturation (Beverung
et al., 1999; Du et al., 2012; Karbaschi et al., 2014; Tang et al., 2006). The high
charge at pH11 presumably was sufficient to break the final remaining disulfide
bonds and overcome other possible intermolecular attractions that prevent complete
unfolding. As a result, final remaining hydrophobic residues are exposed to the airwater interface resulting in a decline in ST. Other researchers have similarly
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observed increased surface activity of proteins further from the isoelectric point
(Mundi and Aluko, 2012; Tang et al., 2006).
Fig. 3.12b shows the ST relaxation profiles of QSE solution with differing amounts
of NaCl (S0: control, S0.1: 0.1 M, S0.3: 0.3 M, S0.5: 0.5 M). Addition of a
background electrolyte species (e.g. NaCl) to a polyelectrolyte solution results in the
formation of an ionic double layer. All these ions are only soluble in the aqueous
phase and simultaneous transport of each species is finalized when surface-active
ions (e.g. QSE anions), are completely covered by its associated indifferent counterion (e.g. sodium cations) which is surrounded by an indifferent co-ion (e.g. chloride
anions). Ions within the double layer are anchored to their positions surrounding the
interface by a series of electrostatic attractions and repulsions (Z. Gao et al., 2017;
Macleod and Radke, 1994). This later could act as a shield against transport of
nonionic surfactants in particular. For charged polymers, the salt screening effect can
facilitate adsorption (Young and Torres, 1989). For our case, the presence of an ionic
double layer enhanced the rate of transport of surfactant and its adsorption. A higher
ionic strength solvent is known to reduce the Debye length of charged protein side
chains (Beverung et al., 1999). As a result, electrostatic repulsion decreases which
allows for faster interfacial saturation and helps the proteins to pack in a more
efficient way. Similarly, the charged sugar acids, that are not adsorbed but extrude
through the aqueous phase, being negatively charged at neutral pH, can form a layer
of charge-charge repulsion that acts against the movement of surfactants towards the
interface. The accumulation of Na+ cations around the surfactant-laden interface
decreases electrostatic repulsion and accelerates the adsorption of fresh polymers.
Similar finding were reported by other researchers studying the effect of ionic
strength on surface properties of charged surfactants (Beverung et al., 1999; Hayase
and Tsubota, 1986; Ishimuro and Ueberreiter, 1980; Young and Torres, 1989).
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3.2.3

Surface Rheology Measurements

Despite surface affinity being a necessity in the formation of a dispersed system with
a large interfacial area, actual long term stability is enabled through improved
resistance of interfaces from surrounding dispersing phases (Bos and Van Vliet,
2001; Dickinson, 2001, 1999, 1998). Especially for systems stabilized by
macromolecular surface-active species, this resistance is more pronounced. The gellike network formed by adsorbed thick polymer layer results in the generation of an
elastic interfacial-skin (Freer et al., 2004a) that act as a barrier against droplet
coalescence (Santini et al., 2007b). However, a simple visual analysis doesn’t
provide much quantitative information on the interfacial skin’s mechanical
properties, formation kinetics, and relaxation rates. This ambiguity is overcome by
interfacial rheological measurements that convey information on the interface’s
response to both the compressional and shear deformation (Langevin, 2000). A
highly stable interface should be able to dampen external disturbances both normal
and tangential to the interface; that way, film rupture can be prevented. Unlike
surface tension that is a measure of forces normal to the interface, dilatational surface
rheology is related to forces operating tangentially, which further underlines its
significance (Santini et al., 2007b). The theory is also supported by experimental data
that shows a direct relation between surface dilatational properties with foam and
emulsion stability (Beverung et al., 1999; Cao et al., 2013; Cascão Pereira et al.,
2001; Davis and Foegeding, 2006; Freer et al., 2004b; Kontogiorgos, 2019; Mendoza
et al., 2014; Pérez-Mosqueda et al., 2013; Santini et al., 2007b; Vernon-Carter et al.,
2008; Zhang et al., 2011).
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Table 3.4. Average 𝐸′, 𝐸′′ and tan∆ values for QSE at an air-water surface
Concentration
(% w/v)

𝑬′ (mN/m)

𝑬′ (mN/m)

tan∆ (o)

0.05

58.18±9.41a

8.71±2.07a

0.15±0.01c

0.1

48.5±2.09ab

9.55±0.26a

0.20±0.01c

0.2

46.52±1.74abc

13.12±3.17a

0.29±0.07b

0.3

47.99±1.54abc

13.42±1.61a

0.29±0.03ab

0.4

42.85±5.02bc

11.83±1.96a

0.28±0.02b

0.5

45.72±3.75abc

13.98±2.34a

0.32±0.03ab

0.6

24.63±4.63bc

7.41±0.87a

0.31±0.02ab

0.75

22.35±7.88c

7.08±2.26a

0.33±0.04ab

1

23.48±1.91bc

7.89±1.01a

0.34±0.04a

3

40.77±1.97a

7.23±0.29b

0.18±0.01b

7

47.99±1.54a

13.42±1.61a

0.29±0.03ab

11

29.79±8.08a

9.44±1.96ab

0.36±0.11a

0

47.99±1.54a

13.42±1.61a

0.29±0.03a

0.1

37.80±1.77a

11.11±1.61a

0.30±0.03a

0.3

28.68±7.00a

7.29±1.88a

0.26±0.01a

0.5

41.21±0.68a

10.26±1.31a

0.26±0.03a

pH

Salt Content (M)
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Table 3.4 lists the average values for 𝐸′ and 𝐸′′ of 10 different frequencies (from
0.01 to 0.1 Hz). 𝐸′ (dilatational storage modulus) is a measure of the elastic
counterforce of the surface to a possible deformation, whereas 𝐸′′ (dilatational loss
modulus) defines how fast the initial values of ST is restored after deformation
(Mendoza et al., 2014; Seta et al., 2014). For all concentrations, elastic behavior is
more prominent on the air-water interface. This implies that the viscoelastic interface
formed by QSE adsorption behaves more like an elastic solid than a viscous fluid,
which bestows the surface a higher resistance to deformation. This behavior is typical
for viscoelastic polymer layers (Pérez-Mosqueda et al., 2013). Perfectly elastic
interfaces store all of the energy input by deformation, later to release it without loss.
Consequently, with higher elasticity, the interface gains a higher resistance against
deformation (Freer et al., 2004b). A film subjected to stretching by external
disturbances increases in surface area, which results in a reduction in surface excess
concentration of the foaming agent (called Gibbs effect). If enough time passes for
surfactants soluble in bulk phase to diffuse to the surface, original ST can be restored
(Marangoni effect). The Gibbs-Marangoni effect is necessary for foam formation,
and the absence of this mechanism is the reason pure liquids do not foam (Shaw,
1992).
For foams, one of the most dominant destabilization mechanisms is film rupture. The
process always proceeds by local thinning on the fluid surface formed by a greater
expansion of the surface area in a certain region of the interface. This leads to a
dilution of surfactant on the thinning region and results in a surface tension gradient
(Karbaschi et al., 2014; Santini et al., 2007b). It takes time for the surfactant to be
transported from the rest of the interface and the bulk to the thinning region. During
this time, the thinning region is considerably more susceptible to rupture than the rest
of the interface. Surfactant diffuses to this region, carrying a significant amount of
underlying solution, which nullifies the thinning process. The interface requires a
high Gibbs elasticity to counter the effects of local thinning during the surfactant
transport process. Nevertheless, a highly viscous surface (identified by a higher
dilatational loss modulus) acts opposingly to this mechanism. High bulk viscosity is
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expected to retard the rate of foam collapse; on the contrary, high surface viscosity
can strongly inhibit bulk fluid and surfactant transport at and close to surfaces, which
causes more rapid film drainage (Arabadzhieva et al., 2011; Shaw, 1992). Thus, a
highly elastic and less viscous surface provides the highest possible stability against
foam collapse. This essentiates the importance of phase angle (𝑡𝑎𝑛∆), which depicts
the ratio of the loss to storage modulus. Hence, the lower 𝑡𝑎𝑛∆ the more stable a
foam formed by this surfactant will be. The fact that 𝑡𝑎𝑛∆ values are below 0.36 for
all samples, suggests that the interface exhibits a higher elastic character, which
implies that QSE would be a potentially effective foaming agent.
Fig. 3.14 shows the frequency dependence of all 𝐸′ and 𝐸′′ of all samples. Surface
elasticity (𝜀𝑟 ) and surface viscosity (𝜂) is are a function of both bulk surfactant
concentration (𝑐) and frequency (𝑣). The extend of these dependences are also known
according the equations of 𝜀𝑟 (𝑣, 𝑐) and 𝜂(𝑣, 𝑐) identified by van den Tempel and
Lucassen (Lucassen and Van Den Tempel, 1972a, 1972b). Studying frequency
dependence is crucial as it provides information on the relative importance of
relaxation processes like diffusion-adsorption and/or molecular rearrangements
(Santini et al., 2007b). 𝐸′ and 𝐸′′ of all QSE solutions displayed very similar trends
with frequency. 𝐸′ was higher than 𝐸′′ for all frequencies. 𝐸′ for all concentrations,
pHs and ionic strength, displayed an increasing trend with increasing frequency. 𝐸′′,
on the other hand, stayed constant within the frequency range studied (0.01-0.1 Hz).
The increase in 𝐸′ with frequency is non-linear, with an initially higher dependence
on frequency that seems to decrease for frequencies over 0.04 Hz.
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Figure 3.14. (a) Frequency dependence of 𝐸′ and 𝐸′′ of QSE solutions with varying
concentrations (b) Frequency dependence of 𝐸′ and 𝐸′′ of QSE solutions with
varying pHs and NaCl concentrations
As the surface monolayer is directly in contact with a bulk surfactant solution, the
surface rheological properties are strongly influenced by adsorption and desorption
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processes. Expanding (compressing) the monolayer causes adsorption (desorption)
of the polymeric surfactants to diffuse from (to) the bulk phase in order to re-achieve
its equilibrium state (Cao et al., 2013; Santini et al., 2007b). Real behavior lies within
two extreme cases. When surface deformation is slow (low frequencies), the
monolayer has enough time to reach equilibrium, so much so that deformation has
almost no effect on ST. For this case, there is no resistance to expansion (𝜀 → 0).
When the deformation is so rapid (high frequencies) that the monolayer has no time
to respond, it behaves like an insoluble layer, and a change in surface area is directly
observed as a similar change in ST (perfectly elastic case). The frequency range
obviously lies within these two extremities. According to this mechanism, it is
expected for 𝐸′ to increase with increasing rate of area deformation until a certain
plateau is reached (Cao et al., 2013; Ma et al., 2011; Ravera et al., 2005; Wang et al.,
2011). The reason of the change in slope with increasing frequency shows 𝐸′
approaching the plateu value. The initial high dependency of 𝐸′ on 𝑣, suggest that
effect of diffusion of molecules between the bulk and interface on dilatational
rhelogical properties of the surfactant monolayer is more dominant for low
frequencies (≤ 0.4 𝐻𝑧).
𝐸′′ staying constant within the frequency range studied indicates that the
characteristic frequency of the relaxation process at the surface layer is higher than
the highest oscillating frequency used in measurements (0.1 Hz) (Cao et al., 2013;
Ma et al., 2011; Ravera et al., 2005; Wang et al., 2011). The frequency range chosen
was restricted by the instrument’s limitations. This means surface relaxation is
dominated by rapid relaxation processes, those with characteristic frequencies higher
than 0.1 Hz. Since QSE molecules are very bulky, molecular rearrangements would
take place at lower frequencies, as observed by Cao et al. on silwet408 which is a
surfactant with a much smaller molecular weight than QSE (Cao et al., 2013). If the
effect of molecular rearrangements were dominant, the opposing effects of diffusion
and surface repositioning would presumably cause a local maximum within the
frequency range studied (Pérez-Mosqueda et al., 2013; Rühs et al., 2013).
Consequently, it is safe to say diffusion of fresh surfactant molecules to void sites on
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the interface is the basic mechanism of relaxation for frequencies between 0.01 and
0.1 Hz.
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Figure 3.15. Concentration dependence of (a) 𝐸′ (storage modulus) (b) 𝐸′′ (loss
modulus), pH dependence of (c) 𝐸′ (storage modulus) (d) 𝐸′′ (loss modulus), NaCl
concentration dependence of (e) 𝐸′ (storage modulus) (f) 𝐸′′ (loss modulus) for
frequencies 0.01-0.1 Hz.
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Fig. 3.15 shows the concentration, pH, and ionic strength dependence of surface
dilatational rheological properties of QSE. With concentration, all frequencies follow
a similar trend. The results are the average of at least eight different measurements.
Despite the strange zig-zag behavior, the fact that all frequencies follow the same
trend implies that the behavior should be the result of a conflict between opposing
mechanisms, one of which becomes more dominant for concentrations over 0.5 w/v.
The effect of bulk surfactant concentration on dilatational modulus was explained by
van den Tempel and Lucassen model (Ma et al., 2011). One of the mechanisms is
related to the molecular interactions between the surface and adjacent bulk phase;
the other is related to the surfactant concentration on the surface. With an increase in
concentration, more and more molecules are available to the interface, which results
in formation of a thicker interfacial network with stronger intermolecular
interactions. The thick polymer layer is associated with a higher dilatational modulus
and dilatational elasticity. However, on the other hand, higher bulk concentration
causes increased molecular exchange between bulk and the interface, which
decreases the interfacial tension gradients and thus, results in a reduction in
dilatational modulus and elasticity. As a result, as the interface becomes saturated
with polymer, the elasticity-enhancing effect of a thicker polymer layer is
compensated and finally dominated by the decreased elasticity related to an increased
molecular exchange. For this reason, it is to be expected to observe a number of
maxima up until a concentration where one of the mechanisms prominently
dominates. Multiple other researchers have similarly reported the presence of one or
a few maxima and the presence of a sharp kink in slope 𝐸′ vs 𝑐 curves (Arabadzhieva
et al., 2011; Cao et al., 2013; Rühs et al., 2013; Santini et al., 2007b; W. Wang et al.,
2014). As depicted in Fig. 3.15a, the dominance of molecular exchange occurs at a
concentration of 0.5 % w/v, after which surface dilatational storage modulus
decreases significantly (less than half of its initial value). As previously discussed,
there is a strong relation between foam stability and 𝐸′ values, demonstrated in a
number of studies (Beverung et al., 1999; Cao et al., 2013; Cascão Pereira et al.,
2001; Davis and Foegeding, 2006; Freer et al., 2004b; Kontogiorgos, 2019; Mendoza
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et al., 2014; Pérez-Mosqueda et al., 2013; Santini et al., 2007b; Vernon-Carter et al.,
2008; Zhang et al., 2011). Consequently, a concentration of 0.5 % w/v is the highest
bulk concentration for a QSE stabilized dispersion, where the interface possesses the
highest stability against deformation and the resulting foam collapse or coalescence.
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Figure 3.15. Concentration dependence of (a) 𝐸′ (storage modulus) (b) 𝐸′′ (loss
modulus), pH dependence of (c) 𝐸′ (storage modulus) (d) 𝐸′′ (loss modulus), NaCl
concentration dependence of (e) 𝐸′ (storage modulus) (f) 𝐸′′ (loss modulus) for
frequencies 0.01-0.1 Hz.
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There also seems to be a frequency dependent shift in local maximum at 𝐸′ vs 𝑐 curve
(Fig. 3.15a). Maximum is shifted to higher concentrations with increasing frequency.
For frequencies over 0.04 Hz, the maximum concentration that displays the highest
loss modulus is 0.05 % w/v. For lower frequencies, loss modulus starts following a
linearly decreasing trend, with the slope increasing as the frequencies go lower.
When discussing surface rheological properties, as previously mentioned, there are
two different frequencies that need to be considered, namely, the frequency of
molecular exchange (𝜇) and the disturbance frequency (𝑣). If the frequency of
molecular exchange does not lie within the disturbance frequencies applied (0.01 –
0.1 Hz), it is not possible to see a maximum. The maximum modulus value is actually
the cross-over point where the change from 𝜇 < 𝑣 to 𝜇 > 𝑣 takes place (Stubenrauch
and Miller, 2004). This shows that with increasing frequencies, the surfactant
concentration needed for the crossover increases. Similarly for dilatational loss
modulus (𝐸′′), surfactant bulk concentration initiates two opposing mechanisms.
With an increase in bulk concentration, surface concentration also increases resulting
in enhanced relaxation between the two phases that facilitates the release of excess
surface energy by ST relaxation, thus increasing loss modulus. However, increasing
bulk concentration also increases surface’s resistance to deformation that decreases
the ST gradient generated by dilatational deformation. This process, on the other
hand, results in a reduction in dilatational loss modulus (Huang et al., 2008; Z. Wang
et al., 2014). As shown in Fig. 3.15b., 𝐸′′ values display a maximum at 0.5 % w/v
after which it decreases sharply. This indicates that, similar to storage modulus, 0.5
% w/v makes up the critical limit where the effect of one of the opposing mechanisms
start to dominate. For 𝐸′′, after 0.5 % w/v, the decrease in loss modulus related to the
decrease in ST gradient becomes more dominant.
The effect of pH and ionic strength on surface rheological properties can be seen in
Fig. 3.15c, d, e, f. Both 𝐸′ and 𝐸 ′′ follows a similar trend, where dilatational modulus
displays a local maximum at pH7 and a minimum at a NaCl concentration of 0.3 M.
Changes in pH and ionic strength of the medium, causes changes in conformation of
polymer chains both at bulk and polymer chains. Bulk conformational changes effect
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the ease and rate of adsorption whereas surface changes effect properties like
equilibrium ST and dilatational modulus (Karbaschi et al., 2014; Kontogiorgos,
2019). As previously discussed, a thicker and more extensively bonded network on
the interface results in increased surface elasticity, which is observed as an increase
in dilatational modulus. The effect of molecular conformation on surface rheology
was investigated in a number of studies. Karbaschi et al. 2014 came to the conclusion
that for increasing number of hydrophobic chains exposed to the surface, dilatational
modulus values increased. Additionally, Covis et al. 2014 reported that a more
thoroughly unfolded protein chain causes more of the molecule to adsorb, and also
increases the length of the loops (non-adsorbed sections of a polymer chain
positioned between two points of contact with the interface). With an increasing
number of loops, upon surface expansion or compression, non-adsorbed
hydrophobic residues could be positioned such that they merge with the hydrophobic
aggregates within the adsorbed layer and vice versa, therefore reducing the elasticity
of the surface and lowering 𝐸 ∗ (Covis et al., 2014). The local maxima and minima
in these curves presumably represent the points where either of these processes
dominates.

3.2.4

Diffusion Coefficients Governing the Adsorption
Process

Table 3.5 lists the diffusion coefficients governing the adsorption process of quince
seed extract dissolved in solution bulk onto the interface. There is a major difference
between the initial and final rates of diffusion as displayed by the difference between
𝐷0 and 𝐷∞ values. For most samples, the initial rates are a few orders of magnitude
larger than the final diffusion rates close to equilibrium. This demonstrates that the
process cannot be described by a classical diffusion model and an elaborate analysis
requires distinguishing the initial and final adsorption processes, that are obviously
controlled by their own distinct subprocesses (Möbius et al., 2001; Senkel et al.,
1998). The difference between the initial and final rates of diffusion get particularly
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larger as QSE concentration increases. For lower concentrations, the difference is
much less significant.
Table 3.5. Diffusion coefficients estimated from tensiometer measurements and
NMR Relaxometry data
Tensiometer

NMR

𝑫𝟎 (m2/s)

𝑫∞ (m2/s)

𝑺𝑫𝑪 (m2/s)

Q0.01

1.79 x10-05a

1.16 x10-04a

2.59 x10-09a

Q0.025

2.62 x10-05a

2.03 x10-05b

2.53 x10-09a

Q0.05

2.30 x10-05a

1.44 x10-06b

2.56 x10-09a

Q0.1

2.81 x10-05a

7.39 x10-08b

2.50 x10-09a

Q0.2

8.65 x10-06b

1.5 x10-08bc

2.44 x10-09a

Q0.3

5.50 x10-06b

4.65 x10-09c

2.45 x10-09a

Q0.4

4.89 x10-06b

1.66 x10-09c

2.64 x10-09a

Q0.5

4.53 x10-06b

7.32 x10-10cd

2.48 x10-09a

Q0.6

4.99 x10-06b

3.21 x10-10d

2.46 x10-09a

Q0.75

3.72 x10-06b

1.76 x10-10d

2.45 x10-09a

Q1

2.53 x10-06b

8.2 x10-11de

2.53 x10-09a

P3

1.06 x10-06a

2.42 x10-08a

2.52 x10-09a

P7

5.50 x10-06b

4.65 x10-09b

2.45 x10-09a

P11

1.48 x10-06b

1.73 x10-09b

2.49 x10-09a

S0

5.50 x10-06a

4.65 x10-09a

2.45 x10-09a

S0.1

1.64 x10-06b

1.56 x10-08b

2.58 x10-09a

S0.3

3.74 x10-06bc

6.85 x10-09b

2.45 x10-09a

S0.5

8.70 x10-06c

2.94 x10-09b

2.43 x10-09a

Concentrations

pHs

NaCl Content
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Let us now discuss why the rates of diffusion are significantly altered with time. For
short time range, the interface is devoid of any surfactants. For proteins, it is known
that for adsorption to occur, first proteins should unfold which starts after proteins
position themselves onto the subsurface. This hypothetical subsurface layer, where
molecular repositioning takes place, is initially empty and the molecules are free to
occupy a large area. The mechanism of molecular rearrangement for proteins can be
expressed by the Braun-Le-Chatelier principle of adsorption (Möbius et al., 2001;
Serrien et al., 1992). For low surface pressures (such as at initial times and/or low
concentrations), the area per molecules (𝐽) is maximum; which also results in the
highest frequency for of conformational changes at the interface. As subsurface is
populated by more and more adsorbing molecules (at longer times and/or high
concentrations), 𝐽 decreases, which hinders the rearrangements and the subsequent
interfacial adsorption. For low surfactant concentrations, the it takes longer for the
subsurface to be populated, and sometimes it never is so crowded that molecules
restrict eachothers’ rearrangements. In those cases, the rate of adsorption is
controlled by the rate of diffusion of surfactant from the bulk to the subsurface.
However, as concentration increases, more surfactants are readily available to the
interface and initial diffusion rate is very quickly replaced by the second slower rate
of diffusion (Wüstneck et al., 1996). This also explains why Regime II (mentioned
in Section 3.2.2) is over more quickly as surfactant concentration in bulk gets higher.
For these cases, the rate of overall process is governed by the rate of molecular
rearrangements, which explains the decrease in 𝐷∞ with increasing concentration.
The trends in 𝐷0 and 𝐷∞ with pH and NaCl concentration is very similar to what was
observed in Section 3.2.2 in Dynamic Surface Tension curves, with the rates of ST
relaxation increasing as pH moves from 3 to 11 and as salt content increases. The
mechanism behind this observation is already explain in Section 3.2.2.
Self diffusion coefficient for solutions prepared with said amounts of QSE, at
specified pH and salt concentrations, measured using NMR Relaxometry, are placed
next to the diffusion coefficients of tensiometer measurements for ease of
comparison. As apparent from Table 3.5, no significant difference is introduced to
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the SDS of solutions with changes in concentration, pH and salt concent. NMR SDCs
are diffusion coefficients measured in absence of an interface and rather than being
a measure of the rate of adsorption, the represent the rate of Browninan motion of
the molecules in the water-QSE mixture, which gives insight on the restriction of the
molecular mobility by addition of QSE, salt and modification of pH (Dellarosa et al.,
2015; Johns, 2009). In absence of an interface, the molecular mobility of the solution
itself seems to be constant regardless of the changes made. The diffusion coefficient
calculated from tensiometer measurements (will be called 𝐷𝑇 from now on) is a
complex quantity that is characteristic for both the diffusion and the crossing of the
barrier between subsurface and surface (which possesses an activation barrier ot
overcome). The NMR measurements are key here being the true diffusion
coefficients (𝐷) without an interfacial barrier and help determine the process of
adsorption that assumes the controlling role. If 𝐷𝑇 >> 𝐷 or they are of the same order
of magnitude, we can say that the presence of an interface accelerated the molecular
movements by the spontaneous adsorption of already exposed hydrophobic sections
of the surfactants. For this case, diffusion is the rate determining step in adsorption,
and there is no additional barrier at the subsurface and it is safe to safe adsorption is
almost instantaneous once the molecules diffuses to the interface (Ward and Tordai,
1946). If 𝐷𝑇 << 𝐷, it is evident that the barrier against adsorption at the subsurface is
the rate-determining step. If 𝐷 is more than a few orders of magnitude smaller than
𝐷𝑇 , the diffusion process can be completely neglected and the system could be
visualized as an instantaneous diffusion of subsurface followed by a slow molecular
rearrangement process (Ward and Tordai, 1946). Considering these, up until QSE
concentrations of 0.04 % w/v, diffusion seems to the determining step for overall
rate of adsorption, which means molecules at the subsurface do not experience and
barrier to adsorption cause by the population of this layer. However, for
concentrations of 0.05 % w/v and higher; the rate molecular rearrangements slow
down and assume the controlling role for adsorption. For all pH and salt contents;
𝐷𝑇 and 𝐷 were of the same order of magnitude, which indicates that concentration
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of surfactant had a more influential effect on diffusion rate than the other factors
modified.

3.3

Examination of interfacial properties of quince seed extract on a
sunflower oil-water interface

3.3.1

Equilibrium Interfacial Tension

The primary function of a surfactant is to facilitate emulsification by decreasing
interfacial tension. This is related to the reduced Gibbs free energy as the amphiphilic
surfactant molecules fill the oil-water interface (W. Wang et al., 2014). It takes time
for surfactant molecules to diffuse and adsorb on the interface; hence, after forming
a fresh interface, interfacial tension starts to decrease down until it reaches a certain
plateau at equilibrium. This value is defined as equilibrium surface tension (Berg,
2010; Shaw, 1992). Equilibrium interfacial tension, being an easy and accessible
measure of surfactant’s performance on the particular oil-water system, is the most
widely studied interfacial property (Karbaschi et al., 2014).

Fig. 3.16 shows

equilibrium interfacial tension values of QSE at a sunflower oil-water interface for
increasing concentrations.
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Figure 3.16. (a) Equilibrium Interfacial Tension Isotherm (b) Equilibrium Interfacial
Tension Isotherm (x-axis drawn at a logarithmic scale)
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Before moving on to discussion of the results, we believe it is necessary to explain
some of the challenges encountered during measurements. To calibrate the system,
we tried to make sure the interfacial tension value of pure water- sunflower oil
interface is close to its literature value of ~25 mN/m (Fisher et al., 1985). However,
it was observed that interfacial tension of water was never fully equilibrated. The
water was purified of contaminants (Milli-Q water) and the purity was confirmed
with a surface tension of ~74 mN/m at the air-water interface that remains constant
over 24 h. Therefore, the decrease in interfacial tension could not be related to the
adsorption processes that this study focuses on, meaning there are other processes
that cause interfacial reduction which could get in the way of accurately interpreting
the results. Overnight measurement of pure water- sunflower oil interface showed
that tension values decrease down to 8 mN/m, with the particle shrinking down to
~20% of its initial volume. This indicated that water was soluble in oil. Though the
solubility of water in oil is very low at 25oC (ranging between 0.1-0.25 v/v at
saturation) (Hilder, 1968), considering the difference in the volume of oil in the
cuvette (~30 ml) and the volume of water particle (~25 µl), it is not surprising to
see most of the particle dissolved after 24 h. To prevent this, oil was pre-saturated
with water which decreased the shrinkage considerably (~80% of its initial volume
after 24 h). With a pre-saturated oil and water interface, the interfacial tension started
at 24.2 ± 0.2 mN/m and decreased to 18.3 ± 0.7 mN/m in 24 h, which implies a
tension reduction rate of ~0.25 mN/m/h on average. This is most likely the result of
adsorption of surface-active oil contaminants.

Other researchers have also

encountered a similar trend when measuring dynamic interfacial tension at a wateroil interface (Bouyer et al., 2013; Kontogiorgos, 2019; Seta et al., 2014). Equilibrium
surface tension values were identified as the point where the interfacial tension
relaxation rate decreases down to the relaxation rate of pure water (~0.25 mN/m/h).
Most samples acquired this value within the first 2 h of interface formation. The QSE
concentration dependence of equilibrium interfacial tension values are depicted in
Fig. 3.16. The data in figure is the mean ten different measurements with two
overnight and eight 2 h long measurements.
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QSE bulk concentration dependence of interfacial tension is depicted in Fig. 3.16a.
Upon trials, 0.02 % w/v was chosen as the lowest concentration, resulting in a
statistically significant reduction in interfacial tension (IT) (from 24.2 mN/m down
to 22.5 mN/m). 0.02 % w/v is a considerably low hydrocolloid concentration to have
any effect on the interface. QSE is a graft copolymer whose main polysaccharide
fraction consists of a xylose backbone with high amounts of glucuronic and
galacturonic acid residues at the branches. The extract also has a very high protein
content (~20 % by wt. (Emrah Kirtil and Oztop, 2016)). The proteins are supposedly
attached covalently to the main polysaccharide chain. The proteins, being
amphiphilic in nature, act as the system’s emulsifiers, whereas polysaccharides
contribute to the thickness and elasticity of the adsorption layer as well as providing
steric stabilization (Tadros, 2009). There is a growing trend in designing
polysaccharide-protein conjugate polymers to develop a structure similar to QSE’s
native state (Anal et al., 2019; Jain and Anal, 2018; Kontogiorgos, 2019). Emulsions
stabilized by these Maillard conjugates have preserved their structural stability for
more extended periods than emulsions stabilized than the hydrocolloids alone or in
combination (Anal et al., 2019; Anvari and Joyner (Melito), 2017; Z. Gao et al.,
2017; Y. Liu et al., 2018). Another natural biopolymer that is considered a
benchmark emulsifying and stabilizing agent in food and cosmetic industry is Gum
Arabic, which also is a graft copolymer with proteins covalently attached to one of
the polysaccharide fractions (Alftrén et al., 2012; Bouyer et al., 2013; Kontogiorgos,
2019). As a comparison, Gum Arabic, exhibited a similar equilibrium interfacial
tension of ~21 mN/m at a concentration of 5 % w/v (Isobe et al., 2020). Another
polysaccharide chitosan at a concentration of 0.1 % w/v decreased interfacial tension
for a sunflower oil-water interface from 26.37 ± 0.01 mN/m to 21.51 ± 0.31 mN/m
(Lopes et al., 2020). The fact that QSE solutions can significantly affect tension at a
concentration of 0.02% w/v, demonstrates the gum’s effectiveness as an emulsion
stabilizer.
For the concentration range studied (0.02-1 % w/v), the lowest interfacial tension
acquired was 16.02 ± 0.38 mN/m. The lowest IT was observed at the 0.75 – 1 % w/v
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range. This indicates a 34% reduction in IT by addition of QSE. (Vélez-Erazo et al.,
2020) studied the interfacial properties of some macromolecular stabilizers (i.e. pea
protein, xanthan gum, sodium alginate, carrageenan, pectin, gellan gum, locust bean
gum, tara gum and gum Arabic) at a sunflower oil-water interface. The
macromolecular surfactants investigated displayed equilibrium interfacial tension
values that ranged between 17 and 22 mN/m. This implies that QSE could prove to
be a very effective emulsifier, and help ease emulsion preparation with its high
surface affinity and considerable tension reduction functions. This coupled with the
viscosity enhancing, and steric stabilizing effect of the gum could make it a very
good natural alternative to other widely employed stabilizers. This unusual behavior
could be related to the extract’s high hydrophobicity. The amino acid profile of QSE
reveals that 33.27% of the amino acids in the gums proteins were hydrophobic (Deng
et al., 2019). The high hydrophobicity is also accompanied by a high surface
hydrophobicity, which indicates that the hydrophobic portions of the proteins have
high accessibility to the interface even at their native conformation.
As clearly observed in Fig. 3.16a, there is a sharp kink in the interfacial tension
isotherm curve. For the initial three concentrations, there is a very steep slope
implying an initially strong dependence of IT on bulk QSE concentration, which later
on is replaced by a much less gradual reduction. This behavior is reminiscent of
critical micellization concentration (CMC) encountered in solutions of small
molecular surfactants. CMC is described as the bulk surfactant concentration at
which the interface is saturated with the surfactant; hence, further addition of
surfactants would cause them to form micelles in solution bulk rather than being
positioned on the interface (Arabadzhieva et al., 2011; Shaw, 1992). Polymeric
surfactants like proteins also exhibit a similar behavior where after a critical
concentration (Critical aggregation concentration, CAC), polymers tend to form
aggregates in bulk and not directly contribute to surface excess concentration
(Krstonošić et al., 2019; Tadros, 2009). A standard method for specifying
CMC/CAC is to draw linear curves over IT vs logC curves and mark the point of
intersection as CAC (Bu et al., 2004; Dal-Bó et al., 2011; Rub et al., 2013). Fig.
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3.16b is the ST vs. C curve with the horizontal axis drawn on a logarithmic scale.
The curves intersect at a concentration of ~0.23 % w/v. Therefore, 0.23% w/v is the
CAC for QSE at a sunflower oil-water interface. This concentration is quite low,
which means QSE provides monolayer saturation at very low concentrations.
Though significantly slower, the decrease in IT continues even after the identified
CAC. Similarly, a decrease of IT after CMC/CAC was observed by other researchers
and was associated with concentration induced changes in molecular aggregates in
bulk and/or multilayer formation resulting from the attraction of bulk surfactants and
the adsorbed layer (Beverung et al., 1999; Gashua et al., 2016; Krstonošić et al.,
2019; Semenov and Shvets, 2015; W. Wang et al., 2014; Wüstneck et al., 1996).
Fig. 3.17a depicts the change of equilibrium IT for three different pHs, 3, 7, and 11.
The solution at pH11 displayed a considerably lower IT than the others. QSE
molecules are abundant in sugar acids (uronic acid content of 20 % by wt (Vignon
& Gey, 1998)), which are negatively charged at basic pHs. QSE also contains ~21
% by wt of proteins that are also negatively charged over the isoelectric point. Out
of the pHs examined, pH11 is the one that is furthest from the isoelectric point of the
extract, reported as pH 4.2 by (Deng et al., 2019). Sugar acids are positioned on the
branches of the molecules, and pH-induced increase in the negative charge of these
residues presumably caused the branches to be more widely spread and position
themselves farther from the adsorption layer with chains elongated through the
aqueous phase. This could have made more room for proteins to adsorb, and with
increased protein concentration at the interface, interfacial tension decreased. This
result is in line with another study by Deng et al (2019), who have demonstrated
increased emulsifying and foaming properties as solution pHs get further from the
isoelectric point.
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Figure 3.17. (a) Equilibrium interfacial tension of QSE solutions at different pHs (b)
Equilibrium interfacial tension of QSE solutions at different NaCl concentrations
As apparent in Fig. 3.17b, IT values were significantly affected by the ionic strength
of the medium. There is an obvious negative correlation between NaCl concentration
and equilibrium ITs. The concentration range studied (0-0.5 M) is within the “salting
in” range for QSE, as shown by other researchers (Ashraf et al., 2017; Deng et al.,
2019; Rezagholi et al., 2019), meaning an increase in NaCl concentration increases
protein solubility. In the presence of Na+ and Cl- ions, protein chains are better
solvated by water, which supports increased interactions between water molecules
and the polymer. As a result, hydrophilic fractions of the proteins spread out more
towards the aqueous phase, which will ease protein unfolding and result in
hydrophobic groups to be better exposed to the interface, thus decreasing interfacial
tension.
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3.3.2

Dynamic Interfacial Tension

Though the reduction in interfacial tension at equilibrium is necessary for effective
emulsification, it is not the only parameter governing the process. The adsorbing
process and the resulting reduction in interfacial tension should occur in a timescale
relevant to the process of emulsion formation (Walstra, 2002; Walstra and Smulders,
2007). Consequently, monitoring the adsorption dynamics is just as crucial in
assessing the potential of a surfactant as an emulsifier. This is particularly substantial
for polymeric surfactants, which are slower to adsorb on interfaces than small
molecular surfactants owing to the retarded diffusion and molecular rearrangements
with a larger molecular weight (Seta et al., 2014). The investigation of dynamic
interfacial tension at an oil-water interface is particularly characteristic as it mimics
the adsorption of lipase enzyme, which is a protein that shows activity on an oilwater interface. There is a growing trend to decrease the caloric contribution of fats
in foods, either by hindering lipase activity at the interface or replacing bile salts that
facilitate emulsification by other irreversible solid nano-particles (Kontogiorgos,
2019). Examination of the rate and mechanism of adsorption makes up a
fundamental step for such surface studies.

148

Interfacial Tension (mN/m)

a) 27
25
23
21
19
17
15
0

500

1000

1500

2000

2500

time (s)
Water

Q0.05

Q0.1

Q0.2

Q0.3

Q0.4

Q0.5

Q0.75

Q1

Interfacial Tension (mN/m)

b) 24
22
20
18
16
14
12
10
8
0

500

1000

1500

time (s)
P3

P7

149

P11

2000

2500

Interfacial Tension (mN/m)

c)

24
22
20
18
16
14
12
10
8
0

500

1000

1500

2000

2500

time (s)
S0.1

S0

S0.3

S0.5

Figure 3.18. (a) Effect of concentration on the surface tension profile of QSE
solutions (b) Effect of pH on the surface tension profile of QSE solutions (c) Effect
of NaCl concentration on the surface tension profile of QSE solutions
Fig. 3.18a depicts the change in interfacial tension for the first 2000 s for each
concentration. After the 2000 s mark, the IT relaxation rate of all the samples slowed
down to the relaxation rate of pure water; hence, we believe it is not relevant for the
study. As clearly observed in Fig. 3.18a, the initial IT (IT @ t=0) seems to decrease
with concentration. For an ideally instant measurement, we expect the IT to start
from the equilibrium IT of pure water (~24.3 mN/m). The first measurement of each
concentration was taken within 10 s of droplet formation. The increased rate of IT
reduction with increasing concentration explains this behavior. Observing the
relaxation profile in Fig. 3.18 clearly shows a non-linear relaxation regardless of
concentration. Upon QSE addition, the solutions relax in two distinct regimes. Up to
the 200 s mark, there is an initial steep negative slope, which is later replaced by a
much slower relaxation rate that continues on up to ~2000 s. Such a relaxation
profile is reminiscent of typical protein adsorption. Protein adsorption is made up of
three distinct regimes with different relaxation rates; (i) induction/lag period
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(Regime I), (ii) monolayer saturation (Regime II), and (iii) interfacial gelation
(Regime III). The first of these, Regime I, is associated with the period where there
is no visible drop in IT from its initial value and is only observed for dilute protein
concentrations. We have not observed such an induction region even for the most
dilute concentration employed (0.05 % w/v). This lag period encountered in protein
adsorption is the result of the presence of kinetic barriers to surfactant adsorption,
either due to the slow rate of diffusion or the time it takes for the molecules at subsurface (the hypothetical layer right beneath the surface (Ward and Tordai, 1946) to
take a favorable conformation to adsorb (Calero et al., 2010; Freer et al., 2004b). The
fact that QSE solutions do not exhibit such a lag in relaxation implies that the surfaceactive fractions are quick to diffuse and adsorb without any unfolding necessity. The
high surface accessibility of hydrophobic residues of proteins in QSE is supported
by the high surface hydrophobicity of the extract, as reported by Deng et al. (2019).
QSE has a weight-average molecular weight of 9.61 × 106 Da, thus it is interesting
to see that QSE does not display a lag period, despite most biopolymers with smaller
molecular weights (i.e. sodium caseinate (Sosa-Herrera et al., 2016), Sterculia
apetala gum (Pérez-Mosqueda et al., 2013), ovalbumin (Beverung et al., 1999),
lyzozyme (Freer et al., 2004b, 2004a), β-lactoglobulin & β-casein (Wüstneck et al.,
1996) display a lag period at similar concentrations. It was shown by (Wang et al.,
2018) that QSE consists of three different polysaccharide fractions, with the two of
these being much lower in molecular weight (1250 Da and 1529 Da) than the major
fraction (1.4 x 106 Da). These smaller glycoproteins could have almost diffused to
and adsorb on the interface before the initial measurement took place. The absence
of a lag period implies that QSE decreases interfacial tension almost instantly after
interface formation, shortening the time it takes for emulsification processes (such
as homogenization).
Regime II is characterized by a rapid decline in IT and for QSE samples in Fig. 3.18,
it began at t=0 and was finalized within the initial 200 s for all concentrations. During
this period, molecules positioned at the sub-surface go through molecular
rearrangements to partially expose the hydrophobic regions to the oil-water interface
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and adsorb irreversibly (Macritchie, 1978). The steep decline in interfacial tension is
the result of two different mechanisms operating simultaneously; the increase of the
number of contacts with the interface for each molecule through relaxation of the
polymer from the initial rigid conformation, diffusion and adsorption of new
molecules to fresh and recently emptied sites on the interface. These processes
continue until monolayer coverage (Beverung et al., 1999). For QSE, during this
phase, the initially adsorbed glycoproteins with smaller molecular weights are
presumably replaced by the major QSE fraction, which is a very bulky and branched
polymer of a xylose based backbone with galactose, glucose, galacturonic and
glucuronic acid molecules and proteins attached to the branches (Hakala et al., 2014;
Rezagholi et al., 2019; Wang et al., 2018). For polydisperse polymers, fractions with
larger molecular weights adsorb preferentially over smaller ones. With time and
particularly for higher concentrations, the larger fractions replace smaller ones,
which are much faster to be positioned on the interface (Cao et al., 2013; Tadros,
2009). Comparing the effect of concentration on the relaxation profiles, it is possible
to see a positive correlation between the relaxation rate in Regime II and bulk QSE
concentration. As the amount of surfactant in bulk increases, more molecules
become readily accessible to the interface. The closer the molecules are to the
interface, the shorter the mean free path for diffusion, which decreases diffusion
time. A denser solution also increases the probability of molecular collisions that
initiates interfacial positioning of the molecules (Young and Torres, 1989). This
phenomenon is observed by many other researchers studying the interfacial
dynamics of macromolecular surfactants (Arabadzhieva et al., 2011; Bouyer et al.,
2013; Moreira et al., 2012; Pérez-Mosqueda et al., 2013; Sosa-Herrera et al., 2016;
W. Wang et al., 2014; Young and Torres, 1989).
The final regime for all QSE concentrations starts around the 200 s mark and lasts
until the end of time-dependent measurements. Most protein and polymeric
surfactants almost never display a true equilibrium, owing to the slow and ongoing
changes in structure of the adsorbed layer. Two processes govern the gradual and
slow decline during Regime III; increased interfacial molecular packing due to
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ongoing molecular rearrangements and multilayer adsorption (Benjamins and van
Voorst Vader, 1992; Cascão Pereira et al., 2003; Freer et al., 2004b). The unfolded
and adsorbed protein layer continues to relax to the most energetically favorable
state, exposing more and more of the hydrophobic sections to the interface. This
process is accompanied by the repositioning of the hydrophilic side chains away
from the adsorbed layer. As a result, the interface is populated exclusively by
surface-active fractions, resulting in a more compactly packed interfacial layer of
amphiphilic residues, which reduces the interfacial tension. Meanwhile, the nonadsorbed sections of the molecule, due to the increased proximity, display stronger
intermolecular interactions which results in formation of molecular aggregates and
protein-polysaccharide complexes (Freer and Radke, 2004; Krstonošić et al., 2019;
Sosa-Herrera et al., 2016). The enhanced degree of entanglements form bridges that
connect at various points, resulting in an amorphous gel-like network at the interface
(Beverung et al., 1999; Freer et al., 2004b, 2003). This explains why this period is
also called interfacial gelation. For some surfactants, the changes in the adsorbed
layer in this regime introduces an attraction between surfactants in bulk and
interface, which might result in multiple layers of surfactant to adsorb. Multilayer
adsorption is another reason for the slow decline in IT after monolayer surfactant
coverage. For QSE samples, the relaxation of IT for prolonged times was related to
molecular conformation changes and the resulting increase in interfacial
concentration. Unlike Regime II, we have not observed a significant relation between
relaxation rates and bulk QSE concentration for Regime III. This implies that bulk
concentration had a minimal effect on the rate of molecular rearrangements at the
interface. The fact that the relaxation rate in Regime II was dominantly influenced
by bulk surfactant concentration, proves that the primary controlling mechanism in
that step was the diffusion of new molecules to void interfacial sites. After monolayer
coverage, concentration did not seem to have such a prominent effect on rate of IT
decline.
QSE is a polyelectrolyte with a high charge density due to a high fraction of
galacturonic and glucuronic acid residues and contains ~20% by wt. proteins. The
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electrostatic effect plays a significant role in defining the rate and the state of the
molecular conformations at the adsorbed layer. The crucial role molecular
conformation play on interfacial activity was discussed by Kontogiorgos et al. (2019)
who have noted that a polysaccharide or protein's emulsification potential is not only
a function of its concentration but also of its conformation. The relative contribution
of these electrostatic effects is obviously dependent on the pH and the ionic strength
of the aqueous medium. Fig. 3.18b depicts the transient interfacial tension profiles
for three different pHs; 3, 7 and, 11. As similarly observed in equilibrium IT values
(Fig. 3.17a), the relaxation profile of QSE solution at pH3 and 7 was almost identical.
The isoelectric point of QSE proteins was identified as 4.2 by Deng et al. (2019).
According to Deng et al. (2019), the zeta potential of QSE molecules were 23.0 mV
at pH3 and it was -22.7 mV at pH7. This indicates that, though opposite in charge,
the QSE proteins display similar electrostatic potentials for the pHs, 3 and 7. The
zeta potential at pH10 (which was the highest pH investigated by the researchers)
was reported as -38.1 mV. This proves the expected outcome that the further one
gets from the solution’s isoelectric point, the higher the zeta potential becomes. At
pH11, as clearly evident from Fig. 3.18b, QSE molecules relax to their equilibrium
at a much faster rate, and additionally, this equilibrium is 33% less than the
equilibrium IT at a neutral pH. These results imply a more rapid unfolding of the
molecule as well as a different final conformational that presumably provides more
efficient interfacial packing. Out of the pHs studied, pH11 is also the furthest from
the pKa’s of both galacturonic (pKa of 3.5) (Dickinson, 2018) and gulucuronic acid
(pKa of 3.12) (Wang et al., 1991), which implies that a major fraction of the
carboxylic acid groups will be negatively charged at pH11. When solution pH is
close to the isoelectric point of the proteins, owing to the lack of electrostatic
repulsion, molecule-molecule interactions dominate. Intermoleculer attractions
between protein chains is ever present at any pH, yet with a decrease in overall
charge of the molecule, molecules that were principally kept apart by electrostatic
repulsion move closer to one another. With increasing proximity of the molecules,
hydrophobic interactions such as Van der Waals forces start to dominate over
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protein-water interactions, hence, the molecules start to form aggregates. The
aggregation in the adsorbed layer causes generation of a denser interface that hangs
close to the droplet surface. The reduction in conformational entropy of the polymer
chains both make it harder for new polymer chains to be incorporated to the
interfacial layer, and it also inhibits the ability of the already adsorbed molecules to
reposition themselves to a more energetically favorable state (Alba et al., 2016;
Castellani et al., 2010a). The decreased interactions between QSE and water
molecules and the low electrostatic charges at pHs close to pH4.2 also inhibit the
extract's steric stabilization potential. The diminished interfacial activity and steric
stabilization potential of QSE were supported by Deng et al. (2019) findings that
demonstrated QSE to exhibit the lowest emulsifying ability index (EAI), emulsion
stability index (ESI and foaming capacity at it pHs close to its isoelectric point of 4.2
(Deng et al., 2019).
At pH11, due to high negative-negative charge repulsions, polymer chains in order
to maximize the distance between charged groups, tend to stay as widely spread as
possible. As a result, polar and charged groups extrude through the bulk phase in a
more wide-spread manner, providing more room for fresh molecules to adsorb.
Additionally, the decreased hydrophobic interactions within the molecule provide
better structural flexibility that enhances the molecular mobility, which, in return,
accelerates molecular rearrangements (Alba and Kontogiorgos, 2017). These
occurrences together contribute to the increased relaxation rate of interfacial tension
at pH11. The equilibrium IT at pH11 is also considerably lower than the other pHs
by ~6 mN/m. As previously stated, this suggests an increased number of contacts
with surfactant and the interface, either resulting from an increased surfactant
concentration or a more complete unfolding of the proteins that maximizes
interfacial activity (Fleer et al., 1993; Fleer, 2010; Parkinson et al., 2005). QSE is
abundant in disulfide bonds (19.79 μM/g as identified by method) which is one of
the most important structure stabilizing bonds in proteins (Du et al., 2012; Tang et
al., 2006). The increasingly negative charge repulsion at increasing pHs, was after
some point, sufficiently strong to overcome the final remaining disulfide bonds and
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other intermolecular attractions that prevented total unfolding. There are other
studies in the literature that have reported increased interfacial activity as the pH of
the medium gets further from the isoelectric point of proteins (Deng et al., 2019;
Mundi and Aluko, 2012; Tang et al., 2006).
The transient interfacial tension profiles of QSE solutions with differing amounts of
NaCl was shown in Fig. 3.18c (S0: control, S0.1: 0.1 M, S0.3: 0.3 M, S0.5: 0.5 M).
As clearly evident from the figure, IT relaxation rates considerably increases with
increasing salt content. When a background electrolyte is present in an emulsion
(e.g., NaCl) stabilized by a polyelectrolyte surfactant, an ionic double layer
surrounds the interface. QSE is negatively charged at neutral pH; thus Na+ ions
simultaneously transport to the interface and surround QSE anions, which is
surrounded by a secondary layer of Cl- ions (Z. Gao et al., 2017; Macleod and Radke,
1994). For QSE molecules, the presence of a double layer accelerated the rate of
adsorption. There could be two possible mechanisms behind this behavior. With
increasing ionic strength of the medium, the Debye length of charged protein side
chains decreases. Consequently, electrostatic repulsion decreases, resulting in a
quicker interfacial saturation and better interfacial packing of proteins (Beverung et
al., 1999). Additionally, charged sugar acids positioned at the branches extrude
through the aqueous medium, while the rest of the molecule adsorbs. These
negatively charged groups can inhibit the diffusion of new molecules by forming a
layer of charge-charge repulsion. The ionic interaction of Na+ ions and these charged
fractions decreases electrostatic repulsion and facilitates the adsorption of fresh
polymers onto the oil-water interface. Other researchers have similarly reported an
acceleration in the adsorption rate of charged surfactants with increasing ionic
strength of the medium (Beverung et al., 1999; Hayase and Tsubota, 1986; Ishimuro
and Ueberreiter, 1980).
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3.3.3

Dilatational Interfacial Rheology Measurements

Dilatational interfacial rheology focuses on the change in interfacial tension in case
of an expansion/contraction on interfacial area, and the data acquired can indicate
the interface’s resistance to external perturbations (Bos and Van Vliet, 2001;
Dickinson, 2001, 1999, 1998). Therefore, investigation of interfacial rheology is just
as essential as interfacial tension. The contribution to long term emulsion stability is
particularly more pronounced for systems stabilized by polymeric surfactants, such
as QSE. The adsorption of these large macromolecules results in the formation of an
interfacial gel-like skin network (Freer et al., 2004a) that dampens breakage of
droplets and functions as a barrier against coalescence (Santini et al., 2007b; W.
Wang et al., 2014). Many studies have found a strong correlation between interface
dilatational properties and stability of dispersions (Beverung et al., 1999; Cao et al.,
2013; Cascão Pereira et al., 2001; Davis and Foegeding, 2006; Freer et al., 2004b;
Kontogiorgos, 2019; Mendoza et al., 2014; Pérez-Mosqueda et al., 2013; Santini et
al., 2007b; Vernon-Carter et al., 2008; Zhang et al., 2011).

157

Table 3.6. Average 𝐸′, 𝐸′′ and tan∆ values for QSE at an oil-ware interface
Concentration (%)

𝑬′ (mN/m)

𝑬′′ (mN/m)

tan∆ (o)

0.1

30.61±5.03a

2.93±0.80a

0.10±0.02a

0.2

16.17±2.50b

1.75±0.37ab

0.11±0.02ab

0.3

14.79±3.39b

1.32±0.31b

0.09±0.02ab

0.4

11.69±1.24b

0.76±0.20b

0.07±0.02ab

0.5

9.09±2.26b

0.25±0.36bc

0.03±0.09ab

0.75

5.45±2.07c

0.15±0.14cd

0.03±0.08ab

1

3.00±1.95d

0.08±0.37d

0.03±0.01b

3

10.00±1.92a

0.73±0.19a

0.07±0.01a

7

14.79±2.39b

1.32±0.31ab

0.09±0.02a

11

20.08±1.19c

1.45±0.43b

0.08±0.01a

0

14.79±3.39a

1.32±0.31a

0.09±0.02a

0.1

15.16±3.39a

1.45±0.28a

0.10±0.01a

0.3

9.95±1.53ab

1.20±0.04a

0.13±0.02a

0.5

9.35±1.73b

0.92±0.30a

0.10±0.04a

pH

Salt Content

𝐸′ and 𝐸′′ was measured for 10 different frequencies (within the range 0.01 – 0.1
Hz). Table 3.6 displays the averages of these frequencies for differing
concentrations, pHs and salt contents. 𝐸′ (dilatational storage modulus) is a measure
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of the elastic counterforce of the surface to a possible deformation, whereas 𝐸′′
(dilatational loss modulus) defines how fast the initial values of ST is restored after
deformation (Mendoza et al., 2014; Seta et al., 2014). Regardless of solution
conditions and QSE concentration, all oil-water interfaces were prominently elastic
rather than viscous, as identified by the much higher 𝐸′ values (𝐸 ′ ≫ 𝐸′′). This
indicates that the viscoelastic later formed by QSE adsorption on an oil-water
interface acts more like an elastic solid rather than a viscous fluid. This result is
typical for viscoelastic polymer layers and is one of the advantages of polymeric
surfactants over small molecular ones as it bestows the interface higher resistance
against deformation (Pérez-Mosqueda et al., 2013). Upon disturbance to the
interface, an ideally elastic interface can store all the mechanical energy, later release
it without loss, and return to its original shape and form (Freer et al., 2004b).
Interfacial elasticity increases the interface’s ability to store energy; hence, a higher
storage modulus is preferable for interfaces as it provides the dispersed particles with
higher resistance against rupture that could occur in the possibly turbulent conditions
of emulsion formation, processing and transportation or merging of particles during
long term storage (Seta et al., 2014; W. Wang et al., 2014). This behavior can be
explained by Marangoni effect. Assuming an interface saturated with surfactant has
lost its original shape and size and is elongated due to an external disturbance, this
causes the generation of an interfacial tension gradient. To recover the droplet to its
initial state, excess surfactants in bulk diffuses to the depleted region (Marangoni
effect). However, until this process is finalized, the droplet is susceptible to rupture
from its weakened regions. A profoundly elastic interface resists deformation and
generates a greater driving force for surfactants to diffuse to the depleted region,
reducing film compressibility and improving the resistance to the change in
interfacial area that takes place in droplet breakage and coalescence (D’Aubeterre et
al., 2005).
For emulsions, in particular, the effect of interfacial dilatational rheology is widely
recognized (Aksenenko et al., 2007; Cui et al., 2010; Derkach et al., 2009; Santini et
al., 2007a; Vernon-Carter et al., 2008; W. Wang et al., 2014). Many researchers have
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even demonstrated that interfacial rheological properties are the dominant factor in
determining emulsions' stability, even more so than interfacial tension (Angle and
Hua, 2012; Fruhner et al., 2000; Reichert and Walker, 2013; Urbina-Villalba, 2004).
However, most of the droplet breakage occurs during emulsion formation, which is
one reason why the application of an overly long homogenization procedure can
cause phase separation. The enhanced resistance facilitates the emulsification
process by contributing to the droplet size distribution in a turbulently stirred system
(W. Wang 2014). Bak et al. (2012) investigated the effect of interfacial tension and
rheological properties on droplet breakage in an oil-in-water emulsion prepared by
Tween 20 and Tween 80. The researchers have concluded that it is interfacial
dilatational properties, dilatational elasticity, in particular, that mainly governs this
process. Higher dilatational elasticity was associated with better resistance against
rupture of droplets due to the mechanical energy input during emulsification (Bak
and Podgórska, 2012). Consequently, the relatively high elastic character that QSE
adsorption layers display implies that it would be a very effective emulsion stabilizer.
It was demonstrated that flexible proteins tend to form films with low levels of
viscoelasticity. As the rigidity of the protein structure increases, the interfacial layer
elasticity increases (Seta et al., 2014). QSE proteins are structurally very stable as
identified by the high denaturation temperature (103.4 oC), a high number of free
sulfhydryl (SH) groups (9.73 μM/g), and disulfide (SS) bonds (19.79 μM/g) (Deng
et al., 2019). This structural rigidity could be one of the reasons behind the relatively
high interfacial elasticity. Casein for one, though is a very surface active molecule,
due to its flexible structure, shows inferior emulsion stabilization properties
compared globular proteins such as β-lactoglobulin and ovalbumin (Graham and
Phillips, 1979; Pezennec et al., 2000).
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a)
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b)

Figure 3.19. (a) Frequency dependence of 𝐸′ and 𝐸′′ of QSE at an oil-water interface
with varying concentrations (b) Frequency dependence of 𝐸′ and 𝐸′′ of QSE at an
oil-water interface with varying pHs and NaCl concentrations
The frequency dependence of 𝐸′ and 𝐸′′ of all samples are displayed in Fig. 3.19.
Regardless of surfactant concentration, pH and salt content, 𝐸′ and 𝐸′′ displayed s
similar trend with frequency. 𝐸′ increased in a non-linear fashion with increasing
frequency, whereas 𝐸′′ was not substantially affected and remained relatively
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constant for the frequency range studied (0.01 – 0.1 Hz). The initial higher rate of
increase in 𝐸′ seems to decrease to a more linear profile after 0.04 Hz. With
increasing frequency, the rate of deformation in interfacial area increases, which
decreases the time for the interfacial monolayer to respond to these perturbations.
The change in interfacial tension is compensated by the adsorption or desorption of
surfactant from the adjacent bulk phase (Marangoni effect). However, for
frequencies where the rate of area expansion/contraction is faster than the rate of
adsorption, the monolayer starts to behave like an insoluble surfactant layer where a
change in interfacial area is accompanied by a similar change in interfacial tension
(Gibb’s effect)(D’Aubeterre et al., 2005). As Gibb’s effect becomes more dominant,
the interface becomes more elastic, which is observed as an increase in dilatational
storage modulus values (𝐸′). The increase in 𝐸′ with frequency continues until a
certain plateau is reached (Cao et al., 2013; Ma et al., 2011; Ravera et al., 2005;
Wang et al., 2011). The visible change in slope at around 0.4 Hz, indicates 𝐸′
aapproaching this plateau, yet it could not be observed within the frequency range
employed.
𝐸′′, on the other hand, was not significantly affected by a 10-fold increase in
frequency (from 0.01 to 0.1 Hz). This indicates that the characteristic frequency of
the relaxation process at the interfacial layer is greater than the maximum oscillating
frequency, which was restricted by instrument limitations (Cao et al., 2013; Ma et
al., 2011; Ravera et al., 2005; Wang et al., 2011). What this implies is that, interfacial
relaxation is governed by rapid processes with characteristic frequencies larger than
0.1 Hz. For a bulky molecule such as QSE, molecular rearrangements would occur
slowly, and competition between the two mechanisms of relaxation; diffusion, and
interfacial repositioning would result in the observation of a local maximum in 𝐸′′
within the frequency range measured, as demonstrated in several other studies
(Pérez-Mosqueda et al., 2013; Rühs et al., 2013). Hence, this brings us to the
conclusion that adsorption of fresh QSE molecules in solution bulk to empty regions
on the interface is the dominant mechanism of relaxation between the frequencies
0.01 - 0.1 Hz.
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Concentration, pH, and ionic strength dependence of interfacial dilatational
rheological properties are given in Table 3.6. With increasing concentration the
average 𝐸′ and 𝐸′′ values both decreased, with 𝐸′′ approaching 0 as concentration
increases. The evident decline in dilatational complex modulus, 𝐸 ∗ , implies the loss
of viscoelastic character of the adsorbed film layer with increasing bulk QSE
concentration. It is quite common to observe maximum or minimum modulus values
with changing surfactant concentration. Interfacial rheological properties are
governed by two different frequencies, namely, the frequency of molecular exchange
(𝜇) and the disturbance frequency (𝑣). To observe a local extremity, the frequency
of molecular exchange should lie within the range of disturbance frequencies
applied, because the maximum/minimum modulus value is the cross over point
where 𝜇 < 𝑣 to 𝜇 > 𝑣 takes place (Stubenrauch and Miller, 2004). The fact that, no
such local extremity is observed in either of the modulus values indicated that the
disturbance frequency range does not cover the molecular exchange frequency.
For the storage modulus, 𝐸′, the effect of bulk surfactant concentration is governed
by two opposing mechanisms (Ma et al., 2011). Normally one would expect an
increase in interfacial elasticity as more and more surfactants become available to
the interface. An increase in surfactant concentration could lead to the formation of
a thicker interfacial network with higher levels of crosslinking between chains,
resulting in a more solid-like behavior, hence the higher elasticity. However, the
effect of increasing surfactant concentration is limited by interfacial monolayer
saturation. If the polymer does not have the capability to form multiple layers, the
addition of surfactant after CAC would not significantly alter the interfacial
configuration. The CAC for QSE on an oil-water interface was identified as 0.23 %
w/v. Particularly after this concentration, a secondary mechanism becomes more
dominant. With higher bulk surfactant concentration, the rate of molecular exchange
between the interface and bulk increases, as demonstrated by the dynamic interfacial
tension curves (Fig. 3.18). Increased molecular exchange decreases the interfacial
gradient generated by expansion/contraction of the interfacial area. This decreases
the interface’s ability to respond to the changes in area (∆𝐴) with a similar change in
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interfacial tension (∆𝛾), which is observed as a reduction in dilatational storage
modulus (Santini et al., 2007). For QSE adsorbing at an oil-water interface, the
second mechanism is obviously much more dominant within the concentration range
examined (0.1-1 % w/v). Many other researchers have observed similar declines in
𝐸′ with concentration and explained it with the effect of increased molecular
exchange (Arabadzhieva et al., 2011; Cao et al., 2013; Rühs et al., 2013; Santini et
al., 2007b; W. Wang et al., 2014). As discussed before, the strong relation between
dispersion stability and 𝐸′ was shown in multiple studies (Beverung et al., 1999; Cao
et al., 2013; Cascão Pereira et al., 2001; Davis and Foegeding, 2006; Freer et al.,
2004b; Kontogiorgos, 2019; Mendoza et al., 2014; Pérez-Mosqueda et al., 2013;
Santini et al., 2007b; Vernon-Carter et al., 2008; Zhang et al., 2011). Thus, according
to our findings, lower concentrations could prove better stabilization in emulsion,
only considering the interfacial elasticity. However, many other factors such as
interfacial tension and viscosity of the continous phase play prominent roles in
determining overal system stability. Hence, further analysis in a real emulsion
system is necessary for a definite interpretation.
As seen in Table 3.6, there seems to be a negative correlation 𝐸′ and QSE
concentration as well. There are normally two opposing mechanisms at play here,
yet obviously, one of them strictly dominates for our samples. With a higher bulk
surfactant concentration, there is enhanced molecular exchange between bulk and
the interface, which promotes the release of excess energy at the interface by
interfacial tension relaxation, hence increasing dilatational loss modulus. By an
increase in bulk concentration, the resistance of the interface to deformation also
increases, which hinders the formation of a tension gradient by the deformation
during measurement modulus, which decreases dilatational loss modulus (Huang et
al., 2008; Z. Wang et al., 2014). 𝐸′′ values seem to approach 0 as solution
concentration increases, which is also similar for 𝐸′ values. This implies the loss of
viscoelastic character of the interface at concentrations higher than 1 % w/v. The
increased rate of adsorption and the loss of interfacial tension gradient seem to be
mechanisms responsible for the diminishing interfacial viscoelasticity. The effect of
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pH and ionic strength on interfacial rheological properties can also be seen in Table
3.6. Both dilatational moduli increase with increasing pH, whereas they seem to
decrease with increasing ionic strength of the medium. The amount of free Na+ and
Cl- ions and pH of the medium is the dominant factor in defining the interfacial
conformation of the adsorbed polymer. These conformation changes can
considerably influence interfacial packing (increasing/decreasing surface excess
concentration) and or change the number of contact points with the interface as well
as defining the extend of polymer-polymer interactions on the adsorption layer
(Karbaschi et al., 2014; Kontogiorgos, 2019). As previously mentioned, a thicker
and more extensively bonded network of surfactants on the interface leads to higher
interfacial elasticity (identified by higher 𝐸′ values). As pH gets further from the
isoelectric point of proteins (pH 4.2) and the pKa of the sugar acids (pH 3.12 and
3.5) responsible for the charge on the polysaccharide chains, the interfacial layer gets
more negatively charged. We had previously discussed how increasing negative
charge on QSE resulted in a more compactly packed interfacial layer, as supported
by a much lower equilibrium interfacial tension values at pH 11 than at neutral pH.
With more polymer available at the interface, the interfacial layer gets thicker, and
the closer packing lead to increased intermolecular attractions, which caused the
interfacial layer to display higher modulus values. On the other hand, increasing
ionic strength had the opposite effect. With Na+ ions surrounding the anions on QSE
layer, the charge-charge repulsion within the polymer chains is neutralized, which
seems to result in decreased interfacial viscoelasticity. A conformational change is
responsible for this result, but it is not possible with current knowledge to give a
definite explanation. Covis et al. (2014), considering their findings, hypothesized
that with an increasing number of loops (non-adsorbed sections of a polymer chain
positioned between two points of contact with the interface), the viscoelastic
character of the interface is diminished. Karbaschi et al. (2014), found a direct
relationship between the number of hydrophobic residues exposed to the surface and
dilatational modulus values. Both these studies demonstrate the strong impact of
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molecular conformation on interfacial rheology, as we have observed in QSE
samples.
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CHAPTER 4

4

CONCLUSION & RECOMMENDATIONS

Quince seed extract, with its chemically complex and diverse structure, is a
challenging biopolymer to work with, but has so far shown promising results in
stabilization of emulsions and foams. Some substantial findings were acquired by
the use of quince seed extract (QSE) in an oil-in-water emulsion and comparing it
with emulsions stabilized by similar concentrations of xanthan gum. Physical
properties of the emulsions such as viscosity and droplet size influenced the
creaming rate. Quince seed extract resulted in emulsions with smaller low-shear
viscosities and shear thinning capabilities compared to same concentrations of
xanthan gum. Still, the emulsion thickening properties of QSE were significant.
Particle sizes were shown to decrease with increasing gum concentration related with
the higher entrapment capability of an increasing yield stress and viscosity. NMR T2
relaxation results indicated the dominant effect of serum layer mobility on physical
stability. The lower T2 values of QSE solutions were suggestive of the gum’s
emulsification properties. In future studies, the microstructure of the emulsions and
the physico-chemical dynamics behind destabilization mechanisms could be further
analyzed by NMR T2 relaxation spectra acquired through Non-Negative Least square
transformation of NMR data. Overall, gum concentrations >0.3 w/v yielded
physically stable emulsions even after 5 months. Quince seed extract was
demonstrated to be a good natural alternative to emulsion thickening stabilizers that
provided comparable stabilization power for lower viscosities, owing to its surfaceactive properties.
Investigation of surface properties of QSE revealed the extract’s interfacial activity
and the concentrations, pH and salt content for the biopolymer to fold into its most
effective interfacial conformation. QSE was effective in lowering surface tension at
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an air-water interface even at concentrations as low as 0.025 % w/v (reduction of eq.
ST from 72 mN/m to 58.9 mN/m). By QSE addition alone equilibrium surface
tension could be lowered to ~36 mN/m, which is lower than the lowest ST that can
be achieved with many other surface active biopolymers. Critical aggregation
concentration (CAC) was identified as 0.165 % w/v, which is also lower compared
to similar hydrocolloids, meaning a relatively low concentration of the extract was
sufficient to provide complete surface coverage. 𝑍-average particle size data
supported this claim by displaying an abrupt increase in mean particle diameter (from
~900 nm to >2500 nm) as bulk QSE concentration exceeds the CAC of 0.165 %
w/v. Dynamic surface tension curves revealed an almost instantaneous adsorption of
polymer for concentrations over 0.01 % w/v, which demonstrates the strong potential
of the gum as a foaming agent. Surface tension relaxation rates increased with
increasing concentration. Dilatational surface rheology measurements revealed that,
regardless of concentration, air-water interface was prominently elastic, that implies
a high resistance against deformation. Dilatational modulus is highest at a
concentration range of 0.3 – 0.5 % w/v for al frequencies investigated. As solution
pHs get further from the isoelectric point of QSE proteins, the rate of adsorption of
QSE molecules on to the interface and the equilibrium surface pressures increased.
Surface properties were also significantly affected by ionic strength of the medium,
with eq. STs decreasing with increasing QSE concentration. pH and ionic strength
induced conformational changes in the interfacial layer also lead to the formation of
local minima and maxima in dilatational elastic and loss modulus within the pH and
NaCl concentration studied.
At an sunflower oil-water interface, the lowest concentration that yielded a
statistically significant drop in interfacial was found as 0.02 % w/v (reduction of eq.
ST from 24.2 mN/m to 22.5 mN/m). QSE dropped interfacial tension down to ~16
mN/m at the highest concentration examined (1% w/v). Critical aggregation
concentration (CAC) was identified as 0.23 % w/v, which is a relatively low
concentration compared to hydrocolloids of similar nature. Dynamic interfacial
tension results revealed that the interfacial tension relaxation occurs in two distinct
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regimes; monolayer saturation and interfacial gelation, with total surface coverage
over within the first 200 s for all samples. None of the samples exhibited a lag phase.
This rapid adsorption is a significant indicator of the quick stabilizing effect of the
polymer that could initiate even during emulsification where most of the particle
breakage occurs. Dilatational interfacial rheology measurements showed that, on all
samples, the oil-water interface was prominently elastic, which is associated with
increased physical stabilization in emulsions. Changes in pH and ionic strength of
the medium, resulted in conformational changes in the adsorption layer prominent
enough to influence interfacial properties. The solution at pH11 yielded the lowest
equilibrium interfacial tension (12.3 mN/m). Similarly, with increasing NaCl, the
equilibrium interfacial tension values decreased; down to 13.6 mN/m at 0.5 M NaCl,
which was explained by increasing protein solubility within the range of 0-0.5 M
NaCl.
Despite the few studies in literature that have demonstrated quince seed extract to be
a promising dispersion stabilizer, the mechanism of adsorption and the interfacial
behavior of this biopolymer on an oil-water interface was never explored. This
dissertation with clear findings not only proves the significant emulsifying potential
of the extract, it also provides quantitative information on the interfacial properties
of QSE on an oil-water interface, as well as explaining the mechanism behind the
interfacial behavior of this complex and unique biopolymer. Taking all these into
account, it would be safe to say, with this study, QSE is proven to be a potentially
effective natural alternative to other polymeric surfactants and stabilizers commonly
employed in the food, cosmetic and pharmaceutical industries.
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APPENDICES

A. Statistical Analysis
Quince and Xanthan Emulsions Rheological Analysis
One-way ANOVA: K versus Sample
* NOTE * Cannot draw the interval plot for the Tukey procedure. Interval plots for
comparisons are illegible with more than 45 intervals.

Method
Null hypothesis
Alternative hypothesis
Significance level
Rows unused

All means are equal
Not all means are equal
α = 0.05
2

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

12 0.05Q; 0.05X; 0.1Q; 0.1X; 0.2Q; 0.2X; 0.3Q; 0.3X; 0.5Q; 0.5X; 0.75Q; 0.75X

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

11 205.414
12
0.015
23 205.429

18.6740 15301.09
0.0012

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0349348 99.99%

99.99%

99.97%

Means
Sample
0.05Q
0.05X
0.1Q
0.1X
0.2Q
0.2X
0.3Q
0.3X
0.5Q
0.5X
0.75Q
0.75X

N

Mean

StDev

95% CI

2 0.01639 0.00173 (-0.03743; 0.07022)
2 0.05155 0.00916 (-0.00227; 0.10537)
2 0.029395 0.000700 (-0.024427; 0.083217)
2 0.22555 0.00474 (0.17173; 0.27937)
2 0.06285 0.00738 (0.00903; 0.11667)
2
0.8895
0.0601
(0.8357; 0.9433)
2 0.13560 0.00651 (0.08178; 0.18942)
2 2.08350 0.00636 (2.02968; 2.13732)
2
0.3488
0.0785
(0.2950; 0.4026)
2
5.7335
0.0219
(5.6797; 5.7873)
2
1.0121
0.0635
(0.9583; 1.0659)
2 9.92750 0.01061 (9.87368; 9.98132)

Pooled StDev = 0.0349348

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
0.75X
0.5X
0.3X

N
2
2
2

Mean

Grouping

9.92750 A
5.7335
B
2.08350
C
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0.75Q
0.2X
0.5Q
0.1X
0.3Q
0.2Q
0.05X
0.1Q
0.05Q

2
1.0121
2
0.8895
2
0.3488
2 0.22555
2 0.13560
2 0.06285
2 0.05155
2 0.029395
2 0.01639

D
D
E
E F
F G
G
G
G
G

Means that do not share a letter are significantly different.

One-way ANOVA: n versus Sample
* NOTE * Cannot draw the interval plot for the Tukey procedure. Interval plots for
comparisons are illegible with more than 45 intervals.

Method
Null hypothesis
Alternative hypothesis
Significance level
Rows unused

All means are equal
Not all means are equal
α = 0.05
2

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

12 0.05Q; 0.05X; 0.1Q; 0.1X; 0.2Q; 0.2X; 0.3Q; 0.3X; 0.5Q; 0.5X; 0.75Q; 0.75X

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

11 1.36452 0.124048
12 0.00542 0.000452
23 1.36994

274.59

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0212545 99.60%

99.24%

98.42%

Means
Sample
0.05Q
0.05X
0.1Q
0.1X
0.2Q
0.2X
0.3Q
0.3X
0.5Q
0.5X
0.75Q
0.75X

N

Mean

StDev

95% CI

2
0.8781
0.0559
(0.8454; 0.9109)
2
0.6825
0.0308
(0.6497; 0.7152)
2 0.834050 0.001344 (0.801304; 0.866796)
2 0.50480 0.00156 (0.47205; 0.53755)
2
0.7706
0.0337
(0.7378; 0.8033)
2 0.331450 0.001061 (0.298704; 0.364196)
2 0.61820 0.00552 (0.58545; 0.65095)
2 0.25915 0.00615 (0.22640; 0.29190)
2 0.52575 0.01054 (0.49300; 0.55850)
2 0.18430 0.00368 (0.15155; 0.21705)
2 0.41735 0.00318 (0.38460; 0.45010)
2 0.159550 0.000778 (0.126804; 0.192296)

Pooled StDev = 0.0212545

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
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Sample
0.05Q
0.1Q
0.2Q
0.05X
0.3Q
0.5Q
0.1X
0.75Q
0.2X
0.3X
0.5X
0.75X

N

Mean

Grouping

2
0.8781 A
2 0.834050 A B
2
0.7706
B
2
0.6825
C
2 0.61820
C
2 0.52575
D
2 0.50480
D
2 0.41735
E
2 0.331450
F
2 0.25915
F G
2 0.18430
G H
2 0.159550
H

Means that do not share a letter are significantly different.

One-way ANOVA: LVR versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level
Rows unused

All means are equal
Not all means are equal
α = 0.05
6

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

10 0.1Q; 0.1X; 0.2Q; 0.2X; 0.3Q; 0.3X; 0.5Q; 0.5X; 0.75Q; 0.75X

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

9 182.734
10
4.575
19 187.309

20.3038
0.4575

44.38

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.676387 97.56%

95.36%

90.23%

Means
Sample
0.1Q
0.1X
0.2Q
0.2X
0.3Q
0.3X
0.5Q
0.5X
0.75Q
0.75X

N Mean StDev
2 3.350
2 2.350
2 3.900
2 4.950
2 6.400
2 6.050
2 10.300
2 7.950
2 10.950
2 10.850

0.919
0.354
0.566
0.212
0.849
0.919
0.424
0.919
0.212
0.778

95% CI
(2.284; 4.416)
(1.284; 3.416)
(2.834; 4.966)
(3.884; 6.016)
(5.334; 7.466)
(4.984; 7.116)
(9.234; 11.366)
(6.884; 9.016)
(9.884; 12.016)
(9.784; 11.916)

Pooled StDev = 0.676387

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
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Sample

N Mean

0.75Q
0.75X
0.5Q
0.5X
0.3Q
0.3X
0.2X
0.2Q
0.1Q
0.1X

Grouping

2 10.950 A
2 10.850 A
2 10.300 A B
2 7.950
B C
2 6.400
C D
2 6.050
C D
2 4.950
D E
2 3.900
D E
2 3.350
E
2 2.350
E

Means that do not share a letter are significantly different.

One-way ANOVA: Shear Viscosity versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level
Rows unused

All means are equal
Not all means are equal
α = 0.05
16

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

5 0.05Q; 0.1Q; 0.2Q; 0.3Q; NOX

Analysis of Variance
Source

DF

Sample
Error
Total

Adj SS Adj MS F-Value P-Value

4 0.001455 0.000364
5 0.000009 0.000002
9 0.001463

210.84

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0013133 99.41%

98.94%

97.64%

Means
Sample
0.05Q
0.1Q
0.2Q
0.3Q
NOX

N

Mean

StDev

2
2
2
2
2

0.010985
0.016655
0.028365
0.04004
0.007150

0.000728
0.001138
0.000106
0.00258
0.000354

95% CI
(0.008598; 0.013372)
(0.014268; 0.019042)
(0.025978; 0.030752)
(0.03766; 0.04243)
(0.004763; 0.009537)

Pooled StDev = 0.00131332

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
0.3Q
0.2Q
0.1Q
0.05Q
NOX

N

Mean

2
2
2
2
2

0.04004 A
0.028365
0.016655
0.010985
0.007150

Grouping
B
C
D
D

Means that do not share a letter are significantly different.
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One-way ANOVA: G* versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level
Rows unused

All means are equal
Not all means are equal
α = 0.05
6

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

10 0.1Q; 0.1X; 0.2Q; 0.2X; 0.3Q; 0.3X; 0.5Q; 0.5X; 0.75Q; 0.75X

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

9 1427.80
10
53.43
19 1481.23

158.644
5.343

29.69

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

2.31157 96.39%

93.15%

85.57%

Means
Sample
0.1Q
0.1X
0.2Q
0.2X
0.3Q
0.3X
0.5Q
0.5X
0.75Q
0.75X

N

Mean

StDev

95% CI

2 0.05500 0.00707 (-3.58696; 3.69696)
2 0.47500 0.00707 (-3.16696; 4.11696)
2 0.1400 0.0283 (-3.5020; 3.7820)
2 1.9300 0.0283 (-1.7120; 5.5720)
2 0.3800 0.0283 (-3.2620; 4.0220)
2
6.050
0.636
(2.408; 9.692)
2 1.2250 0.0354 (-2.4170; 4.8670)
2
17.00
1.41
(13.36; 20.64)
2
1.750
0.141
(-1.892; 5.392)
2
26.15
7.14
(22.51; 29.79)

Pooled StDev = 2.31157

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
0.75X
0.5X
0.3X
0.2X
0.75Q
0.5Q
0.1X
0.3Q
0.2Q
0.1Q

N

Mean Grouping

2
26.15 A
2
17.00 A
2
6.050
2 1.9300
2
1.750
2 1.2250
2 0.47500
2 0.3800
2 0.1400
2 0.05500

B
B
B
B
B
B
B
B

Means that do not share a letter are significantly different.
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One-way ANOVA: G** versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level
Rows unused

All means are equal
Not all means are equal
α = 0.05
6

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

10 0.1Q; 0.1X; 0.2Q; 0.2X; 0.3Q; 0.3X; 0.5Q; 0.5X; 0.75Q; 0.75X

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

9 156.911
10
2.584
19 159.495

17.4346
0.2584

67.47

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.508340 98.38%

96.92%

93.52%

Means
Sample
0.1Q
0.1X
0.2Q
0.2X
0.3Q
0.3X
0.5Q
0.5X
0.75Q
0.75X

N Mean StDev
2
2
2
2
2
2
2
2
2
2

0.1300
0.5300
0.1950
1.5000
0.4100
3.40
0.9750
5.850
1.0700
9.000

0.0141
0.0141
0.0212
0.0707
0.0141
1.56
0.1061
0.354
0.0424
0.141

95% CI
(-0.6709; 0.9309)
(-0.2709; 1.3309)
(-0.6059; 0.9959)
(0.6991; 2.3009)
(-0.3909; 1.2109)
(2.60; 4.20)
(0.1741; 1.7759)
(5.049; 6.651)
(0.2691; 1.8709)
(8.199; 9.801)

Pooled StDev = 0.508340

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
0.75X
0.5X
0.3X
0.2X
0.75Q
0.5Q
0.1X
0.3Q
0.2Q
0.1Q

N Mean
2
2
2
2
2
2
2
2
2
2

9.000 A
5.850
3.40
1.5000
1.0700
0.9750
0.5300
0.4100
0.1950
0.1300

Grouping
B
C
C

D
D
D
D
D
D
D

Means that do not share a letter are significantly different.

Particle Size Analysis of QSE and XG Emulsions
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One-way ANOVA: d(43) versus Sample
* NOTE * Cannot draw the interval plot for the Tukey procedure. Interval plots for
comparisons are illegible with more than 45 intervals.

Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

13 0.05Q; 0.05X; 0.1Q; 0.1X; 0.2Q; 0.2X; 0.3Q; 0.3X; 0.5Q; 0.5X; 0.75Q; 0.75X;
NOX

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

12 1157.10
13
0.38
25 1157.48

96.4254
0.0292

3298.76

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.170970 99.97%

99.94%

99.87%

Means
Sample
0.05Q
0.05X
0.1Q
0.1X
0.2Q
0.2X
0.3Q
0.3X
0.5Q
0.5X
0.75Q
0.75X
NOX

N
2
2
2
2
2
2
2
2
2
2
2
2
2

Mean StDev
34.600
28.5500
29.0500
23.5500
23.3500
18.800
21.40
18.550
18.20
15.2500
16.100
12.650
33.0500

0.141
0.0707
0.0707
0.0707
0.0707
0.141
0.00
0.495
0.00
0.0707
0.141
0.212
0.0707

95% CI
(34.339; 34.861)
(28.2888; 28.8112)
(28.7888; 29.3112)
(23.2888; 23.8112)
(23.0888; 23.6112)
(18.539; 19.061)
(21.14; 21.66)
(18.289; 18.811)
(17.94; 18.46)
(14.9888; 15.5112)
(15.839; 16.361)
(12.389; 12.911)
(32.7888; 33.3112)

Pooled StDev = 0.170970

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
0.05Q
NOX
0.1Q
0.05X
0.1X
0.2Q
0.3Q
0.2X
0.3X
0.5Q
0.75Q
0.5X
0.75X

N
2
2
2
2
2
2
2
2
2
2
2
2
2

Mean

Grouping

34.600 A
33.0500
B
29.0500
C
28.5500
C
23.5500
D
23.3500
D
21.40
E
18.800
F
18.550
F
18.20
F
16.100
G
15.2500
H
12.650
I
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Means that do not share a letter are significantly different.

z-Ave Diameter of QSE Aggragates

One-way ANOVA: z-ave versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level
Rows unused

All means are equal
Not all means are equal
α = 0.05
12

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

9 0.05Q; 0.1Q; 0.2Q; 0.3Q; 0.4Q; 0.5Q; 0.6Q; 0.75Q; NOX

Analysis of Variance
Source

DF

Sample
Error
Total

8 27283319 3410415
9
757805
84201
17 28041123

Adj SS Adj MS F-Value P-Value
40.50

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

290.173 97.30%

94.90%

89.19%

Means
Sample
0.05Q
0.1Q
0.2Q
0.3Q
0.4Q
0.5Q
0.6Q
0.75Q
NOX

N Mean StDev
2
1380
2 1011.6
2
2813
2
2391
2
4880
2
3017
2
2730
2 2830.0
2 481.00

95% CI

390
(916; 1844)
117.9 (547.5; 1475.8)
576 (2348; 3277)
257 (1926; 2855)
295 (4415; 5344)
258 (2552; 3481)
158 (2265; 3194)
123.0 (2365.8; 3294.2)
1.41 (16.84; 945.16)

Pooled StDev = 290.173

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
0.4Q
0.5Q
0.75Q
0.2Q
0.6Q
0.3Q
0.05Q
0.1Q
NOX

N Mean
2
4880 A
2
3017
2 2830.0
2
2813
2
2730
2
2391
2
1380
2 1011.6
2 481.00

Grouping
B
B
B
B
B

C
C

D
D
D

Means that do not share a letter are significantly different.
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Equilibrium STs for different pHs and Salt Contents
One-way ANOVA: Eq. ST versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

3 P11; P3; P7

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

2
17
19

53.20
49.40
102.60

26.598
2.906

9.15

0.002

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

1.70475 51.85%

46.18%

38.07%

Means
Sample
P11
P3
P7

N Mean StDev
7 34.857
9 38.532
4 36.995

95% CI

1.128 (33.498; 36.217)
2.270 (37.333; 39.731)
0.428 (35.197; 38.793)

Pooled StDev = 1.70475

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
P3
P7
P11

N Mean Grouping
9 38.532 A
4 36.995 A
7 34.857

B
B

Means that do not share a letter are significantly different.

One-way ANOVA: Eq. ST. versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information

221

Factor

Levels Values

Sample

4 S0; S0.1; S0.3; S0.5

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

3
18
21

28.79
14.39
43.18

9.5975
0.7994

12.01

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.894085 66.68%

61.12%

52.12%

Means
Sample
S0
S0.1
S0.3
S0.5

N Mean StDev
4
6
7
5

36.995
34.767
34.653
33.430

0.428
1.174
0.947
0.626

95% CI
(36.056; 37.934)
(34.000; 35.534)
(33.943; 35.363)
(32.590; 34.270)

Pooled StDev = 0.894085

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
S0
S0.1
S0.3
S0.5

N Mean Grouping
4
6
7
5

36.995 A
34.767
34.653
33.430

B
B
B

Means that do not share a letter are significantly different.

Surface Rheology Results
SR CONC

One-way ANOVA: E* versus Samples
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Samples

9 Q0.05; Q0.1; Q0.2; Q0.3; Q0.4; Q0.5; Q0.6; Q0.75; Q1

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Samples
Error
Total

8
35
43

4861
4587
9448

607.7
131.1

4.64

0.001

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

11.4480 51.45%

40.36%

24.04%

Means
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Samples
Q0.05
Q0.1
Q0.2
Q0.3
Q0.4
Q0.5
Q0.6
Q0.75
Q1

N Mean StDev
4 58.18
6 45.31
5 37.59
5 41.53
5 32.41
5 36.15
5 25.17
5 22.35
4 23.475

95% CI

9.41 (46.56; 69.80)
9.01 (35.82; 54.79)
12.84 (27.20; 47.98)
14.50 (31.14; 51.93)
14.83 (22.02; 42.80)
13.69 (25.76; 46.54)
11.46 (14.77; 35.56)
7.88 (11.96; 32.74)
1.914 (11.855; 35.096)

Pooled StDev = 11.4480

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Samples
Q0.05
Q0.1
Q0.3
Q0.2
Q0.5
Q0.4
Q0.6
Q1
Q0.75

N Mean Grouping
4 58.18
6 45.31
5 41.53
5 37.59
5 36.15
5 32.41
5 25.17
4 23.475
5 22.35

A
A
A
A
A

B
B
B
B
B
B
B

C
C
C
C
C
C
C

Means that do not share a letter are significantly different.

SR CONC

One-way ANOVA: E** versus Samples
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Samples

9 Q0.05; Q0.1; Q0.2; Q0.3; Q0.4; Q0.5; Q0.6; Q0.75; Q1

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Samples
Error
Total

8
35
43

95.05
415.51
510.57

11.88
11.87

1.00

0.453

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

3.44555 18.62%

0.02%

0.00%

Means
Samples
Q0.05
Q0.1

N Mean StDev
4
6

8.71
8.669

95% CI

2.07 (5.22; 12.21)
1.852 (5.813; 11.524)
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Q0.2
Q0.3
Q0.4
Q0.5
Q0.6
Q0.75
Q1

5
5
5
5
5
5
4

10.35
11.53
8.77
11.01
7.61
7.08
7.891

4.64 (7.22; 13.48)
4.44 (8.40; 14.66)
4.44 (5.64; 11.90)
4.42 (7.89; 14.14)
3.15 (4.49; 10.74)
2.26 (3.96; 10.21)
1.006 (4.394; 11.389)

Pooled StDev = 3.44555

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Samples
Q0.3
Q0.5
Q0.2
Q0.4
Q0.05
Q0.1
Q1
Q0.6
Q0.75

N Mean Grouping
5
5
5
5
4
6
4
5
5

11.53
11.01
10.35
8.77
8.71
8.669
7.891
7.61
7.08

A
A
A
A
A
A
A
A
A

Means that do not share a letter are significantly different.

SR CONC

One-way ANOVA: tand versus Samples
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Samples

9 Q0.05; Q0.1; Q0.2; Q0.3; Q0.4; Q0.5; Q0.6; Q0.75; Q1

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Samples
Error
Total

8 0.14326 0.017908
35 0.03541 0.001012
43 0.17867

17.70

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0318088 80.18%

75.65%

68.56%

Means
Samples
Q0.05
Q0.1
Q0.2
Q0.3
Q0.4

N

Mean

StDev

95% CI

4 0.15253 0.01272 (0.12024; 0.18481)
6 0.19648 0.01191 (0.17012; 0.22285)
5 0.2737 0.0601 (0.2448; 0.3026)
5 0.2790 0.0281 (0.2501; 0.3079)
5 0.2701 0.0250 (0.2412; 0.2989)
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Q0.5
Q0.6
Q0.75
Q1

5 0.3124 0.0244 (0.2835; 0.3413)
5 0.31056 0.02137 (0.28168; 0.33944)
5 0.3265 0.0389 (0.2977; 0.3554)
4 0.3449 0.0359 (0.3127; 0.3772)

Pooled StDev = 0.0318088

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Samples

N

Q1
Q0.75
Q0.5
Q0.6
Q0.3
Q0.2
Q0.4
Q0.1
Q0.05

Mean Grouping

4 0.3449 A
5 0.3265 A
5 0.3124 A
5 0.31056 A
5 0.2790 A
5 0.2737
5 0.2701
6 0.19648
4 0.15253

B
B
B
B
B
B
C
C

Means that do not share a letter are significantly different.

One-way ANOVA: E* versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

3 P11; P3; P7

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

2
12
14

467.7
1339.5
1807.2

233.9
111.6

2.10

0.166

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

10.5652 25.88%

13.53%

0.00%

Means
Sample
P11
P3
P7

N Mean StDev
5
5
5

28.16
37.33
41.53

95% CI

7.89 (17.86; 38.45)
7.90 (27.03; 47.62)
14.50 (31.24; 51.83)

Pooled StDev = 10.5652

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
P7
P3

N Mean Grouping
5
5

41.53 A
37.33 A
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P11

5

28.16 A

Means that do not share a letter are significantly different.

One-way ANOVA: E** versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

3 P11; P3; P7

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

2
12
14

64.35
102.14
166.49

32.175
8.512

3.78

0.053

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

2.91751 38.65%

28.43%

4.14%

Means
Sample
P11
P3
P7

N Mean StDev
5
5
5

9.441
6.480
11.53

95% CI

1.708 (6.598; 12.283)
1.698 (3.638; 9.323)
4.44 (8.69; 14.37)

Pooled StDev = 2.91751

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
P7
P11
P3

N Mean Grouping
5
5
5

11.53 A
9.441 A
6.480

B
B

Means that do not share a letter are significantly different.

One-way ANOVA: tand versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor
Sample

Levels Values
3 P11; P3; P7
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Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

2 0.08753 0.043767
12 0.04564 0.003803
14 0.13317

11.51

0.002

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0616714 65.73%

60.02%

46.45%

StDev

95% CI

Means
Sample
P11
P3
P7

N

Mean

5 0.3630 0.1019 (0.3029; 0.4231)
5 0.17616 0.01560 (0.11607; 0.23625)
5 0.2790 0.0281 (0.2189; 0.3391)

Pooled StDev = 0.0616714

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
P11
P7
P3

N

Mean Grouping

5 0.3630 A
5 0.2790 A
5 0.17616

B
B

Means that do not share a letter are significantly different.

One-way ANOVA: E* versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

4 S0; S0.1; S0.3; S0.5

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

3
16
19

1066
1716
2782

355.2
107.2

3.31

0.047

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

10.3558 38.31%

26.75%

3.61%

Means
Sample
S0
S0.1
S0.3
S0.5

N Mean StDev
5
5
5
5

41.53
33.66
25.30
43.91

14.50
9.38
9.69
6.07

95% CI
(31.72; 51.35)
(23.84; 43.47)
(15.49; 35.12)
(34.10; 53.73)

Pooled StDev = 10.3558
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Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
S0.5
S0
S0.1
S0.3

N Mean Grouping
5
5
5
5

43.91
41.53
33.66
25.30

A
A
A
A

Means that do not share a letter are significantly different.

One-way ANOVA: E** versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

4 S0; S0.1; S0.3; S0.5

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

3
16
19

69.63
165.79
235.42

23.21
10.36

2.24

0.123

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

3.21902 29.58%

16.37%

0.00%

Means
Sample
S0
S0.1
S0.3
S0.5

N Mean StDev
5 11.53
5
9.52
5
6.50
5 10.387

95% CI

4.44 (8.48; 14.58)
3.81 (6.47; 12.58)
2.42 (3.44; 9.55)
1.166 (7.336; 13.439)

Pooled StDev = 3.21902

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
S0
S0.5
S0.1
S0.3

N Mean Grouping
5 11.53 A
5 10.387 A
5
9.52 A
5
6.50 A

Means that do not share a letter are significantly different.

One-way ANOVA: tand versus Sample
Method
Null hypothesis

All means are equal
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Alternative hypothesis
Significance level

Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

4 S0; S0.1; S0.3; S0.5

Analysis of Variance
Source

DF

Sample
Error
Total

3 0.003201 0.001067
16 0.022733 0.001421
19 0.025933

Adj SS Adj MS F-Value P-Value
0.75

0.538

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0376935 12.34%

0.00%

0.00%

StDev

95% CI

Means
Sample
S0
S0.1
S0.3
S0.5

N

Mean

5 0.2790 0.0281 (0.2433; 0.3148)
5 0.2772 0.0568 (0.2415; 0.3130)
5 0.26248 0.01418 (0.22674; 0.29822)
5 0.2477 0.0382 (0.2120; 0.2835)

Pooled StDev = 0.0376935

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
S0
S0.1
S0.3
S0.5

N

Mean Grouping

5 0.2790 A
5 0.2772 A
5 0.26248 A
5 0.2477 A

Means that do not share a letter are significantly different.

Interfacial Rheology of QSE Solutions

IR CONC

One-way ANOVA: E* versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor
Sample

Levels Values
7 Q0.1; Q0.2; Q0.3; Q0.4; Q0.5; Q0.75; Q1

Analysis of Variance
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Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

6
27
33

6142.3
885.7
7028.0

1023.72
32.80

31.21

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

5.72738 87.40%

84.60%

78.75%

Means
Sample

N Mean StDev

Q0.1
Q0.2
Q0.3
Q0.4
Q0.5
Q0.75
Q1

4 30.61
5 15.84
5 14.79
5 11.687
5
9.09
5
-2.98
5 -16.04

95% CI

13.03 (24.73; 36.49)
2.29 (10.58; 21.09)
3.39 (9.53; 20.04)
1.236 (6.432; 16.943)
2.26 (3.83; 14.34)
2.63 (-8.23; 2.28)
7.98 (-21.29; -10.78)

Pooled StDev = 5.72738

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
Q0.1
Q0.2
Q0.3
Q0.4
Q0.5
Q0.75
Q1

N Mean

Grouping

4 30.61 A
5 15.84
5 14.79
5 11.687
5
9.09
5
-2.98
5 -16.04

B
B
B
B
C
D

Means that do not share a letter are significantly different.

IR CONC

One-way ANOVA: E** versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

7 Q0.1; Q0.2; Q0.3; Q0.4; Q0.5; Q0.75; Q1

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

6
27
33

83.97
15.17
99.15

13.9957
0.5620

24.90

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.749661 84.70%

81.29%

75.67%

Means
Sample

N Mean StDev

95% CI
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Q0.1
Q0.2
Q0.3
Q0.4
Q0.5
Q0.75
Q1

4 2.927
5 1.742
5 1.318
5 0.7618
5 0.251
5 -0.870
5 -2.305

0.800
0.323
0.312
0.2031
0.365
0.988
1.401

(2.158; 3.696)
(1.054; 2.430)
(0.630; 2.006)
(0.0739; 1.4497)
(-0.437; 0.939)
(-1.558; -0.182)
(-2.992; -1.617)

Pooled StDev = 0.749661

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
Q0.1
Q0.2
Q0.3
Q0.4
Q0.5
Q0.75
Q1

N Mean

Grouping

4 2.927 A
5 1.742 A
5 1.318
5 0.7618
5 0.251
5 -0.870
5 -2.305

B
B
B
B

C
C

D
D

Means that do not share a letter are significantly different.

IR CONC

One-way ANOVA: tand versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

7 Q0.1; Q0.2; Q0.3; Q0.4; Q0.5; Q0.75; Q1

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

6
27
33

4.261
7.765
12.026

0.7101
0.2876

2.47

0.049

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.536274 35.43%

21.08%

0.00%

Means
Sample
Q0.1
Q0.2
Q0.3
Q0.4
Q0.5
Q0.75
Q1

N
4
5
5
5
5
5
5

Mean

StDev

95% CI

0.10615 0.01693 (-0.44402; 0.65632)
0.11183 0.01687 (-0.38026; 0.60392)
0.0938 0.0247 (-0.3983; 0.5859)
0.06648 0.02133 (-0.42561; 0.55857)
-0.0331 0.0921 (-0.5252; 0.4589)
1.071
1.389
(0.578; 1.563)
0.1601 0.0283 (-0.3320; 0.6522)

Pooled StDev = 0.536274
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Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
Q0.75
Q1
Q0.2
Q0.1
Q0.3
Q0.4
Q0.5

N
5
5
5
4
5
5
5

Mean Grouping
1.071
0.1601
0.11183
0.10615
0.0938
0.06648
-0.0331

A
A
A
A
A
A

B
B
B
B
B
B

Means that do not share a letter are significantly different.

IR PH

One-way ANOVA: E* versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

3 P11; P3; P7

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

2
12
14

242.93
62.05
304.98

121.463
5.171

23.49

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

2.27401 79.65%

76.26%

68.21%

Means
Sample
P11
P3
P7

N Mean StDev
5 19.897
5 10.042
5 14.79

95% CI

1.103 (17.681; 22.113)
1.666 (7.826; 12.258)
3.39 (12.57; 17.00)

Pooled StDev = 2.27401

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
P11
P7
P3

N Mean Grouping
5 19.897 A
5 14.79
5 10.042

B
C

Means that do not share a letter are significantly different.

IR PH

One-way ANOVA: E** versus Sample
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Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

3 P11; P3; P7

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

2
12
14

1.056
1.434
2.491

0.5282
0.1195

4.42

0.036

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.345714 42.42%

32.82%

10.02%

Means
Sample
P11
P3
P7

N Mean StDev
5
5
5

1.546
0.905
1.318

95% CI

0.284 (1.209; 1.883)
0.425 (0.568; 1.242)
0.312 (0.981; 1.655)

Pooled StDev = 0.345714

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
P11
P7
P3

N Mean Grouping
5
5
5

1.546 A
1.318 A
0.905

B
B

Means that do not share a letter are significantly different.

IR PH

One-way ANOVA: tand versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

3 P11; P3; P7

Analysis of Variance
Source

DF

Sample
Error
Total

2 0.000440 0.000220
12 0.009720 0.000810
14 0.010160

Adj SS Adj MS F-Value P-Value
0.27

0.767

Model Summary
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S

R-sq R-sq(adj) R-sq(pred)

0.0284605 4.33%

0.00%

0.00%

StDev

95% CI

Means
Sample
P11
P3
P7

N

Mean

5 0.08056 0.01342 (0.05283; 0.10829)
5 0.0878 0.0405 (0.0601; 0.1156)
5 0.0938 0.0247 (0.0661; 0.1215)

Pooled StDev = 0.0284605

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
P7
P3
P11

N

Mean Grouping

5 0.0938 A
5 0.0878 A
5 0.08056 A

Means that do not share a letter are significantly different.

IR SALT

One-way ANOVA: E* versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

4 S0; S0.1; S0.3; S0.5

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

3
15
18

116.3
100.1
216.4

38.777
6.671

5.81

0.008

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

2.58286 53.76%

44.51%

27.15%

Means
Sample
S0
S0.1
S0.3
S0.5

N Mean StDev
5 14.79
5 14.80
5 10.398
4 9.274

3.39
3.04
1.665
1.417

95% CI
(12.32; 17.25)
(12.34; 17.26)
(7.936; 12.860)
(6.522; 12.027)

Pooled StDev = 2.58286

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
S0.1
S0

N Mean Grouping
5
5

14.80 A
14.79 A

234

S0.3
S0.5

5 10.398 A
4 9.274

B
B

Means that do not share a letter are significantly different.

IR SALT

One-way ANOVA: E** versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

4 S0; S0.1; S0.3; S0.5

Analysis of Variance
Source

DF Adj SS Adj MS F-Value P-Value

Sample
Error
Total

3
15
18

0.3845
1.3861
1.7706

0.12818
0.09240

1.39

0.285

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.303981 21.72%

6.06%

0.00%

Means
Sample
S0
S0.1
S0.3
S0.5

N Mean StDev
5 1.318
5 1.505
5 1.2950
4 1.090

95% CI

0.312 (1.028; 1.608)
0.271 (1.215; 1.795)
0.2193 (1.0052; 1.5848)
0.412 (0.766; 1.414)

Pooled StDev = 0.303981

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
S0.1
S0
S0.3
S0.5

N Mean Grouping
5 1.505 A
5 1.318 A
5 1.2950 A
4 1.090 A

Means that do not share a letter are significantly different.

IR SALT

One-way ANOVA: tand versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.
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Factor Information
Factor

Levels Values

Sample

4 S0; S0.1; S0.3; S0.5

Analysis of Variance
Source

DF

Sample
Error
Total

3 0.003644 0.001215
15 0.011170 0.000745
18 0.014815

Adj SS Adj MS F-Value P-Value
1.63

0.224

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0272890 24.60%

9.52%

0.00%

StDev

95% CI

Means
Sample
S0
S0.1
S0.3
S0.5

N

Mean

5 0.0938 0.0247 (0.0678; 0.1198)
5 0.10468 0.01548 (0.07867; 0.13069)
5 0.12872 0.01626 (0.10271; 0.15473)
4 0.1210 0.0473 (0.0919; 0.1501)

Pooled StDev = 0.0272890

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
S0.3
S0.5
S0.1
S0

N

Mean Grouping

5 0.12872 A
4 0.1210 A
5 0.10468 A
5 0.0938 A

Means that do not share a letter are significantly different.

Estimation of Diffusion Coefficient
One-way ANOVA: D versus Sample
* NOTE * Cannot draw the interval plot for the Tukey procedure. Interval plots for
comparisons are illegible with more than 45 intervals.

Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

11 Q0.01; Q0.025; Q0.05; Q0.1; Q0.2; Q0.3; Q0.4; Q0.5; Q0.6; Q0.75; Q1

Analysis of Variance
Source

DF

Sample
Error
Total

10 0.000000 0.000000
12 0.000000 0.000000
22 0.000000

Adj SS Adj MS F-Value P-Value
0.46

0.884

Model Summary
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S

R-sq R-sq(adj) R-sq(pred)

0.0000000 27.85%

0.00%

0.00%

Means
Sample
Q0.01
Q0.025
Q0.05
Q0.1
Q0.2
Q0.3
Q0.4
Q0.5
Q0.6
Q0.75
Q1

N

Mean

StDev

2
2
2
2
2
2
2
2
2
2
3

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

95% CI
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)

Pooled StDev = 1.336867E-10

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample

N

Q0.4
Q0.01
Q0.05
Q0.025
Q1
Q0.1
Q0.5
Q0.6
Q0.75
Q0.3
Q0.2

2
2
2
2
3
2
2
2
2
2
2

Mean Grouping
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

A
A
A
A
A
A
A
A
A
A
A

Means that do not share a letter are significantly different

PH

One-way ANOVA: D versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

4 P11; P111; P3; P7

Analysis of Variance
Source

DF

Sample
Error
Total

Adj SS Adj MS F-Value P-Value

3 0.000000 0.000000
2 0.000000 0.000000
5 0.000000

0.15

0.921

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0000000 18.47%

0.00%

*

237

Means
Sample

N

P11
P111
P3
P7

1
1
2
2

Mean

StDev

95% CI

0.000000
* (0.000000; 0.000000)
0.000000
* (0.000000; 0.000000)
0.000000 0.000000 (0.000000; 0.000000)
0.000000 0.000000 (0.000000; 0.000000)

Pooled StDev = 1.128207E-10

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample

N

P3
P11
P111
P7

2
1
1
2

Mean Grouping
0.000000
0.000000
0.000000
0.000000

A
A
A
A

Means that do not share a letter are significantly different.

SALT

One-way ANOVA: D versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

4 S0; S0.1; S0.3; S0.5

Analysis of Variance
Source

DF

Sample
Error
Total

Adj SS Adj MS F-Value P-Value

3 0.000000 0.000000
4 0.000000 0.000000
7 0.000000

4.22

0.099

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0000000 75.99%

57.97%

3.94%

Means
Sample
S0
S0.1
S0.3
S0.5

N

Mean

StDev

2
2
2
2

0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000

95% CI
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)

Pooled StDev = 4.881470E-11

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
S0.1
S0.3

N

Mean Grouping

2 0.000000 A
2 0.000000 A
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S0
S0.5

2 0.000000 A
2 0.000000 A

Means that do not share a letter are significantly different.

One-way ANOVA: D0 versus Sample
* NOTE * Cannot draw the interval plot for the Tukey procedure. Interval plots for
comparisons are illegible with more than 45 intervals.

Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

11 Q0.01; Q0.025; Q0.05; Q0.1; Q0.2; Q0.3; Q0.4; Q0.5; Q0.6; Q0.75; Q1

Analysis of Variance
Source

DF

Sample
Error
Total

10 0.000000 0.000000
11 0.000000 0.000000
21 0.000000

Adj SS Adj MS F-Value P-Value
30.25

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0000023 96.49%

93.30%

85.96%

Means
Sample
Q0.01
Q0.025
Q0.05
Q0.1
Q0.2
Q0.3
Q0.4
Q0.5
Q0.6
Q0.75
Q1

N

Mean

StDev

2
2
2
2
2
2
2
2
2
2
2

0.000018
0.000023
0.000021
0.000024
0.000009
0.000005
0.000004
0.000004
0.000004
0.000003
0.000002

0.000001
0.000004
0.000003
0.000005
0.000000
0.000001
0.000001
0.000000
0.000001
0.000000
0.000000

95% CI
(0.000015; 0.000022)
(0.000020; 0.000027)
(0.000017; 0.000025)
(0.000021; 0.000028)
(0.000005; 0.000012)
(0.000001; 0.000008)
(0.000001; 0.000008)
(0.000001; 0.000008)
(0.000001; 0.000008)
(-0.000000; 0.000007)
(-0.000001; 0.000006)

Pooled StDev = 2.282998E-06

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
Q0.1
Q0.025
Q0.05
Q0.01
Q0.2
Q0.3
Q0.4
Q0.6

N
2
2
2
2
2
2
2
2

Mean Grouping
0.000024
0.000023
0.000021
0.000018
0.000009
0.000005
0.000004
0.000004

A
A
A
A
B
B
B
B
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Q0.5
Q0.75
Q1

2 0.000004
2 0.000003
2 0.000002

B
B
B

Means that do not share a letter are significantly different.

One-way ANOVA: D8 versus Sample
* NOTE * Cannot draw the interval plot for the Tukey procedure. Interval plots for
comparisons are illegible with more than 45 intervals.

Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

11 Q0.01; Q0.025; Q0.05; Q0.1; Q0.2; Q0.3; Q0.4; Q0.5; Q0.6; Q0.75; Q1

Analysis of Variance
Source

DF

Sample
Error
Total

10 0.000002 0.000000
11 0.000000 0.000000
21 0.000002

Adj SS Adj MS F-Value P-Value
489.35

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0000213 99.78%

99.57%

99.10%

Means
Sample
Q0.01
Q0.025
Q0.05
Q0.1
Q0.2
Q0.3
Q0.4
Q0.5
Q0.6
Q0.75
Q1

N

Mean

StDev

2
2
2
2
2
2
2
2
2
2
2

0.001108
0.000021
0.000001
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000071
0.000002
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

95% CI
(0.001075; 0.001142)
(-0.000012; 0.000055)
(-0.000032; 0.000035)
(-0.000033; 0.000033)
(-0.000033; 0.000033)
(-0.000033; 0.000033)
(-0.000033; 0.000033)
(-0.000033; 0.000033)
(-0.000033; 0.000033)
(-0.000033; 0.000033)
(-0.000033; 0.000033)

Pooled StDev = 0.0000213255

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
Q0.01
Q0.025
Q0.05
Q0.1
Q0.2
Q0.3
Q0.4
Q0.5
Q0.6

N
2
2
2
2
2
2
2
2
2

Mean Grouping
0.001108 A
0.000021
0.000001
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

B
B
B
B
B
B
B
B
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Q0.75
Q1

2 0.000000
2 0.000000

B
B

Means that do not share a letter are significantly different.

One-way ANOVA: D0 versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

3 P11; P3; P7

Analysis of Variance
Source

DF

Sample
Error
Total

Adj SS Adj MS F-Value P-Value

2 0.000000 0.000000
3 0.000000 0.000000
5 0.000000

26.55

0.012

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0000016 94.65%

91.09%

78.61%

Means
Sample
P11
P3
P7

N

Mean

StDev

95% CI

2 0.000013 0.000003 (0.000009; 0.000016)
2 0.000001 0.000000 (-0.000002; 0.000005)
2 0.000006 0.000000 (0.000002; 0.000009)

Pooled StDev = 1.594613E-06

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
P11
P7
P3

N

Mean Grouping

2 0.000013 A
2 0.000006
2 0.000001

B
B

Means that do not share a letter are significantly different.

One-way ANOVA: D8 versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
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Factor

Levels Values

Sample

3 P11; P3; P7

Analysis of Variance
Source

DF

Sample
Error
Total

Adj SS Adj MS F-Value P-Value

2 0.000000 0.000000
3 0.000000 0.000000
5 0.000000

191.66

0.001

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0000000 99.22%

98.71%

96.89%

Means
Sample

N

P11
P3
P7

Mean

StDev

95% CI

2 0.000000 0.000000 (-0.000000; 0.000000)
2 0.000000 0.000000 (0.000000; 0.000000)
2 0.000000 0.000000 (0.000000; 0.000000)

Pooled StDev = 1.164760E-09

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample

N

P3
P7
P11

Mean Grouping

2 0.000000 A
2 0.000000
2 0.000000

B
B

Means that do not share a letter are significantly different.

One-way ANOVA: D0 versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

4 S0; S0.1; S0.3; S0.5

Analysis of Variance
Source

DF

Sample
Error
Total

Adj SS Adj MS F-Value P-Value

3 0.000000 0.000000
4 0.000000 0.000000
7 0.000000

83.03

0.000

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0000005 98.42%

97.23%

93.68%

Means
Sample
S0
S0.1
S0.3
S0.5

N

Mean

StDev

2
2
2
2

0.000005
0.000001
0.000003
0.000009

0.000000
0.000000
0.000000
0.000001

95% CI
(0.000004; 0.000006)
(0.000000; 0.000002)
(0.000002; 0.000004)
(0.000008; 0.000010)
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Pooled StDev = 5.123576E-07

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample

N

S0.5
S0
S0.3
S0.1

2
2
2
2

Mean Grouping
0.000009 A
0.000005
0.000003
0.000001

B
B

C
C

Means that do not share a letter are significantly different.

One-way ANOVA: D8 versus Sample
Method
Null hypothesis
Alternative hypothesis
Significance level

All means are equal
Not all means are equal
α = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor

Levels Values

Sample

4 S0; S0.1; S0.3; S0.5

Analysis of Variance
Source

DF

Sample
Error
Total

Adj SS Adj MS F-Value P-Value

3 0.000000 0.000000
4 0.000000 0.000000
7 0.000000

39.63

0.002

Model Summary
S

R-sq R-sq(adj) R-sq(pred)

0.0000000 96.75%

94.30%

86.98%

Means
Sample
S0
S0.1
S0.3
S0.5

N

Mean

StDev

2
2
2
2

0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000

95% CI
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)
(0.000000; 0.000000)

Pooled StDev = 1.128777E-09

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95% Confidence
Sample
S0.1
S0.3
S0
S0.5

N
2
2
2
2

Mean Grouping
0.000000 A
0.000000
0.000000
0.000000

B
B
B

Means that do not share a letter are significantly different.
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