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Abstract

This study aimed to investigate the impact of varying proportions of dry bean powder on the rheological properties of oil-
in-water emulsions. Emulsions were formulated utilizing xanthan gum or dry bean powder across a range of concentrations,
including 1%, 3%, 5%, and 7%. Additionally, a control emulsion (CTR) was formulated using xanthan gum exclusively. The
rheological properties of the resulting emulsions, both linear and nonlinear, were characterized. Moreover, the correlation
between microstructural attributes and the interfacial rheological response within these emulsion systems was thoroughly
examined. A prominent observation was the occurrence of shear thinning, characterized by a reduction in viscosity under
applied shear stress. Notably, the control emulsion (CTR) displayed the lowest interfacial viscosity values, whereas emul-
sions incorporating increasing proportions of dry bean powder demonstrated a proportional rise in interfacial viscosity. The
highest consistency coefficient and apparent viscosity was recorded in the 7%DB sample with a value of 3.23 Pa.sn and
0.56 Pa.s, respectively. This suggests that emulsions formulated with dry bean powder may yield a more resilient interfacial
film, attributed to the protein content inherent in dry beans. The establishment of a viscoelastic interfacial layer facilitated by
dry bean powder in appropriate concentrations significantly contributes to the long-term stability of the emulsion. Unraveling
the intricate relationship between interfacial behaviors holds paramount importance in advocating for the utilization of dry
bean powder as a plant-based protein source. In conclusion, the incorporation of dry bean powder enhances the formation
of interfacial films in O/W emulsions.
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Introduction with the surfaces of the droplets, leading to the formation

of emulsions. This process, in turn, enhances the stability of

In recent times, an increasing demand among consumers
for vegan options has emerged, driven by a desire for both
veganism and sustainability, with the appeal of plant-based
products—characterized by their cholesterol-free, antibiotic-
free, and absence of potential microbial residues—contribut-
ing to this rising trend [1]. Concurrently, researchers have
started to focus on the application of proteins as emulsi-
fiers, intrigued by their interfacial activities and amphiphi-
lic (hydrophilic and hydrophobic) properties. The surface-
active nature of these proteins enhances their ability to bond
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resulting oil-in-water (o/w) emulsions [2].

Dry beans play a significant role in human nutrition,
serving as a vital source of protein, dietary fiber, carbohy-
drates, vitamins, and minerals. They contribute substan-
tially to dietary protein intake. Beyond their nutritional
value, proteins in dry beans fulfill various roles in plant-
based foods. These functions encompass hydration, sur-
face activity, structural integrity, hydration-related prop-
erties, and certain sensory attributes. The importance
of dry bean proteins extends to both human and animal
nutrition, featuring water-soluble components (albumins)
and dilute salt-soluble storage proteins (globulin) [3]. The
utilization of dried bean powder offers versatile applica-
tions, particularly in the formulation of cookies, breads,
and snacks enriched with zinc, iron, and fiber [4]. These
plant protein-based products boast twice the protein con-
tent, catering to the expanding gluten-free market [5].
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Additionally, they offer an extended shelf life, a valuable
asset for both the food industry and retailers [6]. Further-
more, dry bean proteins hold promise in the plant pro-
tein ingredients market, given their low allergenicity in
comparison to proteins from milk, eggs, peanuts, soy, and
wheat [5]. Moreover, it's worth noting that dried beans
are classified as non-genetically modified organisms (non-
GMO) [7]. Numerous studies endorse the incorporation
of dry bean protein into food products. Generally, hydro-
lyzed protein is recognized for its elevated concentration
of phenolic compounds, resulting in heightened antioxi-
dant activity. Additionally, hydrolyzed protein serves as
a robust source of bioactive peptides, offering consumers
various health benefits [8]. In a study by Los et al. [8],
it was demonstrated that hydrolyzed bean protein sam-
ples exhibited comparable or superior emulsification and
foaming capacity compared to soy protein samples, sug-
gesting potential substitution possibilities. The findings
from Zheng et al. [9] further support the prospective use
of black bean protein hydrolysates in enhancing the shelf
life of fat-rich foods, owing to their notable hydrophobic-
ity and emulsifying properties. On the hand, in a previ-
ous study, researchers explored the impact of kidney bean
protein isolates on the characteristics of gluten-free cakes
made with starch. The incorporation of protein isolates led
to heightened viscoelasticity in gluten-free muffin batters.
This enhancement in viscoelastic properties enabled the
dough to retain more gas bubbles, culminating in cakes
that were not only more flexible but also exhibited a more
aerated structure and increased volume [10].

As previously mentioned, existing studies on bean pow-
der and protein lack insights into the structural aspects of
O/W (oil-in-water) emulsions. Particularly, there is a dearth
of information regarding the influence on linear and non-lin-
ear interfacial and bulk rheological behavior, with no prior
study of interfacial rheology. Conversely, a comprehensive
understanding of the interconnection between structure and
function, as well as interactions among components at the
O/W emulsion interface, can be gleaned by examining the
nonlinear viscoelastic properties of these emulsions. Hence,
this study aims to achieve the following objectives: (1) inves-
tigate the impact of O/W emulsions on the formation and
microstructure of dry bean powder-based emulsions; (2)
characterize the linear and nonlinear rheological properties
exhibited by the resulting emulsions; and (3) explore the cor-
relation between microstructure and interfacial rheological
response within these emulsion systems. Considering the
nutritional advantages identified in dry bean emulsion for-
mulations, this research seeks to build upon existing knowl-
edge by evaluating the influence of different ratio (1,3,5 and
7%) of dry bean powder on the quality attributes of the emul-
sions. Such insights are crucial, as they can significantly
influence consumer acceptance of this food product.
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Materials and methods
Materials and chemicals

Dry bean powder (NaturelKa/Turkey) was obtained from
pre-cooked beans and its composition was 33.01% carbohy-
drate, 2.9% sugar, 34.40% fiber, 19.3% protein and 1.6% fat.
Xanthan gum (Sigma-Aldrich/Germany) and all chemicals
used in the study were of analytical purity. Sunflower oil
(Yudum/Tiirkiye) was obtained from local producers.

Methods
Preparation of emulsions

Within the scope of the study, 0.1% xanthan gum was used in
all water phase media including the control group emulsion.
While the control group was prepared with only xanthan
gum, the research samples were prepared with xanthan gum
and four different concentrations (1, 3, 5 and 7%) of dry bean
powder. Emulsions were prepared with ultra-turrax (IKA,
T25, Germany) using the aqueous phase and sunflower oil
in a ratio of 1/1.

Physicochemical properties

The color properties of the emulsions prepared 4 differ-
ent concentrations of dry bean and control sample were
determined by L*, a* and b* values with a color analyzer
(Konica-Minolta, CRS5, Japan). Conductivity values of the
emulsion samples were determined by TDS Meter (HQ40d,
Hach, Loveland, Colorado, US) at a constant temperature
of 25 °C, while pH values were measured by table type pH-
meter (WTW, Inolab).

Rheological properties

Steady-state rheological properties

Rheological measurements of the prepared emulsion sam-
ples were performed with a Peltier-temperature controlled
rheometer (Thermo HAAKE, Mars III, Karlsruhe, Ger-
many). During the analysis, P35TiL (parallel plate configu-
ration) probe head was used (1 mm gap size) and 1 ml of
sample was added to the device for each analysis. All analy-
ses were carried out at a constant temperature of 25 ‘C at a
shear rate range of 0.1-100 s~!. As a result of the analysis,
the apparent viscosity, shear rate and shear stress values
were determined by RheoWin Data Manager (RheoWin Pro
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4.0, HAAKE, Karlsruhe, Germany). In addition, consist-
ency coefficient (K) and flow behavior index () values were
determined in accordance with the Herschel-Bulkley model.

Dynamic shear rheological properties

The dynamic shear rheological properties of the emulsion
samples were analyzed in a rheometer (Thermo HAAKE,
Mars III, Karlsruhe, Germany). The viscoelastic behavior
of the emulsion samples was investigated in the frequency
range of 0.1-10 Hz. The analysis was performed with oscil-
latory stress of 0.2 Pa and the storage modulus (G') and
loss modulus (G") values were evaluated by RheoWin Data
Manager (RheoWin Pro 4.0, HAAKE, Karlsruhe, Germany).

Interfacial rheological properties

Rheometer (Thermo HAAKE, Mars III, Karlsruhe, Ger-
many) and bicone probe (BC 68/5Ti) were used for inter-
facial rheological measurements. In the study to determine
the interfacial effects of dry bean powder in emulsion media,
sample preparation is carried out in 2 stages. First, the dry
material included in the emulsion medium was weighed
and mixed with water until homogeneous as described in
the emulsion preparation stage. Then, 100 ml of this mix-
ture was added to the apparatus used in interfacial rheol-
ogy measurements in the device and the contact point was
determined with the probe head. The contact point should
be calculated by repeating each analysis and then sunflower
oil should be added to the top. In this way, the probe remains
between the water and oil phase and the changes occurring at
this point can be measured. During the measurements, inter-
facial steady and dynamic frequency measurements were
performed. The interfacial steady analysis was performed
with a measurement of approximately 1 h in the range of
1-100 s~!. Interfacial frequency sweep test was performed
in the linear region y=0.1-10 rad s'and 0=0.1% [11].

Optical microscopy

Morphological images of the emulsions were obtained at
10 X magnification using an optical microscope (Leica,
DM500, USA) to examine the structural forms of the
emulsions.

Statistical analysis

One-way analysis of variance (ANOVA) was used to evalu-
ate the analysis results of the emulsion samples and Tukey's
HSD test was used to determine the differences between
the means. Statistical analyses were performed with Minitab
v19.1.1 (Minitab Ltd., Coventry, UK) software.

Results and discussion
Physicochemical properties

Physicochemical analyses are valuable in emulsion sys-
tems. Especially pH and conductivity, which are associated
with emulsion stability, are important in terms of emulsion
properties, while color analysis is also important because it
affects sensory preferences in the final product. The phys-
icochemical properties of dry bean emulsions prepared at
different concentrations and the control emulsion were given
in Table 1. In color evaluations, L* value corresponds to
blackness-whiteness indicators and the product is expressed
as whiter-brighter as the analysis result approaches 100.
While the emulsions containing different concentrations of
dry bean powder with 1% and 3% dry bean powder had the
same results with the control group, it was observed that the
addition of dry bean powder increased the L* value in emul-
sions. The a* value, where negative values are indicative of
green color, was found to be negative in all emulsions, while
the increase in dry bean concentration was insignificant
(p>0.05). b* value, where —b* is indicative of blue color
and + b* value is indicative of yellow color. An increase in

Table 1 Physicochemical

. ” Samples Color pH Conductivity (us/cm)
properties of emulsions
L* a* b*
CTR 74.54+0.02¢ —0.78+0.01° 5.53+0.01¢ 8.75+0.02° 137.13+£0.98°
1%DB 74.11+0.03¢ —-0.86+0.01° 5.71+0.01¢ 7.93+0.07° 285.33+1.53¢
3%DB 75.37+0.01¢ —0.88+0.01° 7.4940.01¢ 7.47+0.02° 538.00+0.00°
5%DB 78.16+0.01° —-0.88+0.01° 8.20+0.01° 7.26+0.02° 737.33+0.58°
7%DB 82.23+0.01* —0.89+0.01° 9.86+0.01° 7.16+0.02° 896.67 +1.53*

Different lowercase letters in the same column indicate that the values are statistically significantly differ-
ent. p <0.05. mean + ; standard deviation

CTR: Control, 1%DB: Emulsion containing 1% dry bean flour; 3% DB Emulsion containing 3% dry bean
flour; 5% DB Emulsion containing 5% dry bean flour; 7% DB Emulsion containing 7% dry bean flour
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the yellowness value of the emulsions was observed with the
addition of dry bean.

One of the important factors in emulsion stabilization is
pH. pH changes make significant differences in emulsion
structure, especially at low pH it is very difficult to ensure
stability [12]. It is also known that the components used in
the preparation of emulsions are effective in pH changes.
Especially in protein stabilized emulsions, pH changes are
known to be effective [13]. The pH values of the emulsion
samples prepared with dry bean powder ranged between
7.16 and 8.57. Dry bean powder added to the model emul-
sion medium decreased the pH value, but the increase in
dry bean powder concentration did not affect the pH value
(p>0.05).

Changes in conductivity values provide information about
the properties of emulsions [14]. In the emulsion samples
prepared with dry bean powder, the lowest conductivity
value was 137.13 ps/cm in the control sample and the highest
value was 896.67 us/cm in the 7%DB sample. In oil-water
emulsions, the aqueous phase is responsible for the con-
ductivity because oils do not have conductivity. Especially
the protein composition and amount in the aqueous phase
can be important in the conductivity increase [15]. In our
study, conductivity increased with the increase in the amount
of dry bean powder added to the emulsion formula, which
was associated with the increase in the amount of protein
included in the structure due to the increase in the amount
of dry bean in the emulsion. On the other hand, conductiv-
ity changes are also associated with changes in droplet size
[16]. The optical microscope results show that the decrease
in droplet size is parallel to the increase in conductivity.

Steady shear properties

Rheological measurements are valuable in characteriz-
ing food emulsions and determining their post-formation
properties [17]. The consistency coefficient (K) and flow
behaviour index (n) and apparent viscosity (775) values of
the emulsions containing different proportions of dry bean
powder and control group were presented in Table 2. All
samples were evaluated in accordance with the Herschel-
Bulkley model (R*:0.99). The highest consistency coeffi-
cient value was found in the 7%DB sample with a value of
3.23 Pa.s", while the increase in dry bean powder concen-
tration increased the K value. On the other hand, this value
of control, 1%DB and 3%DB samples was found to be sta-
tistically insignificant (p > 0.05). While the flow behaviour
index values of the samples were determined in the range of
0.34-0.54, it was determined that 5%DB and 7%DB emul-
sions had the same n value. A unitless flow behaviour index
(n) value below 1 indicates that the analyzed liquid shows
pseudoplastic shear-thinning behavior [18]. This result sup-
ports the result obtained with shear rate and sheer stress
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Table 2 Comparisons of the flow behavior (Herschel-Bulkley) prop-
erties of emulsions

K (Pa.s™) n N5y (Pa.s)
Control 1.37+0.13¢ 0.34+0.01¢ 0.17+0.01¢
1%DB 1.44 +0.03¢ 0.44 +0.00° 0.16+0.00¢
3%DB 1.92 +0.04¢ 0.49+0.02° 0.28 +0.00¢
5%DB 2.50+0.02° 0.54+0.01° 0.44+0.01°
7%DB 3.23+0.04* 0.54+0.01° 0.56+0.02°

Different lowercase letters in the same column indicate that the val-
ues are statistically significantly different. p <0.05. mean +; standard
deviation

CTR: Control, 1%DB: Emulsion containing 1% dry bean flour; 3%
DB Emulsion containing 3% dry bean flour; 5% DB Emulsion con-
taining 5% dry bean flour; 7% DB Emulsion containing 7% dry bean
flour

graph. Apparent viscosity value was determined in parallel
with the consistency coefficient value. Increasing the con-
centration of dry bean powder in the emulsions increased
the viscosity value, while there was no difference between
1%DB and control sample (p > 0.05). The highest viscosity
value was determined in 7%DB sample with 0.56 Pa.s.

Figure 1 shows the apparent viscosity and shear stress val-
ues of emulsions varying in the 0—100 s~! shear rate range.
Increasing shear stress value against increasing shear rate
indicates that emulsions exhibit non-Newtonian flow type
and pseudoplastic flow behavior [19]. In emulsions, increas-
ing shear rate decreased the apparent viscosity and increased
the shear stress value. Investigation of the changes in appar-
ent viscosity at varying shear rates is important because low
shear rate viscosity values are significant in sensory evalua-
tions [20] and high shear rate values are significant in indus-
trial production applications [21]. The decrease in apparent
viscosity is explained by the fact that the macromolecules
in the emulsion flow in a certain direction with increasing
shear rate and undergo structural disruption [21].

Dynamic rheological properties

Oscillation tests are applied because the properties of
food emulsions cannot be determined exactly by viscosity
results alone and are sensitive to all changes [22, 23]. In
this context, dynamic shear rheological properties of all
emulsions prepared in the study were determined. Vis-
coelastic behaviors of emulsions were presented in Fig. 2.
Of the values obtained as a result of the analysis, G’ is
defined as the energy stored and is a measure of the defor-
mation cycle that occurs during the analysis, while G”
is expressed as the energy lost in the deformation cycle
[24]. The results obtained with the analyzes performed
after the frequency sweep tests are shown in the graph
against the In @ value. All emulsion samples showed an
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increase in elastic modulus (G”) and viscous modulus
(G”) with increasing angular frequency value, and these
values also increased with the increase in the proportion of
dry bean powder in the emulsion. In all emulsion samples,
the evaluation based on frequency dependence reveals that
the elastic modulus (G”) consistently exceeds the viscous
modulus (G”) in magnitude. The results were interpreted
as viscoelastic solid behavior of the emulsions. In addi-
tion, the positive trend in the graphs provides weak gel-
like behavior of the samples [25]. This situation is defined
as an indicator of a strong, stable emulsion in emulsion
type structures [26], and it is expected that the elastic and
viscous modulus values will give parallel results in the
graphs obtained for the continuity of this effect [26].

Interfacial rheology

While there exist several methods for evaluating the adsorp-
tion behavior of surface-active materials, interfacial shear
rheology stands out as a contemporary measurement
approach. This innovative technique operates on the fun-
damental principle of inducing shear stress parallel to the
interface by placing a probe at the interface and subsequently
assessing the viscoelastic response [27]. The understanding
of the viscoelastic structure at the interface plays a crucial
role in deciphering the adsorption kinetics of the surfactant
that constitutes the interface, as well as the robustness of
the resulting film [28]. Interfacial viscoelasticity undergoes
alterations influenced by diffusion, adsorption, conformation
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change, realignment, and intermolecular interactions among
molecular chains [29]. Consequently, tracking changes in
interfacial modulus and viscosity serves as a method for the
behavior of the formed adsorbed layer. To investigate and
compare the structural reorganization of emulsions with
varying ratios of dry bean powder at the oil/water interface,
shear rate-dependent interfacial viscosity tests were con-
ducted, as illustrated in Fig. 3. As evident in this figure, the
interfacial viscosity decreased with increasing shear rate.
Besides, in all examined samples, there was a noticeable
manifestation of shear thinning, a phenomenon characterized
by a reduction in viscosity as a response to applied shear
stress. The control group emulsion (CTR) exhibited the
lowest interfacial viscosity values, whereas the interfacial
viscosity increased proportionally with the augmentation of
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dry bean powder in the emulsion medium. Specifically, the
emulsion with 1% dry bean powder recorded a lower inter-
facial viscosity compared to those containing 3-5% and 7%
dry bean powder. This suggests that emulsions formulated
with dry bean powder potentially generate a more robust
interfacial film attributed to the protein derived from the
dry beans.

Frequency-dependent changes of the films formed in the
O/W interface layer of emulsions prepared with dry bean
powder as a function of changing ratios were examined and
the results were presented in Fig. 4A and B. The values of G'
and G" for the films formed at the O/W interface layer exhib-
ited frequency-dependent fluctuations. The emulsion sam-
ples incorporating 7% dry bean powder displayed higher G;'
values compared to the control sample. The escalation in the



European Food Research and Technology (2024) 250:2659-2668

2665

Fig.3 Steady interfacial rheol- 0.03 -
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proportion of dry bean powder resulted in an augmentation
of both G;' and G;" values. A noteworthy observation was
the deviation from linearity as high frequencies increase,
accompanied by a significant rise in the G;" value, while
the G;' value initially displayed an ascending trend followed
by a decline. It's crucial to note that the surpassing of G;"
over G;' at a particular frequency doesn't necessarily indicate
interfacial layer rupture. This phenomenon is attributed to
the collective inertia effect, where significant mass disper-
sion occurs at higher frequencies [30]. In interfaces with
a low complex modulus, escalating deformation frequen-
cies lead to the dominance of rheological behavior by the
bulk phase, especially for probe geometries with substantial
contact areas with the bulk phase, such as a bicone Sanchez-
Puga et al. [31]. Moreover, the interfacial shear modulus
exhibited significantly reduced magnitudes in the control
sample and at lower proportions of dry bean powder (1-3%).
This phenomenon can be attributed to the formation of weak
viscoelastic interfacial layers characterized by an insufficient
number of complexes. The narrow frequency ranges of G;' in
these conditions was a result of noise effects at low frequen-
cies and inertia effects at high frequencies. This observation
aligns with the findings of Jin et al. [29] and Feng et al. [32].

In summary, the extent of the viscoelastic response in
the interfacial layer aligns well with the stability levels of
emulsions crafted with varying proportions of dry bean
powder. The development of a viscoelastic interfacial layer,
achieved through appropriate ratios of dry bean powder,
significantly contributes to the prolonged stability of the
emulsion. The impact of increasing the dry bean powder
proportion on viscoelasticity of the interfacial layer of the
emulsions demonstrated a coherent pattern. This is consist-
ent with the findings of Imperiali et al. [33], which corrobo-
rate that interfaces possessing high viscosity or elasticity

30 40 50 60 70 80 90 100
y (1/s)

have the potential to impede flocculation, thereby enhancing
the optimal stability of the interface.

Optical properties

Optical microscope images of dry bean powder emulsions
prepared within the scope of the study were given in Fig. 5.
It is seen that the droplet sizes decrease with the increase
in dry bean powder concentration in the emulsion medium
and tighter emulsions are observed. This can be attributed
to the emulsion formation thanks to the protein and fibers in
the structure of dry bean powder and the oil-water binding
capacity of the powder. As the concentration of dry bean
powder increased, the water—oil binding and emulsion for-
mation capacity increased and this increase also increased
the emulsion viscosity and conductivity values. In terms of
optical properties, this can be attributed to the smaller drop-
lets and smaller droplet size, especially in the oil form [34].
The formation of more stable and durable emulsions can
be supported by droplet size reduction. The increase in dry
bean powder in the emulsion leads to emulsions with smaller
droplets and this reduction in droplet size can lead to more
favorable results in the storage process [35].

Conclusion

This study investigated the influence of varying dry bean
powder ratios (1%, 3%, 5%, and 7%) in emulsions contain-
ing xanthan gum through comprehensive analyses including
pH, conductivity, color, optical properties, and rheological
assessments (steady, dynamic, and interfacial). Results
revealed that, except for the 1% ratio which exhibited behav-
ior similar to the control, an increase in dry bean powder
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Fig. 5 Optical microscopy images of the emulsions. CTR: Control, 1%DB: Emulsion containing 1% dry bean flour; 3% DB Emulsion containing
3% dry bean flour; 5% DB Emulsion containing 5% dry bean flour; 7% DB Emulsion containing 7% dry bean flour
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concentration notably impacted analysis outcomes across all
other ratios. Emulsions with 7% dry bean powder exhibited
superior properties, indicating the effectiveness of this read-
ily available and economical ingredient in forming stable
emulsions. The method employed proved to be an effective
approach for evaluating interfacial analysis results. Given
the limited literature on the emulsion-forming behavior of
legume powders and the determination of resulting proper-
ties, this study offers valuable insights. Furthermore, it rep-
resents a pioneering effort towards diversifying gluten-free,
vegan/vegetarian product options within the food emulsion
category. Future research avenues may explore additional
aspects such as gelation and the effects on the digestive sys-
tem associated with dry bean powder emulsions.
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