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� QSE lowered surface tension at
concentrations as low as 0.02% w/v.

� By QSE addition alone equilibrium
surface tension could be lowered to
16 mN/m.

� Critical aggregation concentration
(CAC) was identified as 0.23 % w/v.

� Dynamic surface tension revealed an
almost instantaneous adsorption of
polymer.

� QSE was found to be more effective as
a surfactant compared to similar
biopolymers.
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a b s t r a c t

Seeds of the plant quince are a natural hydrocolloid source whose extract has shown promising results in
stabilizing emulsions. The study aims to discover how quince seed extract’s interfacial properties (dy-
namic surface tension and dilatational surface rheology) on an oil–water interface change with varying
concentrations (between 0.01% and 1%), pH’s (3, 7, and 11), and ionic strengths (0.1, 0.3, 0.5 M NaCl).
The lowest concentration that yielded a statistically significant drop in interfacial was found as
0.02 % w/v. 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 relatively low
compared to hydrocolloids of similar nature. In the end, QSE was demonstrated to be an effective
emulsion stabilizer and possesses some unique properties that help it distinguish itself from other
macromolecular emulsifiers commonly employed in the food, chemical, and pharmaceutical industries.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The use of sustainable ingredients from natural sources has
shown an increase in recent years. Especially in the pharmaceutical,
cosmetic, and food industries, synthetic ingredients are being
replaced by their biopolymer-based counterparts (Bouyer et al.,
2012; Covis et al., 2014; Dalgleish, 2006; Dickinson, 2003). Protein
and polysaccharides, in particular, are being used for their texturiz-
ing and stabilizing properties (Bouyer et al., 2013). Proteins, owing
to their amphiphilic nature, in a system of two (or more) phases,
adsorb to the interface and facilitate emulsification. They adsorb
more slowly with respect to low molecular weight surfactants, yet
once adsorbed, they provide excellent steric stabilization (Seta
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et al., 2014;Wang et al., 2014a, 2014b). On the other hand, polysac-
charides are preferred in dispersed systems for their viscosity mod-
ifying or gel-making properties. The interconnected gel network
slows down particle movements. The decreased chance of particle
encounters leads to enhanced stability (Bouyer et al., 2012).

Various studies have focused on developing biopolymers that
merge the functions of proteins and polysaccharides in a single
molecule. One such approach is carried out by covalently binding
proteins and polysaccharides through Maillard reaction (Anal
et al., 2019; Bouyer et al., 2013; Kontogiorgos, 2019). Studies
demonstrated increased kinetic stability in dispersed systems
using these conjugated biopolymers (Anal et al., 2019; Bouyer
et al., 2013; Gao et al., 2017; Liu et al., 2018; Vernon-Carter
et al., 2008). Nevertheless, some biopolymers naturally display this
exceptional attribute in their native state. Gum Arabic is one of
those and, as such, is one of the most highly studied gums in liter-
ature as well as being extensively used in commercial applications.
It is a branched polysaccharide mainly composed of L-arabinose
and D-galactose. The gum owes its surface activity to its protein
content (1–2%) (Vernon-Carter et al., 2008). However, the gum’s
widespread application is restricted by its high cost (Dickinson,
2018).

Another such biopolymer is quince seed extract (QSE). Quince
(scientific name Cydonia oblonga) is a fruit native to the West Asian
region. Its cultivation is exceptionally high in the Caucasus regions,
Iran, Afghanistan, Dagestan, and Antalya (Abbastabar et al., 2015).
The fruit seed mucilage consists of three polysaccharide fractions,
with the most significant fraction being a graft copolymer with a
molecular weight of 1.4 � 106 Da. This fraction consists of (1 /4)-
linked and (1 /2, 4)-linked xylopyranosyl residues at the back-
bone with glucuronic acid and arabinose units making the
branches (Wang et al., 2018). The gum shows an excellent affinity
towards interfaces due to its high protein content (11–25% soluble
proteins by wt, depending on extraction pH (Kirtil & Oztop, 2016;
Ritzoulis et al., 2014), which is exceptionally high in hydrophobic
amino acids (Deng et al., 2019). However, research till now has pri-
marily focused on the extract’s chemical properties. As such, the
literature is still lacking in demonstrating its potential as a natural
stabilizer through analysis of the extract’s interfacial properties.

When analyzing a surface-active material, a comprehensive
understanding of the adsorption mechanism is crucial in determin-
ing its functionality. These involve but are not limited to foaming
and emulsification applications that are widely employed in the
production of pharmaceuticals, cosmetics, foods, and the mining
and oil industry (Karbaschi et al., 2014). In addition to industrial
applications, examining the dynamics of interfacial layers is also
critical from a fundamental perspective. It generates the possibility
of understanding the interaction of molecules, changes in their
conformations, and the process of molecular aggregation forma-
tion (Karbaschi et al., 2014). In literature, for years, there have been
many studies on surfactant equilibrium adsorption properties (i.e.,
adsorption isotherms). With the increasing availability of modern
technologies, advanced investigations dedicated to adsorption
kinetics, interfacial viscoelastic behavior, and changes of the inter-
facial electric charge are becoming possible (Möbius et al., 2001).

The analysis of a material’s surface properties provides informa-
tion on molecular interactions, conformational changes, and aggre-
gate formation during adsorption (Karbaschi et al., 2014). This is
important both from a fundamental point of view and gives insight
into possible applications for this polymer. Out of the various inter-
facial properties, dynamic interfacial tension measurement is the
most widely employed method (Arabadzhieva et al., 2011;
Karbaschi et al., 2014). The procedure is based on the measurement
of interfacial tension with respect to time, followed by the forma-
tion of a fresh interface. By adsorbing on the interface,
surface-active molecules decrease interfacial stress and facilitate
2

the dispersion process. The ease in dispersion formation and the
resulting stability of the formed system are related to the reduced
Gibbs’ free energy (Wang et al., 2014a, 2014b).

However, a lower interfacial tension does not necessarily lead
to stable dispersions. Emulsions with interfacial tensions as high
as 30–40 mN/m were demonstrated to show higher kinetic stabil-
ity to those with much lower equilibrium interfacial tensions
(Wang et al., 2014a, 2014b). Hence, it would be wrong to associate
the stability of dispersions solely with the magnitude of repulsive
forces operating normally to the surface. Actually, interfacial skin
formation plays a significant role in inferring stability to such sys-
tems (Freer et al., 2004b). These gel-like networks act as a barrier
against particle coalescence, and the attributes of these layers
can be analyzed by dilatational interfacial rheological measure-
ments (Santini et al., 2007b).

The method involves applying periodic expansion and contrac-
tion to the interface and recording the changes in interfacial ten-
sion with these perturbations. The elastic and loss modulus data
acquired this way can then be used to gain information on the
interface’s resistance to deformation (Miller et al., 1996). Multiple
studies have confirmed a relationship between surface dilatational
properties and stability of dispersed systems (Cao et al., 2013;
Davis & Foegeding, 2006; Langevin, 2000; Stubenrauch & Miller,
2004; Tadros, 2009; Vernon-Carter et al., 2008; Zhang et al., 2011).

This study concentrates on the examination of the oil–water
interfacial properties of quince seed extract (QSE), which can serve
as a representation of how the extract would function in a real
emulsion system. QSE being natural and edible, could prove to be
an especially suitable ingredient for the stabilization of food emul-
sions. To better mimic a real food emulsion system, edible and
commercially available sunflower oil was picked as the appropriate
oil. Sunflower oil, with an average annual consumption of 244,800
tons in United States (between the years 2016–2020) (Wunsch,
2021), is one of the most consumed edible oils. Although initial
studies on quince seed extract dates back to the first half of the
20th century (Renfrew & Cretcher, 1932), and there have been sev-
eral impressive findings since then (de Escalada Pla et al., 2010;
Rakhimov et al., 1985), it is safe to say that this seed extract with
exceptional characteristics has not earned sufficient attention. To
the best of our knowledge, no studies examine the interfacial prop-
erties of this extract or its potential application in an emulsion sys-
tem. This study aims to discover how the extract’s interfacial
properties (dynamic surface tension and dilatational surface rheol-
ogy) change with varying concentrations (between 0.01% and 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 supplies detailed
information on the processes happening during QSE adsorption
on an oil–water interface while also describing the mechanism
with established theories. Additionally, the study provides the
readers with direct information of this extract’s application and
its potential as a stability enhancer in emulsions.
2. Material & methods

2.1. Materials

To prepare the extract, quinces were purchased from a local
grocery store during the winter season in Ankara, Turkey. Sun-
flower oil (High Oleic Expeller Pressed, Trader Joe’s, California,
US) was purchased from a local grocery store. Milli-Q water puri-
fied by a Milli-Q filtration unit (with a resistivity greater than 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 pur-
chased from Sigma-Aldrich Chemie Gmbh (Darmstadt, Germany),
were incorporated to adjust the pH and ionic strength of solutions.
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2.2. Methods

2.2.1. Experimental design
The experimental design is presented in Table 1.
Out of the many factors that shape a system’s interfacial prop-

erties, surfactant concentration is one of the most influential.
Therefore, concentration was determined 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. Con-
centrations 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 poly-
mer diffusion.

The molecular conformation is another vital element determin-
ing 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 con-
stant 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.

2.2.2. Quince seed extract preparation
To collect the extract of quince seeds, a modified version of the

method by Abbastabar et al. (2015) was employed. Seeds were
detached from the fruit flesh and freeze-dried. The seeds were later
milled before being immersed in deionized water. Aqueous ground
seed mixture (with a water/solid ratio of 50:1) was continuously
mixed with a magnetic stirrer at 25 �C for 24 h. The resulting sus-
pension was centrifuged (at 10,000 rpm for 30 min) and filtered
with a cheesecloth. The aqueous solution obtained was freeze-
dried to receive crude gum extract. The method produced roughly
8% extract based on the dry weight of seeds.

2.2.3. 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 h prior to analyses. QSE was acidic in
nature, so to ensure the set pHs, an additional adjustment was per-
formed after QSE incorporation. To modify ionic strength of solu-
tions, NaCl was added to Milli-Q water (ffipH7) in assigned
amounts to achieve solutions of 0.1, 0.3, and 0.5 M.

2.2.4. Dynamic interfacial tension
For real-time surface tension data acquisition, a Ramé-Hart ten-

siometer (Ramé-Hart Instrument Co., Netcong, NJ, USA) coupled
Table 1
Experimental Design.

Sample name Concentration of QSE
(% w/v)

pH NaCl Concentration
(M)

Water 0 7 0
Q0.02 0.02 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
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with an automated dispenser was used. The droplet profile was
monitored 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. 1. 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; Wang et al.,
2014a, 2014b).

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 clean-
liness of the equipment were assured by measuring the surface
tension of water used. We have analyzed if water generated a con-
stant IT 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 steady at 25 mL. The diameter of the needle
used was 0.91 ± 0.01 mm.

The needle tip was positioned inside a thermostatized quartz
cuvette at 25 �C (Fig. 1). 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 stirrer for 24 h.
The mixture is left to settle, and the separated oil phase is subse-
quently removed from the water to be used for analysis.

Surface active polymers, with their large and complex molecu-
lar structure, continue to reorient and change their molecular
arrangement even after being positioned to the interface. This pro-
cess could last over a day (Arabadzhieva et al., 2011; Beverung
et al., 1999; Ward & Tordai, 1946). However, such a long measure-
ment 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.
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 monitoring 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. Neverthe-
less, the reduction in interfacial tension slowed down to < 1 mN/m
per 1 h, which the researchers identified as a pseudo-equilibrium
state. Equilibrium interfacial tension data shown in Figs. 2 & 3
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 a = 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).
2.2.5. 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 the mathematical fitting of area, surface tension,
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Fig. 2. (a) Equilibrium Interfacial Tension Isotherm (b) Equilibrium Interfacial Tension Isotherm (x-axis drawn at a logarithmic scale).
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and time data with the help of DropImage Advanced Software,
v.2.2.

The dilatational interfacial modulus (e) is described as the
change in surface tension (c) with a change in surface area (A)
(Lucassen & Van Den Tempel, 1972) (Eqn. (1)). The method
4

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;

E� ¼ dc
dA

¼ E
0 þ iE

0 0 ð1Þ



18.1 18.1

12.3

10

11

12

13

14

15

16

17

18

19

0 2 4 6 8 10 12In
te

rf
ac

ia
l T

en
sio

n 
(m

N
/m

)

pH

18.1

16.4

15.1

13.6

10

11

12

13

14

15

16

17

18

19

0 0.1 0.2 0.3 0.4 0.5 0.6In
te

rf
ac

ia
l T

en
sio

n 
(m

N
/m

)

NaCl Concentration (M)

(a)

(b)

Fig. 3. (a) Equilibrium interfacial tension of QSE solutions at different pHs (b) Equilibrium interfacial tension of QSE solutions at different NaCl concentrations.

E. Kirtil, E. Kurtkaya, T. Svitova et al. Chemical Engineering Science 245 (2021) 116951
where E
0
is dilatational storage modulus and E0 0 is dilatational

loss modulus. The real part E
0
(storage/elastic modulus) is associ-

ated with the recoverable energy stored at the interface, whereas

the imaginary part E
0 0
(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 instan-
taneous change in interfacial stress following the shift in interface
area without any delay (Mendoza et al., 2014). Nevertheless, for
most real systems there is a phase angle (h) born out of the delay
between the periodic oscillations of area and interfacial stress
curves (Freer et al., 2004b).

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 invali-
dates the relations employed to estimate dilatational moduli. Thus,
perturbations were carried out at a strain of 8%, which belongs to
the linear viscoelastic region. It 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 rheo-
logical response is monitored over long time spans. To avoid con-
tinuously oscillating the same drop for extended periods, new
drops are formed for each measurement and aged for 30 min
before analysis. The area was altered at a constant strain of 8%,
at 10 different frequencies between 0.01 and 0.1 Hz. For each fre-
quency, 40 points were measured with a period of 4. Experiments
were repeated five times for each specimen. All experiments were
conducted at 25 �C.
5

2.3. 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.
3. Results & discussion

3.1. Equilibrium interfacial tension

The primary function of a surfactant is to facilitate emulsifica-
tion by decreasing interfacial tension. This is related to the reduced
Gibbs free energy as the amphiphilic surfactant molecules fill the
oil–water interface (Wang et al., 2014a, 2014b). It takes time for
surfactant molecules to diffuse and be adsorbed on the interface;
hence, after forming a fresh interface, interfacial tension starts to
decrease 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. 2 shows equilibrium interfacial tension
values of QSE at a sunflower oil–water interface for increasing
concentrations.

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 ensure the
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interfacial tension value of pure water- sunflower oil interface is
close to its literature value of 25 mN/m (Fisher et al., 1985). How-
ever, it was observed that the 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 ten-
sion 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 other processes cause an interfacial reduction, which
could get in the way of accurately interpreting the results. Over-
night 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 25 �C (ranging between 0.1 and 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 mL), it is not
surprising to see most of the particle dissolved after 24 h. To pre-
vent 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, implying a tension reduction rate of 0.25 mN/m/h on average.
This is most likely the result of the adsorption of surface-active oil
contaminants. Other researchers have also encountered a similar
trend when measuring dynamic interfacial tension at a water–oil
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. 2. The data in the figure is the mean
ten different measurements with two overnight and eight 2 h long
measurements.

QSE bulk concentration dependence of interfacial tension is
depicted in Fig. 2a. Upon trials, 0.02 % w/v was chosen as the low-
est 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. (Kirtil & 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 conjugated polymers to develop a structure similar to
QSE’s native state (Anal et al., 2019; Jain & Anal, 2018;
Kontogiorgos, 2019). Emulsions stabilized by these Maillard conju-
gates have preserved their structural stability for more extended
periods than emulsions stabilized than the hydrocolloids alone or
in combination (Anal et al., 2019; Anvari & Joyner (Melito), 2017;
Gao et al., 2017; Liu et al., 2018). Another natural biopolymer that
is considered a benchmark emulsifying and stabilizing agent in the
food and cosmetic industry is Gum Arabic, which also is a graft
copolymer with proteins covalently attached to one of the polysac-
charide 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 concentra-
tion 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
6

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 range. This indicates a 34%
reduction in IT by the addition of QSE. Vélez-Erazo et al., (2020)
studied the interfacial properties of some macromolecular stabiliz-
ers (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 an excellent
natural alternative to other widely employed stabilizers. This unu-
sual 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. 2a, there is a sharp kink in the inter-
facial 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 criti-
cal micellization concentration (CMC) encountered in solutions of
small molecular surfactants. CMC is described as the bulk surfac-
tant concentration at which the interface is saturated with the sur-
factant; hence, further addition of surfactants would cause them to
form micelles in solution bulk rather than on the interface
(Arabadzhieva et al., 2011; Shaw, 1992). Polymeric surfactants like
proteins also exhibit a similar behavior. After a critical concentra-
tion (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 stan-
dard 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. 2b is the IT
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 relatively low, which means QSE provides
monolayer saturation at very low concentrations. Though signifi-
cantly 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 forma-
tion resulting from the attraction of bulk surfactants and the
adsorbed layer (Beverung et al., 1999; Gashua et al., 2016;
Krstonošić et al., 2019; Semenov & Shvets, 2015; Wang et al.,
2014a, 2014b; Wüstneck et al., 1996).

Fig. 3a 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. QSEmolecules are abundant in sugar acids
(uronic acid content of 20 % by wt (Vignon and 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 themolecules,
and a pH-induced increase in the negative charge of these residues
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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 be adsorbed, and with increased protein con-
centration at the interface, interfacial tension decreased. This result
is in line with another study by Deng et al (2019), who have demon-
strated increased emulsifying and foaming properties as solution
pHs get further from the isoelectric point.

As apparent in Fig. 3b, IT values were significantly affected by
the ionic strength of the medium. There is an apparent 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 pro-
tein unfolding and result in hydrophobic groups being better
exposed to the interface, thus decreasing interfacial tension.

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 rele-
vant to the process of emulsion formation (P Walstra, 2002; Pieter
Walstra & Smulders, 2007). Consequently, monitoring the adsorp-
tion dynamics is just as crucial in assessing the potential of a sur-
factant as an emulsifier. This is particularly substantial for
polymeric surfactants, which are slower to be adsorbed on inter-
faces than small molecular surfactants owing to the retarded diffu-
sion 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 oil–water interface. There is a growing trend to
decrease the caloric contribution of fats in foods, either by hinder-
ing lipase activity at the interface or replacing bile salts that facil-
itate 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.

Fig. 4a depicts the change in interfacial tension for the first
2000 s for each concentration. After the 2000 s mark, the IT relax-
ation 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. 4a, the initial IT (at t = 0) decreases 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. 4 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 adsorp-
tion is made up of three distinct regimes with different relaxation
rates; (i) induction/lag period (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 vis-
ible drop in IT from its initial value and is only observed for dilute
protein concentrations. We have not observed such an induction
7

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 sub-surface (the hypothetical layer right beneath
the surface (Ward & Tordai, 1946) to take a favorable conformation
to be adsorbed (Calero et al., 2010; Erik M. Freer et al., 2004a). The
fact that QSE solutions do not exhibit such a lag in relaxation
implies that the surface-active fractions are quick to diffuse and
be adsorbed without any unfolding necessity. The high surface
accessibility of hydrophobic residues of proteins in QSE is sup-
ported 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 display a lag period at similar concentrations
(such as; sodium caseinate (Sosa-Herrera et al., 2016), Sterculia
apetala gum (Pérez-Mosqueda et al., 2013), ovalbumin (Beverung
et al., 1999), lyzozyme (Freer et al., 2004a, 2004b),
b-lactoglobulin & b-casein (Wüstneck et al., 1996)). It was shown
by (Wang et al., 2018) that QSE consists of three different polysac-
charide fractions, with the two of these being much lower in
molecular weight (1250 Da and 1529 Da) than the major fraction
(1.4 � 106 Da). These smaller glycoproteins could have almost dif-
fused to and be adsorbed on the interface before the initial mea-
surement 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. 4, 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 rearrange-
ments to partially expose the hydrophobic regions to the oil–wa-
ter interface and be adsorbed irreversibly (Macritchie, 1978). The
steep decline in interfacial tension is the result of two different
mechanisms operating simultaneously; the increase of the num-
ber of contacts with the interface for each molecule through
relaxation of the polymer from the initial rigid conformation, dif-
fusion 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 poly-
disperse 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). By comparing the effect of concentra-
tion on the relaxation profiles, it is possible to see a positive cor-
relation 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, decreasing diffusion time. A denser solu-
tion also increases the probability of molecular collisions that ini-
tiates interfacial positioning of the molecules (Young & 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;
Wang et al., 2014a, 2014b; Young & Torres, 1989).
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Fig. 4. (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.
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The final regime for all QSE concentrations starts around the
200 s mark and lasts until the end of time-dependent measure-
ments. Most protein and polymeric surfactants rarely display a
true equilibrium, owing to the slow and ongoing changes in the
structure of the adsorbed layer. Two processes govern the gradual
and slow decline during Regime III; increased interfacial molecular
packing due to ongoing molecular rearrangements and multilayer
adsorption (Benjamins & van Voorst Vader, 1992; Cascão Pereira
et al., 2003; Erik M. Freer et al., 2004a). 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
8

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 amphi-
philic residues, which reduces the interfacial tension. Meanwhile,
the non-adsorbed sections of the molecule, due to the increased
proximity, display stronger intermolecular interactions, which
results in the formation of molecular aggregates and protein-
polysaccharide complexes (E. M. Freer & Radke, 2004; Krstonošić
et al., 2019; Sosa-Herrera et al., 2016). The enhanced degree of
entanglements form bridges that connect at various points,
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resulting in an amorphous gel-like network at the interface
(Beverung et al., 1999; E. M. Freer et al., 2003; Erik M. Freer
et al., 2004a). This explains why this period is also called interfacial
gelation. For some surfactants, the changes in the adsorbed layer in
this regime introduce an attraction between surfactants in bulk
and interface, which might result in multiple layers of surfactant
to be adsorbed. 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 con-
centration 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 diffu-
sion 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 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 emulsifi-
cation 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. 4b depicts the transient interfacial ten-
sion profiles for three different pH’s; 3, 7, and 11. As similarly
observed in equilibrium IT values (Fig. 3a), 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
was 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 (the highest pH investigated by the researchers) was
reported as �38.1 mV. This is consistent with the expected out-
come that the further one gets from the solution’s isoelectric point,
the higher the zeta potential becomes. At pH11, as clearly evident
from Fig. 4b, QSE molecules relax to their equilibrium at a much
faster rate. Additionally, this equilibrium is 33% less than the equi-
librium IT at a neutral pH. These results imply a more rapid unfold-
ing of the molecule as well as a different conformation 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 significant
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, molecules-
molecule interactions dominate. The aggregation in the adsorbed
layer causes the 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., 2010). 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 dimin-
ished interfacial activity and steric stabilization potential of QSE
were supported by Deng et al. (2019) findings that demonstrated
9

QSE to exhibit the lowest emulsifying ability index (EAI), emulsion
stability index (ESI and foaming capacity at pHs close to its isoelec-
tric point of 4.2 (Deng et al., 2019).

At pH11, due to high negative-negative charge repulsions, poly-
mer chains tend to stay as widely spread as possible in order to
maximize the distance between charged groups. As a result, polar
and charged groups extrude through the bulk phase in a more
widespread manner, providing more room for new molecules to
be adsorbed. Additionally, the decreased hydrophobic interactions
within the molecule provide better structural flexibility that
enhances molecular mobility, which, in return, accelerates molec-
ular rearrangements (Alba & Kontogiorgos, 2017). These occur-
rences together contribute to the increased relaxation rate of
interfacial tension at pH11. The equilibrium IT at pH11 is also con-
siderably lower than the other pHs by 6 mN/m. As previously sta-
ted, 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 lM/g as identified by method), which is one of the most
critical 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 over-
come the final remaining disulfide bonds and 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 pro-
teins (Deng et al., 2019; Mundi & Aluko, 2012; Tang et al., 2006).

The transient interfacial tension profiles of QSE solutions with
differing amounts of NaCl were shown in Fig. 4c (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 emul-
sion (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 inter-
face and surround QSE anions, which is surrounded by a secondary
layer of Cl- ions (Gao et al., 2017; Macleod & 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 pro-
teins (Beverung et al., 1999). Additionally, charged sugar acids
positioned at the branches, when the rest of the molecule is
adsorbed, extrude through the aqueous medium. These negatively
charged groups can inhibit the diffusion of newmolecules by form-
ing a layer of charge-charge repulsion. The ionic interaction of Na+

ions and these charged fractions decrease electrostatic repulsion
and facilitate the adsorption of fresh polymers onto the oil–water
interface. Other researchers have similarly reported an accelera-
tion in the adsorption rate of charged surfactants with increasing
ionic strength of the medium (Beverung et al., 1999; Hayase &
Tsubota, 1986; Ishimuro & Ueberreiter, 1980).

3.3. Dilatational interfacial rheology measurements

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

E0 and E0 0 was measured for 10 different frequencies (within the
range 0.01–0.1 Hz). Table 2 displays the averages of these frequen-
cies for differing concentrations, pHs and salt contents. E0 (dilata-
tional storage modulus) is a measure of the elastic counterforce
of the surface to a possible deformation, whereas E0 0 (dilatational
loss modulus) defines how fast the initial values of IT is restored
after deformation (Mendoza et al., 2014; Seta et al., 2014). Regard-
less of solution conditions and QSE concentration, all oil–water
interfaces were prominently elastic rather than viscous, as identi-

fied by the much higher E0 values (E
0 � E0 0). This indicates that

the viscoelastic layer 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., 2004a). Interfacial elasticity increases the inter-
face’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 trans-
portation or merging of particles during long term storage (Seta
et al., 2014; Wang et al., 2014a, 2014b). 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 an interfacial tension
gradient. To recover the droplet to its initial state, excess surfac-
tants 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 inter-
face resists deformation and generates a greater driving force for
surfactants to diffuse to the depleted region, reducing film com-
Table 2
Average E0 , E0 0 and tanD values.

Concentration (%) E0 (mN/m) E0 0 (mN/m) tanD

0.1 30.61 ± 5.03a 2.93 ± 0.80a 0.10 ± 0.02a

0.2 16.17 ± 2.50b 1.75 ± 0.37b 0.11 ± 0.02a

0.3 14.79 ± 3.39b 1.32 ± 0.31c 0.09 ± 0.02a

0.4 11.69 ± 1.24bc 0.76 ± 0.20d 0.07 ± 0.02b

0.5 9.09 ± 2.26c 0.25 ± 0.36e 0.03 ± 0.09c

0.75 5.45 ± 2.07d 0.15 ± 0.14ef 0.03 ± 0.08c

1 3.00 ± 1.95d 0.08 ± 0.37f 0.03 ± 0.01c

pH
3 10.00 ± 1.92a 0.73 ± 0.19a 0.07 ± 0.01a

7 14.79 ± 2.39b 1.32 ± 0.31b 0.09 ± 0.02b

11 20.08 ± 1.19c 1.45 ± 0.43b 0.08 ± 0.01a

Salt Content
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 ± 1.53b 1.20 ± 0.04ab 0.13 ± 0.02b

0.5 9.35 ± 1.73b 0.92 ± 0.30b 0.10 ± 0.04a

Means within the same column, followed by the different letters (a–f) are signifi-
cantly different (p<0.05).
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pressibility and improving the resistance to the change in interfa-
cial 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; Wang et al., 2014a, 2014b). Many researchers have
even demonstrated that interfacial rheological properties are the
dominant factor in determining emulsions’ stability, even more
so than interfacial tension (Angle & Hua, 2012; Fruhner et al.,
2000; Reichert & 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 homog-
enization procedure can cause phase separation. The enhanced
resistance facilitates the emulsification process by contributing to
the droplet size distribution in a turbulently stirred system
(Wang et al., 2014a, 2014b). 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 govern this process. Higher dilatational elasticity was asso-
ciated with better resistance against rupture of droplets due to the
mechanical energy input during emulsification (Bak & Podgórska,
2012). Consequently, the relatively high elastic character that
QSE adsorption layers display implies that it would be a very effec-

tive emulsion stabilizer. In comparison, the E
0
of whey protein iso-

late (WPI) and polymerized whey protein isolate (pWPI) ranged
between 13 and 32 mN/m at 1% w/v protein concentration
(Davis & Foegeding, 2006) and similarly for b-casein/ b-

lactoglobulin mixtures (%1 w/v protein), E
0
values ranged between

12 and 23 mN/m (Seta et al., 2014). Sterculia apetala gum (%0.5 w/
v), which is a gum obrained from Sterculia genus trees, solutions

displayed E
0
values between 25 and 38 mN/m (Pérez-Mosqueda

et al., 2013).
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 �C), a high number of
free sulfhydryl (SH) groups (9.73 lM/g), and disulfide (SS) bonds
(19.79 lM/g) (Deng et al., 2019). This structural rigidity could be
one of the reasons behind the relatively high interfacial elasticity.
Casein, for one, though it is a very surface active molecule due to
its flexible structure, shows inferior emulsion stabilization proper-
ties compared to globular proteins such as b-lactoglobulin and
ovalbumin (Graham & Phillips, 1979; Pezennec et al., 2000).

The frequency dependence of E0 and E0 0 of all samples are dis-
played in Fig. 5. Regardless of surfactant concentration, pH, and salt
content, E0 and E0 0 revealed s similar trend with frequency. E0

increased in a non-linear fashion with increasing frequency,
whereas E0 0 was not substantially affected and remained relatively
constant for the frequency range studied (0.01 – 0.1 Hz). The initial
higher rate of increase in E0 seems to decrease to a more linear pro-
file after 0.04 Hz. With increasing frequency, the rate of deforma-
tion in the interfacial area increases, which reduces 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 expan-
sion/contraction is faster than the rate of adsorption, the mono-
layer 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



Fig. 5. (a) Frequency dependence of E0 and E0 0 of QSE at an oil–water interface with varying concentrations (b) Frequency dependence of E0 and E0 0 of QSE at an oil–water
interface with varying pHs and NaCl concentrations.
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elastic, which is observed as an increase in dilatational storage
modulus values (E0). The increase in E0 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 E0 approaching this plateau,
yet it could not be observed within the frequency range employed.

E0 0, 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
11
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 relax-
ation; diffusion, and interfacial repositioning would result in the
observation of a local maximum in E0 0 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
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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.

Concentration, pH, and ionic strength dependence of interfacial
dilatational rheological properties are given in Table 2. With
increasing concentration, the average E0 and E0 0 values both
decreased, with E0 0 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
12
two different frequencies, namely, the frequency of molecular
exchange (l) 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 maxi-
mum/minimum modulus value is the cross-over point where
l < v to l > v takes place (Stubenrauch & 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, E0, the effect of bulk surfactant concen-
tration is governed by two opposing mechanisms (Ma et al., 2011).
Normally one would expect an increase in interfacial elasticity as
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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 cannot formmultiple 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 concentra-
tion, the rate of molecular exchange between the interface and
bulk increases, as demonstrated by the dynamic interfacial tension
curves (Fig. 4). Increased molecular exchange decreases the inter-
facial gradient generated by the expansion/contraction of the inter-
facial area. This reduces the interface’s ability to respond to the
changes in area (DA) with a similar change in interfacial tension
(Dc), which is observed as a reduction in dilatational storage mod-
ulus (Santini et al., 2007b). For QSE adsorbing at an oil–water inter-
face, 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 E0 with concen-
tration 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; Wang et al., 2014a, 2014b). As dis-
cussed before, the strong relation between dispersion stability
and E0 was shown in multiple studies (Beverung et al., 1999; Cao
et al., 2013; Cascão Pereira et al., 2001; Davis & Foegeding, 2006;
Freer et al., 2004a; 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 at stabilization in emul-
sion, only considering the interfacial elasticity. However, many
other factors such as interfacial tension and viscosity of the contin-
uous phase play prominent roles in determining overall system
stability. Hence, further analysis in a real emulsion system is nec-
essary for a definite interpretation.

As seen in Table 2, there seems to be a negative correlation
between E0 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, promoting 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; Wang et al., 2014a, 2014b). E0 0 values
seem to approach 0 as solution concentration increases, which is
also similar for E0 values. This implies the loss of viscoelastic char-
acter of the interface at concentrations higher than 1 % w/v. The
increased rate of adsorption and the loss of interfacial tension gra-
dient seem to be mechanisms responsible for the diminishing
interfacial viscoelasticity. The effect of pH and ionic strength on
interfacial rheological properties can also be seen in Table 2. 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
13
extensively bonded network of surfactants on the interface leads to
higher interfacial elasticity (identified by higher E0 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 inter-
facial 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 leads to increased intermolecular attractions,
which caused the interfacial layer to display higher modulus val-
ues. 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 dimin-
ished. Karbaschi et al. (2014), found a direct relationship between
the number of hydrophobic residues exposed to the surface and
dilatational modulus values. These studies demonstrate the strong
impact of molecular conformation on interfacial rheology, as we
have observed in QSE samples.
4. Conclusion

Despite the few studies in the literature that have demonstrated
quince seed extract to be a promising emulsion stabilizer, the
mechanism of adsorption and the interfacial behavior of this
biopolymer on an oil–water interface was never explored. The
study provides quantitative information on the interfacial proper-
ties of QSE on an oil–water interface, as well as explaining the
mechanism behind the interfacial behavior of this complex and
unique biopolymer. The lowest concentration that yielded a statis-
tically significant drop in interfacial was found as 0.02 % w/v (re-
duction of eq. IT 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 regimes; monolayer saturation and interfa-
cial 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 immediate
stabilizing effect of the polymer that could initiate even during
emulsification, where most of the particle breakage occurs. Dilata-
tional interfacial rheology measurements showed that, on all sam-
ples, 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 con-
formational 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.
Considering the results of this study, QSE is proven to be a poten-
tially effective natural alternative to other polymeric surfactants
and stabilizers commonly employed in the food, cosmetic and
pharmaceutical industries.



E. Kirtil, E. Kurtkaya, T. Svitova et al. Chemical Engineering Science 245 (2021) 116951
CRediT authorship contribution statement

Emrah Kirtil: Conceptualization, Data curation, Formal analy-
sis, Investigation, Writing – original draft, Writing - review & edit-
ing, Visualization. Enis Kurtkaya: Formal analysis, Investigation.
Tatyana Svitova: Methodology, Investigation. Clayton J. Radke:
Supervision, Methodology, Validation. Mecit Halil Oztop: Supervi-
sion. Serpil Sahin: Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

Kirtil E. has received financial support from Fulbright Turkey as
part of the Ph.D. Dissertation Research Grant program.

References

Abbastabar, B., Azizi, M.H., Adnani, A., Abbasi, S., 2015. Determining and modeling
rheological characteristics of quince seed gum. Food Hydrocolloids 43, 259–
264. https://doi.org/10.1016/j.foodhyd.2014.05.026.

Aksenenko, E.V., Kovalchuk, V.I., Fainerman, V.B., Miller, R., 2007. Surface dilational
rheology of mixed surfactants layers at liquid interfaces. J. Phys. Chem. C.
https://doi.org/10.1021/jp073904g.

Alba, K., Kontogiorgos, V., 2017. Pectin at the oil-water interface: Relationship of
molecular composition and structure to functionality. Food Hydrocolloids 68,
211–218. https://doi.org/10.1016/j.foodhyd.2016.07.026.

Alba, K., Sagis, L.M.C., Kontogiorgos, V., 2016. Engineering of acidic O/W emulsions
with pectin. Colloids Surf., B 145, 301–308. https://doi.org/10.1016/
j.colsurfb.2016.05.016.

Alftrén, J., Peñarrieta, J.M., Bergenståhl, B., Nilsson, L., 2012. Comparison of
molecular and emulsifying properties of gum arabic and mesquite gum using
asymmetrical flow field-flow fractionation. Food Hydrocolloids 26 (1), 54–62.
https://doi.org/10.1016/j.foodhyd.2011.04.008.

Anal, A. K., Shrestha, S., & Sadiq, M. B. (2019). Biopolymeric-based emulsions and
their effects during processing, digestibility and bioaccessibility of bioactive
compounds in food systems. Food Hydrocolloids, 87(August 2018), 691–702.
https://doi.org/10.1016/j.foodhyd.2018.09.008

Angle, C.W., Hua, Y., 2012. Dilational interfacial rheology for increasingly
deasphalted bitumens and n -C5 asphaltenes in toluene/NaHCO 3 solution.
Energy Fuels. https://doi.org/10.1021/ef300846z.

Anvari, M., & Joyner (Melito), H. S. (2017). Effect of fish gelatin-gum arabic
interactions on structural and functional properties of concentrated emulsions.
Food Research International, 102(September), 1–7. https://doi.org/10.1016/
j.foodres.2017.09.085

Arabadzhieva, D., Mileva, E., Tchoukov, P., Miller, R., Ravera, F., Liggieri, L., 2011.
Adsorption layer properties and foam film drainage of aqueous solutions of
tetraethyleneglycol monododecyl ether. Colloids Surf., A 392 (1), 233–241.
https://doi.org/10.1016/j.colsurfa.2011.09.061.

Ashraf, M.U., Hussain, M.A., Muhammad, G., Haseeb, M.T., Bashir, S., Hussain, S.Z.,
Hussain, I., 2017. A superporous and superabsorbent glucuronoxylan hydrogel
from quince (Cydonia oblanga): Stimuli responsive swelling, on-off switching
and drug release. Int. J. Biol. Macromol. 95, 138–144. https://doi.org/10.1016/j.
ijbiomac.2016.11.057.

Bak, A., Podgórska, W., 2012. Investigation of drop breakage and coalescence in the
liquid-liquid system with nonionic surfactants Tween 20 and Tween 80. Chem.
Eng. Sci. https://doi.org/10.1016/j.ces.2012.02.021.

Benjamins, J., van Voorst Vader, F., 1992. the determination of the surface shear
properties of adsorbed protein layers. Colloids Surf. https://doi.org/10.1016/
0166-6622(92)80271-3.

Berg, J.C., 2010. An Introduction to Interfaces & Colloids: The Bridge to Nanoscience.
World Scientific. https://booksgoogle.com/books?id=x-XZBJngdM4C.

Berry, J. D., Neeson, M. J., Dagastine, R. R., Chan, D. Y. C., & Tabor, R. F. (2015).
Measurement of surface and interfacial tension using pendant drop
tensiometry. In Journal of Colloid and Interface Science (Vol. 454, pp. 226–
237). Academic Press Inc. https://doi.org/10.1016/j.jcis.2015.05.012

Beverung, C.J., Radke, C.J., Blanch, H.W., 1999. Protein adsorption at the oil/water
interface: Characterization of adsorption kinetics by dynamic interfacial tension
measurements. Biophys. Chem. 81 (1), 59–80. https://doi.org/10.1016/S0301-
4622(99)00082-4.

Bos, M.A., Van Vliet, T., 2001. Interfacial rheological properties of adsorbed protein
layers and surfactants: A review Vol. 91(3, 437–471. https://doi.org/10.1016/
S0001-8686(00)00077-4.

Bouyer, E., Mekhloufi, G., Huang, N., Rosilio, V., Agnely, F., 2013. b-Lactoglobulin,
gum arabic, and xanthan gum for emulsifying sweet almond oil: Formulation
14
and stabilization mechanisms of pharmaceutical emulsions. Colloids Surf., A
433, 77–87. https://doi.org/10.1016/j.colsurfa.2013.04.065.

Bouyer, E., Mekhloufi, G., Rosilio, V., Grossiord, J.L., Agnely, F., 2012. Proteins,
polysaccharides, and their complexes used as stabilizers for emulsions:
Alternatives to synthetic surfactants in the pharmaceutical field? Int. J.
Pharm. 436 (1–2), 359–378. https://doi.org/10.1016/j.ijpharm.2012.06.052.

Bu, H., Kjøniksen, A.L., Nyström, B., 2004. Rheological characterization of
photochemical changes of ethyl(hydroxyethyl)cellulos dissolved in water in
the presence of an ionic surfactant and a photosensitizer. Biomacromolecules 5
(2), 610–617. https://doi.org/10.1021/bm034443h.

Calero, N., Muñoz, J., Ramírez, P., Guerrero, A., 2010. Flow behaviour, linear
viscoelasticity and surface properties of chitosan aqueous solutions. Food
Hydrocolloids 24 (6–7), 659–666. https://doi.org/10.1016/
j.foodhyd.2010.03.009.

Cao, C., Zhang, L., Zhang, X.X., Du, F.P., 2013. Effect of gum arabic on the surface
tension and surface dilational rheology of trisiloxane surfactant. Food
Hydrocolloids 30 (1), 456–462. https://doi.org/10.1016/j.foodhyd.2012.07.006.

Cascão Pereira, L.G., Johansson, C., Blanch, H.W., Radke, C.J., 2001. A bike-wheel
microcell for measurement of thin-film forces. Colloids Surf., A 186 (1–2), 103–
111. https://doi.org/10.1016/S0927-7757(01)00488-5.

Cascão Pereira, L.G., Théodoly, O., Blanch, H.W., Radke, C.J., 2003. Dilatational
rheology of BSA conformers at the air/water interface. Langmuir 19 (6), 2349–
2356. https://doi.org/10.1021/la020720e.

Castellani, O., Al-Assaf, S., Axelos, M., Phillips, G.O., Anton, M., 2010. Hydrocolloids
with emulsifying capacity. Part 2 - Adsorption properties at the n-hexadecane-
Water interface. Food Hydrocolloids 24 (2–3), 121–130. https://doi.org/
10.1016/j.foodhyd.2009.07.006.

Covis, R., Desbrieres, J., Marie, E., Durand, A., 2014. Dilational rheology of air/water
interfaces covered by nonionic amphiphilic polysaccharides. Correlation with
stability of oil-in-water emulsions. Colloids Surf., A 441, 312–318. https://doi.
org/10.1016/j.colsurfa.2013.09.027.

Cui, X. H., Zhang, L., Luo, L., Zhang, L., Zhao, S., & Yu, J. Y. (2010). Interfacial dilational
properties of model oil and chemical flooding systems by relaxation
measurements. Colloids and Surfaces A: Physicochemical and Engineering
Aspects. https://doi.org/10.1016/j.colsurfa.2010.08.012

D’Aubeterre, A., Da Silva, R., Aguilera, M.E., 2005. Experimental study on Marangoni
effect induced by heat and mass transfer. Int. Commun. Heat Mass Transfer.
https://doi.org/10.1016/j.icheatmasstransfer.2004.06.012.

Dal-Bó, A.G., Laus, R., Felippe, A.C., Zanette, D., Minatti, E., 2011. Association of
anionic surfactant mixed micelles with hydrophobically modified ethyl
(hydroxyethyl)cellulose. Colloids Surf., A 380 (1–3), 100–106. https://doi.org/
10.1016/j.colsurfa.2011.02.028.

Dalgleish, D.G., 2006. Food emulsions - Their structures and structure-forming
properties. Food Hydrocolloids 20 (4), 415–422. https://doi.org/10.1016/
j.foodhyd.2005.10.009.

Davis, J.P., Foegeding, E.A., 2006. Foaming and Interfacial Properties of Polymerized
Whey Protein Isolate. J. Food Sci. 69 (5), C404–C410. https://doi.org/10.1111/
j.1365-2621.2004.tb10706.x.

de Escalada Pla, M.F., Uribe, M., Fissore, E.N., Gerschenson, L.N., Rojas, A.M., 2010.
Influence of the isolation procedure on the characteristics of fiber-rich products
obtained from quince wastes. J. Food Eng. 96 (2), 239–248. https://doi.org/
10.1016/j.jfoodeng.2009.07.018.

Deng, Y., Huang, L., Zhang, C., Xie, P., Cheng, J., Wang, X., Li, S., 2019.
Physicochemical and functional properties of Chinese quince seed protein
isolate. Food Chem. 283 (16), 539–548. https://doi.org/10.1016/
j.foodchem.2019.01.083.

Derkach, S.R., Krägel, J., Miller, R., 2009. Methods of measuring rheological
properties of interfacial layers (Experimental methods of 2D rheology).
Colloid J. https://doi.org/10.1134/S1061933X09010013.

Dickinson, E., 1998. Proteins at interfaces and in emulsions. Stability, rheology and
interactions. Journal of the Chemical Society -. Faraday Trans. 94 (12), 1657–
1669. https://doi.org/10.1039/a801167b.

Dickinson, E. (1999). Adsorbed protein layers at fluid interfaces: Interactions,
structure and surface rheology. In Colloids and Surfaces B: Biointerfaces (Vol.
15, Issue 2, pp. 161–176). Elsevier. https://doi.org/10.1016/S0927-7765(99)
00042-9

Dickinson, E. (2001). Milk protein interfacial layers and the relationship to emulsion
stability and rheology. In Colloids and Surfaces B: Biointerfaces (Vol. 20, Issue 3,
pp. 197–210). Elsevier. https://doi.org/10.1016/S0927-7765(00)00204-6

Dickinson, E. (2003). Hydrocolloids at interfaces and the influence on the properties
of dispersed systems. In Food Hydrocolloids (Vol. 17, Issue 1, pp. 25–39).
Elsevier. https://doi.org/10.1016/S0268-005X(01)00120-5

Dickinson, E., 2018. Hydrocolloids acting as emulsifying agents – How do they do it?
Food Hydrocolloids 78, 2–14. https://doi.org/10.1016/j.foodhyd.2017.01.025.

Du, Y., Jiang, Y., Zhu, X., Xiong, H., Shi, S., Hu, J., Peng, H., Zhou, Q., Sun, W., 2012.
Physicochemical and functional properties of the protein isolate and major
fractions prepared from Akebia trifoliata var. australis seed. Food Chem. 133 (3),
923–929. https://doi.org/10.1016/j.foodchem.2012.02.005.

Fisher, L.R., Mitchell, E.E., Parker, N.S., 1985. Interfacial Tensions of Commercial
Vegetable Oils with Water. J. Food Sci. 50 (4), 1201–1202. https://doi.org/
10.1111/j.1365-2621.1985.tb13052.x.

Fleer, G.J., 2010. Polymers at interfaces and in colloidal dispersions. Adv. Colloid
Interface Sci. 159 (2), 99–116. https://doi.org/10.1016/j.cis.2010.04.004.

Fleer, G., Stuart, M.A.C., Scheutjens, J.M.H.M., Cosgrove, T., Vincent, B., 1993.
Polymers at Interfaces. Springer, Netherlands. https://books.google.com.
tr/books?id=0r4t0pnBrUEC.

https://doi.org/10.1016/j.foodhyd.2014.05.026
https://doi.org/10.1021/jp073904g
https://doi.org/10.1016/j.foodhyd.2016.07.026
https://doi.org/10.1016/j.colsurfb.2016.05.016
https://doi.org/10.1016/j.colsurfb.2016.05.016
https://doi.org/10.1016/j.foodhyd.2011.04.008
https://doi.org/10.1021/ef300846z
https://doi.org/10.1016/j.colsurfa.2011.09.061
https://doi.org/10.1016/j.ijbiomac.2016.11.057
https://doi.org/10.1016/j.ijbiomac.2016.11.057
https://doi.org/10.1016/j.ces.2012.02.021
https://doi.org/10.1016/0166-6622(92)80271-3
https://doi.org/10.1016/0166-6622(92)80271-3
https://books.google.com/books?id=x-XZBJngdM4C
https://doi.org/10.1016/S0301-4622(99)00082-4
https://doi.org/10.1016/S0301-4622(99)00082-4
https://doi.org/10.1016/S0001-8686(00)00077-4
https://doi.org/10.1016/S0001-8686(00)00077-4
https://doi.org/10.1016/j.colsurfa.2013.04.065
https://doi.org/10.1016/j.ijpharm.2012.06.052
https://doi.org/10.1021/bm034443h
https://doi.org/10.1016/j.foodhyd.2010.03.009
https://doi.org/10.1016/j.foodhyd.2010.03.009
https://doi.org/10.1016/j.foodhyd.2012.07.006
https://doi.org/10.1016/S0927-7757(01)00488-5
https://doi.org/10.1021/la020720e
https://doi.org/10.1016/j.foodhyd.2009.07.006
https://doi.org/10.1016/j.foodhyd.2009.07.006
https://doi.org/10.1016/j.colsurfa.2013.09.027
https://doi.org/10.1016/j.colsurfa.2013.09.027
https://doi.org/10.1016/j.icheatmasstransfer.2004.06.012
https://doi.org/10.1016/j.colsurfa.2011.02.028
https://doi.org/10.1016/j.colsurfa.2011.02.028
https://doi.org/10.1016/j.foodhyd.2005.10.009
https://doi.org/10.1016/j.foodhyd.2005.10.009
https://doi.org/10.1111/j.1365-2621.2004.tb10706.x
https://doi.org/10.1111/j.1365-2621.2004.tb10706.x
https://doi.org/10.1016/j.jfoodeng.2009.07.018
https://doi.org/10.1016/j.jfoodeng.2009.07.018
https://doi.org/10.1016/j.foodchem.2019.01.083
https://doi.org/10.1016/j.foodchem.2019.01.083
https://doi.org/10.1134/S1061933X09010013
https://doi.org/10.1039/a801167b
https://doi.org/10.1016/j.foodhyd.2017.01.025
https://doi.org/10.1016/j.foodchem.2012.02.005
https://doi.org/10.1111/j.1365-2621.1985.tb13052.x
https://doi.org/10.1111/j.1365-2621.1985.tb13052.x
https://doi.org/10.1016/j.cis.2010.04.004
http://refhub.elsevier.com/S0009-2509(21)00516-9/h0210
http://refhub.elsevier.com/S0009-2509(21)00516-9/h0210
http://refhub.elsevier.com/S0009-2509(21)00516-9/h0210


E. Kirtil, E. Kurtkaya, T. Svitova et al. Chemical Engineering Science 245 (2021) 116951
Freer, E.M., Radke, C.J., 2004. Relaxation of asphaltenes at the toluene/water
interface: Diffusion exchange and surface rearrangement. J. Adhes. 80 (6), 481–
496. https://doi.org/10.1080/00218460490477143.

Freer, E.M., Svitova, T., Radke, C.J., 2003. The role of interfacial rheology in reservoir
mixed wettability. J. Petrol. Sci. Eng. 39 (1–2), 137–158. https://doi.org/
10.1016/S0920-4105(03)00045-7.

Freer, Erik M., Yim, K.S., Fuller, G.G., Radke, C.J., 2004a. Interfacial Rheology of
Globular and Flexible Proteins at the Hexadecane/Water Interface: Comparison
of Shear and Dilatation Deformation. J. Phys. Chem. B 108 (12), 3835–3844.
https://doi.org/10.1021/jp037236k.

Freer, Erik M., Yim, K.S., Fuller, G.G., Radke, C.J., 2004b. Shear and dilatational
relaxation mechanisms of globular and flexible proteins at the hexadecane/
water interface. Langmuir 20 (23), 10159–10167. https://doi.org/10.1021/
la0485226.

Fruhner, H., Wantke, K. D., & Lunkenheimer, K. (2000). Relationship between surface
dilational properties and foam stability. Colloids and Surfaces A:
Physicochemical and Engineering Aspects. https://doi.org/10.1016/S0927-
7757(99)00202-2

Gao, Z., Fang, Y., Cao, Y., Liao, H., Nishinari, K., Phillips, G.O., 2017. Hydrocolloid-food
component interactions. Food Hydrocolloids 68, 149–156. https://doi.org/
10.1016/j.foodhyd.2016.08.042.

Gashua, I.B., Williams, P.A., Baldwin, T.C., 2016. Molecular characteristics,
association and interfacial properties of gum Arabic harvested from both
Acacia senegal and Acacia seyal. Food Hydrocolloids 61, 514–522. https://doi.
org/10.1016/j.foodhyd.2016.06.005.

Graham, D.E., Phillips, M.C., 1979. Proteins at liquid interfaces. III. Molecular
structures of adsorbed films. Journal of Colloid And. Interface Sci. https://doi.org/
10.1016/0021-9797(79)90050-X.

Hakala, T.J., Saikko, V., Arola, S., Ahlroos, T., Helle, A., Kuosmanen, P., Holmberg, K.,
Linder, M.B., Laaksonen, P., 2014. Structural characterization and tribological
evaluation of quince seed mucilage. Tribol. Int. 77, 24–31. https://doi.org/
10.1016/j.triboint.2014.04.018.

Hayase, K., Tsubota, H., 1986. Monolayer properties of sedimentary humic acid at
the air-water interface. Journal of Colloid And Interface Science. https://doi.org/
10.1016/0021-9797(86)90255-9.

Hilder, M.H., 1968. The solubility of water in edible oils and fats. Journal of the
American Oil Chemists’ Society 45 (10), 703–707. https://doi.org/10.1007/
BF02541262.

Huang, Z., Boubriak, I., Osborne, D.J., Dong, M., Gutterman, Y., 2008. Possible role of
pectin-containing mucilage and dew in repairing embryo DNA of seeds adapted
to desert conditions. Ann. Bot. 101 (2), 277–283. https://doi.org/10.1093/aob/
mcm089.

Ishimuro, Y., Ueberreiter, K., 1980. The surface tension of poly(acrylic acid) in
aqueous solution. Colloid and Polymer Science Kolloid-Zeitschrift & Zeitschrift
Für Polymere. https://doi.org/10.1007/BF01584922.

Isobe, N., Sagawa, N., Ono, Y., Fujisawa, S., Kimura, S., Kinoshita, K., Miuchi, T., Iwata,
T., Isogai, A., Nishino, M., Deguchi, S., 2020. Primary structure of gum arabic and
its dynamics at oil/water interface. Carbohydr. Polym. 249,. https://doi.org/
10.1016/j.carbpol.2020.116843 116843.

Jain, S., Anal, A.K., 2018. Preparation of eggshell membrane protein hydrolysates
and culled banana resistant starch-based emulsions and evaluation of their
stability and behavior in simulated gastrointestinal fluids. Food Res. Int. 103 (5),
234–242. https://doi.org/10.1016/j.foodres.2017.10.042.

Karbaschi, M., Lotfi, M., Krägel, J., Javadi, A., Bastani, D., Miller, R., 2014. Rheology of
interfacial layers. Curr. Opin. Colloid Interface Sci. 19 (6), 514–519. https://doi.
org/10.1016/j.cocis.2014.08.003.

Kirtil, E., Oztop, M.H.M.H., 2016. Characterization of emulsion stabilization
properties of quince seed extract as a new source of hydrocolloid. Food Res.
Int. 85, 84–94. https://doi.org/10.1016/j.foodres.2016.04.019.

Kontogiorgos, V., 2019. Polysaccharides at fluid interfaces of food systems. Adv.
Colloid Interface Sci. 270, 28–37. https://doi.org/10.1016/j.cis.2019.05.008.
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