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Ultrasound-assisted alkaline extraction was applied to whole chickpea flour to optimize processing conditions
and enhance the technological properties of plant protein. A Box-Behnken experimental design systematically
evaluated the effects of solid-to-liquid ratio (1:05-1:15 g mL™), pH (7.0-12.0), and ultrasonication time (10-40
min), consisting of 15 runs. The most desirable assay, based on protein yield and solubility, was a ratio of 1:12.5
(g mL™Y), pH 9.5, and a 40-minute ultrasonication time. The extracts from the control assay (EC), the desirable
one (ED), and three other experimental conditions (E6, E10, and E11) were characterized by their technological,
chemical, physicochemical, and morphological properties. Among the five extracts, EC showed the highest
protein content (65.13 + 0.97%), and the ultrasound-assisted extraction method did not increase the yield but
reduced the extraction time and improved the functional properties. Solubility increased from 77.33 + 2.15% to
89.07 + 3.06% under the optimized condition (ED); water absorption capacity from 1.76 + 0.05% to 2.55 +
0.02%; oil absorption from 1.42 + 0.02% to 1.96 + 0.06%; and foam stability from 58.04 + 1.55% to 65.87 +
2.75%, highlighting ED and E6. The enhanced functionality is attributed to ultrasound-induced structural
modifications associated with acoustic cavitation. The optimized process provides advantages for industrial food
systems, including improved efficiency, and potential sustainability benefits. Chickpea proteins show strong
potential for application in baked products, pasta, meat analogues, dairy alternatives, and emerging technologies
such as 3D-printed foods. Future studies should focus on process scale-up and techno-economic evaluation to
support industrial implementation.

1. Introduction

The nutritional profile of legumes has significant importance in the
human diet, particularly regarding the quality and bioavailability of
proteins and minerals. Protein-energy malnutrition remains widespread
worldwide, especially in developing countries [1]. Legumes are rich in
macronutrients, particularly proteins (14.4 to 34.1%), while presenting
relatively low energy density (301 to 359 kcal 100 g~1), making them
suitable for the development of products targeted at vulnerable

populations [2]. Over the last decade, consumer demand for legume-
based products with high protein and fiber content, low glycemic
index, gluten-free and antioxidants potential has increased significantly
[11.

Chickpea is the third most harvested pulse worldwide, with
approximately 16.5 million tons produced annually, representing a crop
of global relevance. Production is concentrated in South and Southeast
Asian, accounting for 83.6% of global output, with India standing as the
largest importer and second-largest exporter [3]. Although production is
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dominated by these regions, chickpea cultivation has recently expanded
to other areas. In Brazil, for example, commercial production is rela-
tively recent, with virtually no cultivated area until 2010. Advances in
agronomic research and suitable production systems have enabled its
expansion since 2015, increasing its importance for both domestic
consumption and international trade [4].

Chickpeas play a fundamental role in diet of populations in Indian
and Sub-Sahara Africa due to their affordability and nutritional quality
[5]. Furthermore, interest in plant proteins as food ingredients has
grown because of their high production volume, low cost, balanced
essential amino acid composition, high bioavailability and low allerge-
nicity [6]. Chickpea protein has been incorporated into enriched foods
such as pasta, breads, ready-to-eat snacks, and protein beverages [2,7].
These proteins are technologically attractive due to their functional
properties, mild flavor, and light color [8]. The emulsifying properties of
chickpea protein isolates have been reported as comparable to or su-
perior to pea or soy protein [9], and their incorporation into rice-based
gluten-free pasta enhances nutritional and cooking performance [10].

Alkaline extraction followed by isoelectric precipitation is commonly
used to recover plant proteins, based on their high solubility at alkaline
pH and reduced solubility near the isoelectric point (pH 4.0—5.0) [11].
Using this approach, yields of up to 73% [12] and 85.4% [8] have been
reported for chickpea protein. However, the alkalization step typically
requires approximately 1 h in conventional processes, prolonging
extraction time and increasing energy demand.

The overcome these limitations, alternative strategies have been
explored to improve extraction efficiency and functional quality. Ul-
trasound acts through cavitation-induced shear forces, and shockwaves
generated by bubble collapse, which can disrupt plant cell walls,
enhance solvent penetration, and facilitate mass transfer [13]. Ultra-
sonication has also been reported to improve solubility and emulsifying
properties of plant proteins [14]. According to [15], ultrasound pro-
cessing is an emerging green technology with broad application poten-
tial in the food industry. Studies using ultrasound as a pre-treatment for
chickpea flour have reported enhanced extraction of non-protein com-
ponents (starch and dietary fiber), as well as improved water- and oil-
holding capacity and foaming properties [16]. Comparisons between
ultrasound-assisted and conventional alkaline extraction have suggested
that ultrasound may provide a more efficient, environmentally friendly,
and time-saving alternative without negatively affecting technological
properties.

Although previous studies have investigated protein extraction from
defatted chickpea flour [17-19] and the use of ultrasound as pre- or
post-treatment, there is still a lack of systematic investigation into
ultrasound-assisted alkaline extractions directly applied to whole
chickpea flour, combined with process optimization and comprehensive
characterization of the resulting protein fraction. The use of whole flour
is particularly relevant from an industrial perspective, as defatting step
increases solvent consumption, processing time, equipment re-
quirements, and environmental impact.

Therefore, this study aims to optimize ultrasound-assisted alkaline
extraction followed by isoelectric precipitation for protein recovery
from whole chickpea flour using a Box-Behnken experimental design. In
addition, the study evaluates the effects of ultrasonic irradiation during
the alkalization step on extraction efficiency and on the technological,
chemical, physicochemical, and morphological properties of the
selected protein extracts. By eliminating the defatting step and intensi-
fying the extraction process, this work proposes a more sustainable and
economically viable strategy for industrial plant protein production.

2. Materials and methods
2.1. Plant material

Whole chickpea flour was provided by Milhao Ingredients company
(Goianira, Goias, Brazil). The product is part of the company's portfolio,
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as an ingredient processed and industrially packaged, suitable for ap-
plications in snacks, soups, pasta, and baking formulations.

2.2. Chickpea protein extraction

The protein extracts from whole chickpea flour precipitated were
obtained by the alkaline extraction/isoelectric precipitation method
described by [20] with adaptations, as shown in the diagram in Fig. 1.
The flour was dispersed in distilled water at a ratio of 1:10 (w v'1) and
with a solution adjusted to pH of 9.0 using 1.0 M sodium hydroxide
(NaOH, analytical grade, ACS standard, Neon, Sao Paulo, Brazil),
considering the high solubility of legume proteins in alkaline medium.
The mixture was stirred for 1 h using a magnetic stirrer (TE-0851,
Tecnal, Brazil) at room temperature.

After this period, the mixture was centrifuged at 7008 x g for 10 min,
and the supernatant was collected and adjusted to pH 4.5 with 1.0 N
hydrochloric acid (HCl, 37%, analytical grade, ACS standard, Neon, Sao
Paulo, Brazil), as the isoelectric point of chickpea proteins lies between
pH 4.0 and 5.0. The acidic solution was centrifuged again at 7008 x g for
10 min to obtain the protein precipitate. The precipitate was washed
with distilled water, centrifuged again, stored at —30 °C, and freeze-
dried.

Total protein content was determined by the micro Kjeldahl method
[21]. Protein (%) was calculated according to equation:

Protein (%) = Nitrogen (%) x 6.25 1)

where 6.25 is the nitrogen-to-protein conversion factor.

2.3. Experimental design for protein extraction with ultrasound

The ultrasound-assisted protein extraction process from whole
chickpea flour was evaluated using response surface methodology based
on a Box-Behnken design [22]. The independent variables were solid/
liquid ratio (X;), pH (X2), and extraction time under cavitation (Xs),
evaluated at three coded levels. The actual values were selected based
on preliminary experiments and [18], totaling 15 experimental runs
with three repetitions at the central point (Table 1).

The procedure followed the conventional extraction described in
Section 2.2 (Fig. 1), with the addition of ultrasound during the alkali-
zation step. Whole chickpea flour dispersions were prepared at solid/
liquid ratios of 1:05, 1:10, and 1:15 (w v_!). The pH was adjusted to 7.0,
9.5, or 12.0 using 1.0 M NaOH.

Ultrasonic treatment was performed using an ultrasonic bath (USC-
1850, Unique, Indaiatuba, Brazil) operating at a frequency of 25 kHz
and nominal ultrasonic power of 154 W. Sonication was conducted for
10, 25, or 40 min. To control the temperature increase generated during
sonication, ice packs were placed inside the ultrasonic bath and replaced
whenever necessary to maintain the extraction temperature at 10 +
2 °C, minimizing thermal effects during cavitation. After sonication, the
dispersions were centrifuged, and the remaining steps followed the
conventional alkaline extraction procedure.

The response variables, or dependent variables, evaluated were
protein yield (%) and protein solubility (%). The yield was determined
by Eq. (2), following the methodology of [23].

Protein yield (%) = ((%) x 100) x (i—l) 2
2 2

where: M; is the mass (g) of protein on a dry basis, collected at the end of
the extraction; My is the initial mass (g) of whole chickpea flour used in
the extraction; P; is the extracted protein content (%); P2 is the whole
chickpea flour protein content (%).

For solubility, protein dispersions were prepared with 0.2 g of each
extracted sample (based on the protein content of the extract) in 20 g
(1%, w wl) of distilled water, and pH was adjusted to 7.0 with 0.1 M
NaOH or 0.1 M HCL. The dispersions were stirred on magnetic stirrers for
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Fig. 1. Diagram of the chickpea protein extraction process using the alkaline method followed by isoelectric precipitation.

Table 1

The Box-Behnken design was utilized in the assay for protein extraction from whole chickpea flour by the alkaline/isoelectric precipitation method, assisted by ul-
trasound, as a function of the solid/liquid ratio, pH, and extraction/ultrasound exposure time.

Experiment Coded value Real value Responses
X, Xo X3 Ratio * pH" Time ¢ Protein yield ¢ Solubility ¢

(y1) (y2)
1 -1 -1 0 1:05 7.0 25 42.3 79.2
2 1 -1 0 1:15 7.0 25 51.9 77.6
3 -1 1 0 1:05 12.0 25 48.3 60.7
4 1 1 0 1:15 12.0 25 52.7 63.5
5 -1 0 -1 1:05 9.5 10 45.6 80.6
6 1 0 -1 1:15 9.5 10 52.8 79.6
7 -1 0 1 1:05 9.5 40 48.7 81.0
8 1 0 1 1:15 9.5 40 52.8 81.8
9 0 -1 -1 1:10 7.0 10 45.0 83.7
10 0 1 -1 1:10 12.0 10 55.0 79.9
11 0 -1 1 1:10 7.0 40 48.6 81.7
12 0 1 1 1:10 12.0 40 49.5 73.4
13 0 0 0 1:10 9.5 25 50.9 81.0
14 0 0 0 1:10 9.5 25 51.0 78.1
15 0 0 0 1:10 9.5 25 52.7 81.5
2 ¢ mL~%; ® dimensionless; ¢ min; ¢ %.

1 h at room temperature to solubilize the proteins in the medium. Then, Table 2.
able

the mixtures were centrifuged at 4180 x g for 10 min at room temper-
ature, and 5 g aliquots were collected for nitrogen content determination
by the micro Kjeldahl method, with a conversion factor of 6.25 [21].

The percentage of protein solubility was quantified using Eq. (3)
[24].

Protein content of the supernatant (%)

Protein solubility (%) =
otein solubility (%) Total protein conten t(%)

3)

Through desirability testing, conducted using Statistica software
(Statsoft Inc., version 7.10, Tulsa, OK, USA), the most desirable condi-
tions were determined, which combined the highest protein yield in
extraction with the highest protein solubility. The most desirable
experiment (ED) and three other experiments were selected to deter-
mine the technological, chemical, physicochemical, and morphological
properties of the protein extracts and compare the results with the
control experiment extract (EC), which involved traditional alkaline
extraction without ultrasound. These aspects are important for the food
industry, and the information gathered can expand the applications of
protein extracts obtained from whole chickpea flour.

The experiment 6 (E6) was chosen because the levels of solid/liquid
ratio and pH were close to those of the most desirable experiment (ED),
but with a shorter extraction time; experiment 10 (E10) was selected due
to its maximum protein yield considered in isolation; and experiment 11
(E11) was chosen because it presented results close to the protein yield
and solubility of E10, but with different pH and cavitation time, aiming
to observe how pH and cavitation time can affect the properties of the
protein fraction. For the comparison of properties, a completely ran-
domized design was used, with 5 treatments (Table 2), each with 3
repetitions, totaling 15 experimental units. All the analytical de-
terminations described below were performed in triplicate.

Selected treatments for characterization of the technological, chemical, physi-
cochemical and morphological properties of the protein extracts.

Trataments Extraction levels

1:10 g mL™'; 9.5; 60 min.
1:12,5 g mL™!; 9.5; 40 min.
1:15 g mL™%; 9.5; 10 min.
1:10 g mL™1; 12.0; 10 min.
1:10 g mL™Y; 7.0; 40 min.

EC (Control experiment)
ED (Desirable experiment)
E6 (Experiment 6)

E10 (Experiment 10)

E11 (Experiment 11)

2.4. Technological, chemical, physicochemical and morphological
properties of protein extracts

2.4.1. Water and oil absorption capacity

Water absorption capacity (WAC) and oil absorption capacity (OAC)
were determined following [24] methodology, with adaptations. Protein
extracts (0.5 g of protein on dry basis) were dispersed in 4 g of soybean
oil or distilled water, in 50 mL centrifuge tubes and vortexed (VWR
Vortex Mixer, VWR International, Radnor, PA, USA) for 10 s every 5 min
during 30 min at maximum speed. Then, every sample was centrifuged
(TG16-WS, Xiangyi Centrifuge, Changsha, Hunan, China) at 1000 x g
for 15 min, followed by supernatant decantation. WAC and OAC were
calculated using Eq. (4):

(wet sample weight (g) — dry sample weight (g) )

0 =
WAC or OAC (%) dry sample weight (g)

4

2.4.2. Foam capacity and stability

According to [25] methodology with adaptations; a sample of 65 ml
solution with 1% protein (g g~1) (based on dry extract protein content)
was prepared with pH adjusted to 7.0 with 0.1 M NaOH or 0.1 M HCI.
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The solution was agitated for 1 h at room temperature. Therefore, an
aliquot of 15 ml of this solution was transferred to a beaker and then
homogenized for 2 min at 3870 x g using homogenizer (3000 N/10,
Dremel, Mexico City, Mexico) with the tip of the equipment at air-water
interface. The foaming solution was immediately transferred to a grad-
uated cylinder, using an additional 10 ml of distilled water to rinse the
remaining solution in the beaker, and the initial foam volume and vol-
ume after 30 min were recorded. Foam capacity (FC) was calculated
using Eq. (5), and foam stability (FS) was calculated using Eq. (6).

foam volume (mL)
initial sample volume (mL)

FC (%) = < ) x 100 (5)

foam volume after 30 min (mL)
initial sample volume (mL)

FS (%) = ( )xlOO (6)

2.4.3. Emulsifying activity and stability indices

Emulsifying activity (EAI) and emulsifying stability (ESI) indices
were determined with adaptations from [17] methodology. A sample of
25 g of protein solution with a concentration of 0.25% (g g~) was
prepared and neutralized as described earlier. Therefore, a 5 g aliquot of
the solution was homogenized with 4 g of soybean oil using a homog-
enizer (3000 N/10, Dremel, Mexico City, Mexico) for 2 min at 2688 x g.
From this emulsion, an aliquot of 50 pL was immediately taken from the
bottom of the tube and diluted in 7.5 mL of 0.1% sodium dodecyl sulfate
(SDS). The solution was vortexed for 10 s and transferred to a glass
cuvette for absorbance measurement, at 500 nm, using spectropho-
tometer (S-2000, Bel Spectro, Piracicaba, Brazil). After 10 min, another
50 pL sample was taken and the same procedures were followed. EAI and
ESI were calculated using Egs. (7) and (8).

~ 2x2x303xAoxN

Cx ¢ x 1000 7

EAI (m* g ")

ESI (min) = <%> xt (8)

where: Ay is the diluted emulsion absorbance after homogenization; N is
the dilution factor (x150); C is the protein mass per volume (g mLfl); 0}
is the emulsion oil volume fraction; AA is the absorbance variance be-
tween 0 and 10 min (Ag — A1p); and t is the time interval (10 min).

2.4.4. Chemical composition

The proximate composition of the raw material (whole chickpea
flour) and the experimental protein fractions were determined accord-
ing to [21]. moisture content by method 925.45b, dried in oven at
105 °C; lipid content by Soxhlet extraction following method 920.39;
total nitrogen content by micro Kjeldahl method, with conversion factor
of 6.25 (method 960.52) and ash content by incineration in muffle
furnace at 550 °C (method 923.03). Total carbohydrate content was
obtained estimating the difference between 100 and the sum of the other
components, following [26] methodology. For the raw material only,
the total dietary fiber content was also determined using the enzyma-
tic-gravimetric method (method number 985.29) [21].

2.4.5. Differential scanning calorimetry (DSC)

Thermal analysis was determined by Differential Scanning Calo-
rimetry (DSC) (Q20, TA Instruments, New Castle, UK) following meth-
odology described [27], with modifications. 2 mg (db) of protein extract
was weighed into an aluminum sample pan and mixed with distilled
water (6 pL). The sample pan was hermetically sealed under specific
press (Tzero press, TA Instruments, New Castle, UK) and kept at room
temperature for 2 h, allowing uniform water distribution. Therefore,
analysis was performed by heating the sample from 35 to 150 °C, to
obtain enthalpy change (AH), and denaturation temperature peak (Tp).
An empty pan was used as reference during measurement. To register
data from the analysis, a TA Universal Analysis software (TA
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Instruments, New Castle, UK) was used.

2.4.6. Fourier transform infrared spectroscopy (FTIR)

The analysis was conducted using FTIR spectrometer (Spectrum 400,
PerkinElmer, USA), operating from 400 to 4000 cm™!, performing 12
scans with resolution of 4 cm™'. A sample of 1 mg was mixed with 100
mg of potassium bromide (KBr), compressed under high pressure (~8
tons) until a translucent pellet, without deformations, were formed [28].

2.4.7. Granule morphology

Protein granules morphology was evaluated using scanning electron
microscopy (SEM) analysis (JSM-6610, Jeol, Tokyo, Japan). The protein
extract was diluted in ethyl alcohol (1%) and coated with gold. Then
images were taken with 104 applications at 100x and 1500x
magnification.

2.5. Statistical analysis of data

The statistic application (Statsoft, version 7.10, Tulsa, USA) was
employed for multiple regression analysis, construction of 3D graphs,
and desirability testing to determine the most desirable combination of
variables regarding both the highest protein yield and solubility simul-
taneously. The models were validated using analysis of variance and
Tukey's test (p < 0.05) to compare the means of the technological,
chemical, physicochemical, and morphological characteristics of the
selected protein extracts in the response surface assay.

3. Results and discussion
3.1. Characterization of the raw material

The whole chickpea flour used as a raw material for protein extrac-
tion presented proximate composition data (Table 3) within the ex-
pected range, compared to the literature. The data are consistent with
the research by [29], who evaluated the composition of Kabuli chick-
peas produced in Pelotas-RS, where they observed 5.8% lipids, 18.4%
protein, and 63.4% total carbohydrates. The values of moisture, ash, and
lipids also agree with those of [30], despite the different variety. How-
ever, the protein content reported by these authors (22.34%) was higher
than that determined in the present study (18.79%).

The total carbohydrate content determined in whole chickpea flour
was 62.13%, with 20.55% corresponding to the total dietary fiber con-
tent and the remainder (41.58%) to other carbohydrates (Table 3),
which may mainly include starch and, to a lesser extent, sugars. The
total dietary fiber content is within the range indicated in the literature,
which varies from 18 to 22% in whole chickpeas, highlighting the po-
tential use of this pulse in the food industry [31]. The soluble sugars that
are most abundant in Kabuli chickpeas, used in this experiment, are
sucrose, glucose, and fructose [32]. In addition to providing sweetness
to foods, these sugars also play an important role in the texture, color,
and preservation of many food products.

According to [32], chickpeas have the highest carbohydrate content
among legumes, with starch content ranging from 41 to 50% of the total

Table 3
Proximate composition of whole chickpea flour used as raw material for
protein extraction.

Component” Mean + standard deviation
Moisture 9.18 £+ 0.04

Ash 3.34 + 0.05

Lipid 6.56 + 0.16

Protein 18.79 £+ 0.52

Total Carbohydrates 62.13

Total Dietary Fiber 20.55 + 0.03

Other Carbohydrates 41.58

2 %.
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carbohydrates, which is consistent with the estimated content of other
carbohydrates in this study. The authors also stated that, of the total
starch present in chickpeas, 35% is identified as resistant starch and 65%
as available starch. The resistant starch content has a physiological
function similar to dietary fiber and combined with the high amylose
content in this starch, it promotes the low glycemic index of chickpea
flour, making it suitable for incorporation into diets that control blood
sugar levels. The high amylose content also indicates a higher rate of
starch retrogradation, an important characteristic in applications such
as custards and puddings [33].

There is also a close relationship between starch retrogradation and
resistant starch, and therefore, starches with a higher rate of retrogra-
dation may contain a significant amount of resistant starch in foods. This
occurs because during the retrogradation process, starch molecules are
realigned into more crystalline structures, making them less accessible
to digestive enzymes in the small intestine. This results in a larger
portion of starch passing through the small intestine undigested and
therefore classified as resistant starch [34].

The relatively high starch and fiber content of whole chickpea flour
may influence protein extraction efficiency, particularly under alkaline
and ultrasonic conditions, due to possible interactions between proteins
and polysaccharides affecting solubilization behavior [35].

3.2. Optimization of the protein extraction method from whole chickpea

flour

The adjusted mathematical models for the optimization of protein
extraction, as shown in Table 4, were validated by variance analysis, and
the data are provided in Appendix A. Additionally, the effect of different
interactions of factors in ultrasound-assisted alkaline extraction on the
response variables is depicted in Fig. 2.

The protein extraction yield from whole chickpea flour, using the
ultrasound-assisted alkaline method, ranged from 42.3 to 55.0%
(Table 1, Fig. 2). This result was significantly influenced by two of the
three extraction factors evaluated, the solid/liquid ratio and pH
(Table 4). The adjusted multiple regression model for protein yield was
significant (p = 0.018), explaining 74% of the variation in the responses
with a non-significant lack of fit (LOF = 0.20), demonstrating a
reasonable predictive capability of the model [36].

The solubility of chickpea whole flour protein ranged from 60.7 to
83.7% (Table 1, Fig. 2). The adjusted model was significant (p = 0.12),
with a coefficient of determination of 0.88 and non-significant lack of fit
(LOF = 0.31), indicating good predictive capability (Table 4). Protein
solubility was significantly influenced by the linear effect of pH and
extraction time under sonication, as well as by the quadratic effects of
chickpea flour/water ratio (solid/liquid) and pH.

Protein yield was higher as pH and solid/liquid ratio increased, with
the maximum value obtained between pH 9.5 and 12.0 and a ratio of
1:12 and 1:15 g mL! (Fig. 2). In contrast to yield, solubility showed
maximum values at pH below 10.5, with a ratio between 1:7.5 and
1:12.5, and extraction/sonication time both near the lowest level (10
min) and the highest (40 min) (Fig. 2B). Similar findings were observed
by [18], who tested ultrasound-assisted protein extraction from peas,
obtaining higher extraction yield (83.6%) at a solid/liquid ratio of

Table 4

Adjusted mathematical models, significance level (p-value), coefficient of
determination (R?), and lack of fit (LOF) for yield and solubility of chickpea
protein extracted by ultrasound-assisted alkaline method as a function of solid/
liquid ratio, pH, and extraction/exposure time.

Parameter  Adjusted model p R? LOF

Yield® y1 =50.631 + 3.152x; + 2.203x, - 1.465x3  0.018  0.74  0.20

Solubility”  y, =80.215-4.507x} - 5.785x, - 5.422x3 +  0.012  0.88  0.31
5.307x3

2 %.
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1:11.5 g mL™}, pH 9.6, and sonication time of 13.5 min. On the other
hand, [37] used ultrasound as a pretreatment on peeled chickpea flour
and reported a reduction of about 20 percentage points (from 54.17%
without ultrasound to 34.17% and 35.44% with sonication at different
powers) in protein extraction yield after sonication, explaining this by
the possible protein-lipid interaction inhibiting protein dissolution and
limiting their isolation.

Although sonication time did not show significant differences in
extraction yield, for solubility, an important property of plant proteins,
maximum values were observed at both ends studied (10 and 40 min of
sonication). This indicates that using shorter time may be important for
the industry, as yield and solubility values were similar, contributing to
cost reduction such as energy consumption and working time.

[38] observed higher solubility in samples treated with 30 min of
high-intensity ultrasound compared to 15 min of treatment, but unlike
this research, the authors subjected the extracted protein to ultrasound
treatment afterward. [19] also performed ultrasound treatment on
chickpea protein extracts, combining different pH values (2.0 and 12.0)
and sonication time (2 and 30 min), and observed an increase in protein
solubility after sonication (up to 1.2 mg mL™') as in this study. On the
other hand, the authors achieved higher solubility in protein extracts
with pH 12.0, differing from this study, where solubility was lower at pH
above 9.5. However, the methodology with ultrasound assisting the
protein extraction from whole chickpea flour contributed to time
reduction, expenditure on reagents and energy, and could be adapted for
possible industrial-scale production.

3.2.1. Model validation and desirability test

The most desirable treatment, the solid/liquid ratio, pH, and soni-
cation time combination that presented the most desirable values in
both response variables, as shown in Fig. 3, was determined by the
Statistica software. In graphs A, B, and C, the values predicted by the
mathematical model considering the combination of factors are depic-
ted, while graphs D and E show the maximum, mean, and minimum
values of the response variables. Graphs F, G, and H demonstrate the
coded levels of the independent variables corresponding to the most
desirable responses (ED), which are +0.5 for solid/liquid ratio, 0.0 for
pH, and +1.0 for time. In real values, these levels were 1:12.5 g mL-1 for
solid/liquid ratio, pH 9.5, and 40 min, achieving 89.79% desirability.

The validation of the models was conducted by extracting chickpea
protein at the desirable levels to obtain the best responses, in triplicate.
The adjusted model yielded results of 52.5% for yield and 83.8% for
solubility (Fig. 3), while the measured values were 54.7% for protein
yield and 89.1% for protein solubility, resulting in deviations of 4.19%
and 6.32%, respectively. Thus, considering that the deviations were
below 5% and 10%, respectively, the models can be considered vali-
dated and can be applied in optimizing protein yield in chickpea whole
flour extraction by ultrasound-assisted alkaline method.

Although the desirability analysis (ED) indicated that 40 min of
ultrasonication provided the optimal condition, treatment E6 (10 min)
also showed promising results, presenting comparable protein yield with
slightly lower solubility. From an industrial perspective, shorter pro-
cessing times may represent an important advantage due to reduced
energy consumption and improved process efficiency. However, the
higher solubility obtained under the optimized condition may be tech-
nologically relevant, since protein solubility strongly influences the
functional performance of plant proteins in food systems. Therefore,
depending on the intended application, both conditions may be
considered viable alternatives.

3.3. Technological and chemical characteristics of selected protein
extracts

Only the means of foam stability index (FS) and ash content did not
differ significantly (p > 0.05) among the selected protein extracts from
whole-grain chickpea flour obtained by the alkaline-assisted ultrasound
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Fig. 2. Yield (A) and Solubility (B and C) of chickpea flour protein extracted by ultrasound-assisted alkaline method as a function of solid/liquid ratio, pH, and

sonication time.

method (Table 5). Moisture, lipids, and protein were higher, while the
total carbohydrate content was lower in the control experiment, indi-
cating that the use of ultrasound was not efficient in increasing the
protein content of the extracts. However, the control showed a 55.5%
protein yield (PY) after the extraction process, and the other experi-
ments showed 56.3%, 56.6%, 53.0%, and 49.2% for ED, E6, E10, and
E11, respectively. Therefore, despite the lower protein content of the
extracts compared to the control, the protein yield after extraction for
ED and E6 was statistically equal to the control. This probably occurred
due to the different flour-to-water ratios among the experiments, con-
firming that a smaller amount of chickpea flour relative to water (1:12.5
for ED and 1:15 for E6) can be used and still ensure equal or higher
protein yield, since E10 and E11 had higher amounts of chickpea flour
relative to water (1 g:10 mL).

Although ultrasound-assisted extraction did not substantially in-
crease protein yield or protein content, a marked increase in carbohy-
drate content was observed in the ultrasound-treated extracts. This may
be related to the co-extraction of non-protein components such as starch
and dietary fiber. When comparing the control extract (4.04%) with the
ultrasound-assisted extracts (27.74-34.59%), carbohydrate content

increased considerably. In pulses, starch granules are embedded within
a protein matrix through hydrogen bonds and electrostatic interactions
and are surrounded by a cellulose-rich cell wall. Ultrasonic cavitation
can disrupt these structures by rupturing cell walls and breaking pro-
tein—polysaccharide interactions, which enhances mass transfer and
facilitates the release of intracellular components such as starch and
dietary fibers into the extraction medium [39].

[12] also evaluated the chemical composition of chickpea protein
isolates extracted by the traditional alkaline method, but with defatted
flour, which has a higher protein content compared to whole-grain flour,
and obtained up to 73% protein, 5% moisture, 2% ash, 2% oil, and about
18% carbohydrates, where only the ash value showed similar results to
this research. However, the combination of methods to defatted the
flour, soaking in ethanol solution, followed by extraction in the Soxhlet,
used by these authors, contributed to the determination of higher pro-
tein content, in addition to using pH 4.7 in the isoelectric precipitation
step. This may explain the difference with the results of this research,
since the flour was not defatted initially, and pH 4.5 was used for iso-
electric precipitation.

The lipid content significantly decreased following ultrasound
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Fig. 3. Desirability test diagram using Yield (%) and Solubility (%) parameters of chickpea protein extracted by ultrasound-assisted alkaline method as a function of

solid/liquid ratio, pH, and sonication time.

treatment, reflecting an estimated decrease of 65-81% compared with
the control extract. This suggests that ultrasonic cavitation enhanced
lipid separation during the extraction process. The reduction in fat
content offers several advantages, particularly in the context of food
formulation and the development of health-oriented products, such as
improved oxidative stability, extended shelf life, and better digestibility
[40]. Other authors have conducted protein extraction using defatted
flour [17,18,41], arguing that oil can negatively affect the separation of
fractions, hindering flour dispersion. However, the use of ultrasound
was effective in removing fat from the sample (Table 5), ensuring ex-
tracts with low lipid content and eliminating the need for an additional
extraction step that incurs costs and requires the use of solvents that may
be harmful to health. The substantial lipid reduction observed in
ultrasound-assisted treatments suggests that ultrasonication may act as a
physical degreasing mechanism, enabling protein extraction from whole
chickpea flour without the conventional solvent-based defatting step.
Furthermore, the low oil content in the extracts favors their application
due to greater flexibility in formulation, enabling better control over the
final product's quality, both in terms of total fat content and in pre-
venting deterioration such as oxidation and rancidity in foods, as well as
contributing to the development of healthier foods with lower total
cholesterol and LDL-C levels [42].

[43] explains that the effect of ultrasonic cavitation accelerates lipid
diffusion after cell disruption, while the collapse of cavitation bubbles
generates microjets that promote the release of intracellular lipids. In

addition, the aqueous medium facilitates the separation of lipids into the
upper layer during centrifugation, allowing their efficient removal
during the process. On the other hand, sonication may have facilitated
the increase in carbohydrate content in the extracts, possibly by
increasing the solubility of some of these compounds, which are also
soluble in an alkaline medium, justifying the increase in this component
after ultrasound-assisted extraction [44].

The protein solubility (PS), water absorption capacity (WAC), and oil
absorption capacity (OAC) values increased with the use of ultrasound
or remained statistically unchanged, except for E11 for WAC. Mean-
while, the protein yield (PY), foaming capacity (FC), and emulsifying
activity index (EAI) of the extracts obtained with ultrasound remained
statistically similar to the control or decreased. Foam stability (FS)
showed variable behavior. These properties are important in food pro-
cessing and can influence the appearance, texture, and other sensory
characteristics of foods [25].

PS increased with ultrasound only for ED, which used longer time,
pH, and intermediate solid/liquid ratio compared to the control extract,
while the other extracts showed no statistical differences from the
control. This property influences the degree of cooking, protein dena-
turation, and protein digestibility in foods [45], especially in beverage
incorporation, as higher PS results in a more uniform mixture without
lumps or altered consistency, leading to more homogeneous final
products [46].

More soluble proteins, as seen in SP, are advantageous for food
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Table 5

Protein yield (PY), protein solubility (PS), water absorption capacity (WAC), oil
absorption capacity (OAC), foam capacity (FC), foam stability (FS), emulsifying
activity index (EAI), emulsifying stability index (ESI), and proximate composi-
tion (mean + standard deviation) of chickpea protein extracts (E) obtained
under different experimental conditions.

Parametro® EC ED E6 E10 El1
PY? 55.45 + 56.28 + 56.64 + 53.00 + 49.20 +
0.92% 0.374 1.36% 0.4948 2.28"
ps? 77.33 + 89.07 + 79.61 + 79.95 + 81.74 +
2.158 3.06" 3.448 1.93% 2.198
WAC? 1.76 + 2.06 + 1.89 + 2.55 + 1.59 +
0.05° 0.04% 0.01¢ 0.02% 0.02F
0AC? 1.42 + 1.75 + 1.96 + 1.95 + 1.75 +
0.02¢ 0.05% 0.06" 0.07% 0.05®
FC? 45.56 + 46.66 + 48.89 + 44.44 + 27.22 +
1.92°8 0.0048 1.92% 1.928 0.96¢
Fs? 58.04 + 51.59 + 59.62 + 65.87 + 56.58 +
1.55° 2.25¢ 2.39% 2.75" 1.228¢
EAPP 41.18 + 42.41 + 41.10 + 38.17 & 26.01 +
0.99% 0.52% 1.66" 0.83" 1.17¢
ESI* ™ 11.56 + 11.20 + 11.29 + 11.14 + 10.91 +
0.41 0.36 0.28 0.06 0.11
Moisture? 2.24 + 1.04 + 1.43 + 0.73 + 0.53 +
0.06" 0.045¢ 0.03® 0.01P 0.00°
Ashes? ™% 2.28 + 214 + 2.07 + 2.32 + 211+
0.10 0.07 0.06 0.03 0.10
Lipids® 26.32 + 5.57 + 4,99 + 6.57 + 9.25 +
0.03% 0.16° 0.05° 0.29¢ 0.32°
Protein® 65.13 + 61.21 + 57.00 + 57.22 + 60.37 +
0.97% 2.218 0.76¢ 0.59¢ 1.478
Carbohydrate?  4.04 + 30.04 + 34.590 + 33.17 + 27.74 +
1.03° 1.815¢ 0.83" 0.50"8 1.72¢

“Different letters on the same line indicate significant differences between
treatments according to the Tukey test (p < 0.05); 205; 3 m? g’l; 4 min; ™ no
significant differences.

EC (control — ratio 1:10 g ml™ Y pH 9.5; 60 min), ED (desirable - ratio 1:12.5 g
ml pH 9.5; 40 min), E6 (ratio 1:15 g ml; pH 9.5; 10 min), E10 (ratio 1:10 g
ml~%; pH 12.0; 10 min) e E11 (ratio 1:10 g ml~*; pH 7.0; 40 min).

production due to several factors, such as: they are easier to handle and
process during food production, contributing to the formation of soft
and smooth structures in products like ice creams, yogurts, creams, and
mousses; they can help prevent phase separation, sedimentation, and the
formation of unwanted crystals in some foods, making them more
palatable and acceptable to consumers; moreover, they can provide a
source of high-quality protein that is readily available to the body,
helping to promote health and nutrition. The combination of pH with
time was ideal for improving this property, as the treatment that came
closest had the same ultrasound time (40 min), but at a neutral pH. [18]
also observed that ultrasonic treatment improved the SP of chickpea
protein isolates. This occurs due to the reduction in the size of the
proteins, which are partially depolymerized, forming peptides due to
cavitation and its mechanical effects, and with the reduced size, the
interaction between protein and water was enhanced, resulting in
increased solubility in water [47].

Regarding WAC and OAC, E10 showed higher results, with E6 also
standing out in OAC, where there were no statistical differences between
them (Table 5). [12] observed 1.65 mL HyO g’1 for CAA and 1.72 mL oil
g~! for OAC in chickpea protein isolates produced in Monywa,
Myanmar, values similar to those reported in this study. The higher
results obtained for WAC may be due to the ultrasound process, which
tends to reduce the size of protein particles, making them disperse more
evenly in water and oil [13]. This can facilitate the incorporation of
proteins into a variety of food products, including beverages, sauces, and
baked goods, thereby improving their functionality and processability.

WAC indicates the protein-water interaction that occurs in the food
system, while OAC is related to the protein-oil interaction and can affect
the taste and texture, altering the volume, viscosity, and consistency of
foods [13]. Proteins with higher WAC retain water in the food, which is
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important in frozen products, processed meats, and sausages, contrib-
uting to the texture of the final product. Similarly, higher OAC retains
more oil, providing greater tenderness and juiciness in processed prod-
ucts [48].

Moreover, higher WAC tends to positively affect the availability of
nutrients in foods, as it retains more water-soluble nutrients, in addition
to greater consumer acceptance by maintaining the moisture and juici-
ness of the food, and greater stability by preventing phase separation
and particle sedimentation, a very important property in products such
as sauces, dairy beverages, and soups. Sonication for 10 min combined
with high pH (12.0) and a 1:10 g mL ™! ratio was sufficient to improve
WAC compared to traditional extraction. Similarly, OAC and WAC
values were statistically higher in ultrasound-assisted extractions, but
there is a tendency for reduction as the time in the equipment increases
(E6 and E10, 10 min; E11 and ED, 40 min; EC, 60 min) (Table 5).

This fact corroborates with the work of [18], who determined in-
creases of up to 40% in WAC and 6.9% in OAC in pea proteins extracted
by ultrasound-assisted alkaline method, compared to the conventional
(alkaline) method. [27] also found that OAC increased after the use of
ultrasound in the extraction of Dolichos lablab L. seeds and reported that
this phenomenon could be due to the exposure of the hydrophobic
surface to a solvent, caused by sonication. In both cited studies, the
authors reported an increase in the hydrophobicity of the protein surface
with the use of ultrasound, which led to changes in its structure exposing
hydrophobic groups that interact with lipids, providing an increase in
OAC.

The foaming and emulsifying characteristics showed a similar trend.
[33] assert that chickpea protein stands out in thermal expansion,
foaming capacity, and stability when compared to other legumes,
important traits in gluten-free bread development as they confer a high
specific volume to the bread, besides enhancing its nutritional charac-
teristics. [49] also suggest canned chickpea water (aquafaba) as an
emulsifier in cake and mayonnaise production, demonstrating potential
for egg replacement.

For the analyses of FC and EAI, experiments ED and E6 did not differ
statistically from the control, and E11 showed lower values for these
properties (Table 5). It was also observed that experiments that stood
out the most used a pH of 9.5 to alkalize the solution, while the more
basic pH (12.0) presented median values, and lower values were ob-
tained with neutral pH (7.0). Regarding FS, E10 showed better results,
followed by E6, FC, and E11, which did not show statistical differences,
and with lower stability, ED, which was statistically equal to E11. [50]
also observed lower values of foaming and emulsifying properties in
alfalfa protein extracted by alkaline extraction followed by ultrasound-
assisted isoelectric precipitation and ultrafiltration, when compared to
other extraction methods like heat coagulation and alkaline isoelectric
precipitation. However, similar to this research, the authors reported
higher solubility, water, and oil retention for the method that used
ultrasound.

Ultrasonication is capable of reducing particle size and increasing
protein absorption, as the energy released by the equipment promotes
protein structure unfolding and disorder, enhancing absorption at the
water—oil interface. Additionally, FS also depends on the turbulence
generated by the sonication treatment and the binding of oil bubbles in
an emulsion [13]. Although ultrasonication benefited some functional
properties such as PS, WAC and OAC, the characteristics of the equip-
ment used in this study were probably not efficient enough to improve
foam and emulsion properties statistically compared to conventional
treatment (Table 5).

[18,27,41,51] confirmed through their research that the use of ul-
trasound, either as a post-extraction treatment or as an instrument to
assist the extraction process, contributed to improving extraction yield
and, primarily, the functional properties of protein extracts, supporting
the findings of this study. Although the extraction yield and protein
content in this work were not statistically superior (Table 5), most
functional properties benefited from the use of ultrasound or remained
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statistically similar to the traditional method. Furthermore, considering
that the agitation time in the alkaline solution in the conventional
method is 60 min, and with 10 min, a superior or similar result is ach-
ieved with sonication, the combined method could be viable, aiming to
optimize the process time.

It is important to highlight that protein extracts, whether concen-
trated or isolated, are manufactured as singular ingredients, but are
often mixed with other ingredients in formulation. These ingredients can
directly influence the structure and techno-functionality of the protein
and, thus, guide the industry in optimizing the formulation for a wide
range of food applications [48]. Additionally, the ability to use ultra-
sound to enhance the functionality of proteins has shown new possi-
bilities for innovation and the development of new food products with
improved texture, stability, flavor, and nutritional value.

From an application perspective, the improved solubility and ab-
sorption capacities suggest potential use of these protein extracts in
beverage formulations, meat analogues, and bakery systems. Future
studies should investigate their performance in model food systems and
assess scalability under industrial ultrasonic reactors.

3.4. Physical-chemical and morphological characteristics of selected
protein extracts

The assessment by differential scanning calorimetry (DSC) demon-
strated the thermal stability of the protein extracts from whole grain
chickpea flour (Fig. 4). The denaturation kinetics were generally com-
parable among the treatments, with peak temperatures occurring within
a relatively narrow range. The initial temperature (Ti), the maximum
denaturation temperature or peak (Tp), and the enthalpy (AH) were
76.87 °C, 93.08 °C, and 2.33 J g_1 for EC, and 74.46 °C, 91.33 °C, and
3.07 J g ! for E11 (Fig. 4A); 75.55 °C, 92.20 °C, and 1.94 J g for ED
(Fig. 4B); 78.15 °C, 93.05 °C, and 1.58 J g’l for E6 (Fig. 4C); and
82.50 °C, 96.24 °C, and 1.11 J g_1 for E10 (Fig. 4D).

The differences in enthalpy values suggest that extraction conditions
such as pH and ultrasonication influenced the structural organization of
the proteins. The control sample presented an intermediate AH value
(2.33J g’l), while the lowest value was observed for E10 (1.11 J g’l),
obtained strongly alkaline conditions (pH 12). In contrast, the highest
enthalpy value was observed for E11 (3.07 J g’l), extracted at neutral
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pH (7). Lower AH values generally indicate that the protein structure
undergone partial unfolding prior to thermal analysis, requiring less
energy for denaturation [52]. Under alkaline conditions, protein mole-
cules may experience structural rearrangements due to the disruption of
intermolecular interactions and possible cleavage of disulfide bonds,
resulting in partial unfolding [53]. In addition, ultrasonic cavitation can
promote structural modifications through shear forces, turbulence, and
microstreaming effects, which weaken internal hydrophobic in-
teractions. These structural rearrangements may expose hydrophilic
groups and enhance protein—water interactions, which may partially
explain the improved solubility observed in ultrasound-assisted extracts
[54].

Among the treatments, E10 showed slightly higher Ti and Tp values
compared to the other samples, suggesting greater resistance to the
onset of thermal denaturation. However, this treatment also exhibited
the lowest AH value, indicating that structural modifications induced
during extraction may have altered protein organization without sub-
stantially compromising thermal stability.

[25] reported denaturation temperatures for chickpea protein con-
centrates above 100 °C, ranging from 127 to 135 °C, while [55] observed
lower values between 98.1 and 99.8 °C. These authors explained that
globulins, the major protein fraction in legumes, typically present Tp
values in the range of 83.8-107.8 °C, which is consistent with the results
obtained in this study. Although the ultrasound-assisted treatments
produced variations in AH values, the denaturation temperatures
remained within similar ranges among treatments, suggesting that the
overall thermal stability of the protein fractions was not substantially
altered. However, ultrasound-assisted extraction combined with alka-
line conditions may induce moderate structural rearrangements that
influence protein functionality without significantly compromising
thermal stability. Further studies evaluating different ultrasound in-
tensities and extraction parameters may help optimize plant protein
functionality [56].

Functional properties directly influence the application and pro-
cessing of protein extracts. Therefore, understanding their structural
characteristics allows the food industry to monitor protein stability
during storage and predict their thermal behavior in food systems,
including extruded products, bakery and confectionery products
enriched with chickpea protein [25]. Fourier transform infrared
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Fig. 4. Thermograms of selected chickpea whole flour protein extracts: EC (no ultrasound), ED (ratio 1:12.5 g mL™; pH 9.5; 40 min), E6 (ratio 1:15 g mL~ Y pH 9.5;
10 min), E10 (ratio 1:10 g mL’l; pH 12.0; 10 min), and E11 (ratio 1:10 g mL’l; pH 7.0; 40 min).
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spectroscopy (FTIR) is a vibrational spectroscopic technique widely used
to determine the secondary structure of proteins (a-helix, p-sheets,
B-turns, and irregular structures) by identifying characteristic vibra-
tional bands of specific functional groups [57]. The spectra obtained are
presented in Fig. 5, indicating the percentage of transmittance of the
samples across wavelength, ranging from 400 to 4000 cm ™.

Peaks around 1650 cm ™! were identified in all experiments. Ac-
cording to [58], peaks at this wavelength represent proteins conformed
in a-helix in the amide I band, a region corresponding to wavelengths
from 1600 to 1700 cm ™}, where information about protein secondary
structures is found. These authors also identified bands around 1654
cm ! attributed to a-helix in chickpea protein isolates obtained from
enzyme-assisted extractions. Moreover, they identified strong bands in
the range of 1612 to 1640 cm ™! and 1680 cm ™! attributed to p-sheets, at
1645 cm™! random coils, and at 1670 cm ™' representing p-turns. All
ultrasound-assisted treatments showed similar results, suggesting that
the extracted proteins, in all mentioned experiments, have a significant
amount of a-helix secondary structure, indicating that the extraction
process, including the ultrasound method, did not compromise the
secondary structure of the proteins, maintaining their native confor-
mation during the process. Proteins with preserved secondary struc-
tures, such as a-helix, tend to have better functional properties, such as
water binding capacity, gel formation, thermal stability, and emulsifi-
cation capacity.

[59] observed, through absorbance data, a higher portion of a-heli-
ces in chickpea protein isolates via enzyme-assisted alkaline extraction
than in isolates obtained only from alkaline extraction, which showed a
higher quantity of f-sheets. They indicate that the higher solubility of
the isolate is usually associated with a higher content of a-helix, which
are more flexible structures, unlike p-sheets which are more rigid.
Considering that absorbance is inversely proportional to transmittance
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[57], the ED, for presenting lower transmittance, may have a higher
content of a-helix than the other treatments, confirming its higher sol-
ubility. This information is relevant to the food industry, as it highlights
the importance of selecting the extraction method to obtain proteins
with desirable characteristics for specific applications.

Other peaks can be identified in the FTIR analysis, such as those
between 2800 and 3000 cm ! (Fig. 5). This range represents CH bonds,
which occur in aliphatic compounds, and the peaks in the region of 2850
and 2920 cm™! are associated with the stretching of methyl bonds
(CHg), with values closely matching those determined by [60] in roasted
and raw chickpeas. The authors also identified peaks between 1740 and
1750 cm ™2, as observed for all treatments in the region of 1745 cm™?,
indicating the presence of the carbonyl function (C=0) of lipid ester
groups, indicating the significant presence of lipids associated with the
extracted proteins.

The increase in solubility observed for ED may be associated with the
higher a-helix content suggested by FTIR analysis, since more flexible
secondary structures facilitate protein-water interactions.

The protein structures were altered by sonication (Fig. 6). Scanning
electron microscopy (SEM) images showed that the control sample (EC)
presented larger particles with a more compact and lamellar surface and
relatively smooth morphology (Fig. 6A), suggesting minimal structural
disruption in the absence of ultrasonic treatment. With the use of ul-
trasound, structural modifications became evident, including the pres-
ence of smaller particles and increased surface irregularity, particularly
in treatment E6 (Fig. 6C). These observations confirm the reduction in
particle size caused by the mechanical forces and cavitation effects
generated during ultrasonication.

Previous studies, such as [47], also reported variations in particle
size after sonication of walnut protein isolates, observing that shorter
ultrasound times decreased particle size, while longer sonication periods
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Fig. 6. Scanning electron microscopy of chickpea whole flour protein, with magnifications of 100x and 1500x, from treatments (A) EC — without ultrasound; (B) ED
—ratio 1:12.5g mL’l; pH 9.5; 40 min.; (C) E6 —ratio 1:15 g mL’I; pH 9.5; 10 min.; (D) E10 — ratio 1:10 g mL’lg pH 12.0; 10 min.; (E) E11 — ratio 1:10 g mL’l; pH

7.0; 40 min.

could promote particle aggregation. In the present study, E6 presented
particles with smaller dimensions under shorter sonication time (10
min), while ED (Fig. 6B) exhibited larger particles under longer ultra-
sound exposure (40 min) when comparing treatments subjected to
ultrasound.

Morphological differences among the treatments were also observed.
The surface in Fig. 6B became more irregular with the appearance of
micro-cavities and structural disruption, suggesting the onset of ultra-
sonic cavitation effects, where pores are highlighted by the red circles. In
Fig. 6C, the surface still appeared relatively smooth, but small particle
fragments adhered to the surface, indicating mechanical fragmentation
of the protein matrix. In Fig. 6D, the structure appeared more disrupted
and layered, suggesting mechanical stress and particle breakage caused
by sonication. Finally, Fig. 6E showed the most porous morphology,
with numerous micro-pores and fragmented particles distributed across
the surface.

As observed in Fig. 6B and E, the most porous structures also showed
a greater number of adhered particles (highlighted by green circles).
This may be associated with the longer ultrasonication time (40 min),

11

which likely intensified cavitation effects. In contrast, although Fig. 6D
corresponded to a shorter extraction time (10 min), the extraction was
performed at pH 12, which may have also contributed to structural
modifications in the protein matrix. The structural differences observed
are consistent with the DSC and FTIR results discussed previously.

The reduction in particle size observed by SEM likely contributed to
the increased water absorption capacity (WAC), since smaller particles
provide a larger surface area for water interaction. Another important
aspect of protein structures is porosity, which, together with particle
size, directly influences technological properties such as water retention
capacity and consequently affects textural properties important for food
applications, including restructured meats, vegetarian burgers, and
sausages.

In addition, the desirable treatment showed a more porous surface
compared to the others, which helps explain the higher solubility and
water absorption capacity observed in this extract. Similar findings were
reported by [18], who observed larger pores and increased pore for-
mation in chickpea protein isolates subjected to ultrasound treatment.
These morphological changes are characteristic of acoustic cavitation,



P.M.C. Prado et al.

where the collapse of microbubbles generates localized shear forces and
microjets capable of disrupting protein matrices and modifying their
surface structure.

4. Conclusions

The findings indicate that the alkaline extraction method assisted by
ultrasonication did not increase protein yield or content (maximum
65.13 + 0.97% in the control extract) but significantly improved the
technological properties of the protein extracts. Protein solubility
increased from 77.33 + 2.15% to 89.07 + 3.06%, water absorption
capacity from 1.76 + 0.05 to 2.55 + 0.02 g g !, oil absorption from 1.42
+0.02 to 1.96 + 0.06 g g, and foam stability from 58.04 + 1.55% to
65.87 + 2.75%. These results highlight the potential of ultrasound-
assisted extraction to enhance the functional performance of chickpea
protein extracts. Such improvements may support their application in
food systems such as beverages, bakery products, and meat analogues.
Future studies should focus on process scale-up, evaluation in model
food matrices, and techno-economic assessment to determine the
feasibility of industrial implementation. Overall, the results demonstrate
how emerging technologies such as ultrasound can contribute to the
development of functional ingredients and more sustainable food pro-
cessing strategies.

CRediT authorship contribution statement

Priscylla Martins Carrijo Prado: Writing — original draft, Method-
ology, Investigation, Formal analysis, Data curation, Conceptualization.
Gabriela Silva Mendes Coutinho: Writing — original draft, Methodol-
ogy, Investigation, Formal analysis, Data curation, Conceptualization.
Aryane Ribeiro Oliveira: Writing — review & editing, Supervision,
Project administration, Data curation. Vitor Hugo Pacheco Jardim:
Supervision, Formal analysis, Data curation. Gabriella L. Magalhaes:
Writing — review & editing, Methodology, Formal analysis, Conceptu-
alization, Data curation, Investigation. Larissa Silva Couto: Investiga-
tion, Formal analysis, Data curation. Nathale Jordana Clemente
Santos: Methodology, Formal analysis, Investigation. Tamila Gouveia
Raimundo: Methodology, Formal analysis, Investigation. Alline
Emannuele Chaves Ribeiro: Validation, Supervision, Project admin-
istration, Methodology. Ivan Torres Nicolau de Campos: Validation,
Supervision, Methodology, Formal analysis. Luciano Morais Liao:
Validation, Supervision, Methodology, Data curation. Marcio Caliari:
Writing — review & editing, Supervision, Project administration, Fund-
ing acquisition. Manoel Soares Soares Jinior: Writing — review &
editing, Writing — original draft, Supervision, Project administration,
Conceptualization.

Declaration of competing interest

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

Acknowledgments

This work was supported by Coordenacao de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES) (88887.647679/2021-00) and Uni-
versidade Federal de Goias (UFG). Milhao Ingredients for providing the
whole chickpea flour sample. The Multiuser High-Resolution Micro-
scopy Laboratory (LabMic/UFG), and the Multiuser Analysis Center
(CAM) of the Institute of Chemistry at UFG for access to their research
facilities.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

12

Ultrasonics Sonochemistry 129 (2026) 107848

0rg/10.1016/j.ultsonch.2026.107848.

References
[1] S. Parveen, A. Jamil, I. Pasha, F. Ahmad, Pulses: a potential source of valuable

protein for human diet, in: J.C. Jimenez-Lopez, A. Clemente (Eds), Legumes

Research — Volume 2, IntechOpen, London, 2022, pp. 391-409.

F. Boukid, E. Zannini, E. Carini, E. Vittadini, Pulses for bread fortification: a

necessity or a choice? Trends Food Sci. Technol. 88 (2019) 416-428, https://doi.

org/10.1016/j.tifs.2019.04.007.

FAO, FAOSTAT Food and Agriculture data. https://www.fao.org/faostat/, 2023

(accessed 03 dec 2025).

R.L.S. Avelar, C.A. da Costa, D. da S. Brandao Junior, H.A. Paraiso, W.

M. Nascimento, Production and quality of chickpea seeds in different sowing and

harvest periods, J. Seed Sci. 40 (2018) 146-155, https://doi.org/10.1590/2317-

1545v40n2185719.

B. Merga, J. Haji, Economic importance of chickpea: production, value, and world

trade, Cogent Food Agric. 5 (2019), https://doi.org/10.1080/

23311932.2019.1615718.

K. Shevkani, N. Singh, Y. Chen, A. Kaur, L. Yu, Pulse proteins: secondary structure,

functionality and applications, J. Food Sci. Technol. 56 (2019) 2787-2798, https://

doi.org/10.1007/s13197-019-03723-8.

S. Gupta, C. Liu, S.K. Sathe, Quality of a chickpea-based high protein snack, J. Food

Sci. 84 (2019) 1621-1630, https://doi.org/10.1111/1750-3841.14636.

J. Espinosa-Ramirez, S.0. Serna-Saldivar, Wet-milled chickpea coproduct as an

alternative to obtain protein isolates, LWT 115 (2019) 108468, https://doi.org/

10.1016/j.1wt.2019.108468.

M. Felix, M. Cermeno, A. Romero, R.J. FitzGerald, Characterisation of the bioactive

properties and microstructure of chickpea protein-based oil in water emulsions,

Food Res. Int. 121 (2019) 577-585, https://doi.org/10.1016/].

foodres.2018.12.022.

S.A. Sofi, J. Singh, N. Chhikara, A. Panghal, Y. Gat, Quality characterization of

gluten free noodles enriched with chickpea protein isolate, Food Biosci. 36 (2020)

100626, https://doi.org/10.1016/].tbi0.2020.100626.

M. Kumar, M. Tomar, J. Potkule, R. Verma, S. Punia, A. Mahapatra, T. Belwal,

A. Dahuja, S. Joshi, M.K. Berwal, V. Satankar, A.G. Bhoite, R. Amarowicz, C. Kaur,

J.F. Kennedy, Advances in the plant protein extraction: mechanism and

recommendations, Food Hydrocoll. 115 (2021) 106595, https://doi.org/10.1016/

j.foodhyd.2021.106595.

Z.Z. 0o, T.L. Ko, S.S. Than, Physico chemical and functional properties of chickpea

protein isolate, Int. J. Biol. Pharm. Res. 3 (2017) 1-14, https://doi.org/10.53555/

eijbps.v3i1.20.

A.S. Sengar, N. Thirunavookarasu, P. Choudhary, M. Naik, A. Surekha, C.K. Sunil,

A. Rawson, Application of power ultrasound for plant protein extraction,

modification and allergen reduction — a review, Appl. Food Res. 2 (2022) 100219,

https://doi.org/10.1016/j.afres.2022.100219.

M. Habib, S. Rani, S. Singh, S. Jan, K. Jan, T.L. Swer, E. Rao, K. Bashir, Effects of

high-frequency ultrasound on the functionality and physicochemical properties of

chickpea protein isolates, Food Biomacromol. 2 (2025) 315-324, https://doi.org/

10.1002/fob2.70016.

W. Xiong, G. Kumar, B. Zhang, S. Dhital, Sonication-mediated modulation of

macronutrient structure and digestibility in chickpea, Ultrason. Sonochem. 106

(2024) 106904, https://doi.org/10.1016/j.ultsonch.2024.106904.

E.A.A. Kibar, O. Aslan, Ultrasound-assisted extraction of chickpea proteins and

their functional and technological properties, Food Technol. Biotechnol. 62 (2024)

488-500, https://doi.org/10.17113/ftb.62.04.24.8502.

A.C. Karaca, N. Low, M. Nickerson, Emulsifying properties of chickpea, faba bean,

lentil and pea proteins produced by isoelectric precipitation and salt extraction,

Food Res. Int. 44 (2011) 2742-2750, https://doi.org/10.1016/j.

foodres.2011.06.012.

F. Wang, Y. Zhang, L. Xu, H. Ma, An efficient ultrasound-assisted extraction

method of pea protein and its effect on protein functional properties and biological

activities, LWT 127 (2020) 109348, https://doi.org/10.1016/j.1wt.2020.109348.

Y. Wang, S. Wang, R. Li, Y. Wang, Q. Xiang, K. Li, Y. Bai, Effects of combined

treatment with ultrasound and pH shifting on foaming properties of chickpea

protein isolate, Food Hydrocoll. 124 (2022) 107351, https://doi.org/10.1016/j.

foodhyd.2021.107351.

J.I. Boye, S. Aksay, S. Roufik, S. Ribéreau, M. Mondor, E. Farnworth, S.

H. Rajamohamed, Comparison of the functional properties of pea, chickpea and

lentil protein concentrates processed using ultrafiltration and isoelectric

precipitation techniques, Food Res. Int. 43 (2010) 537-546, https://doi.org/

10.1016/j.foodres.2009.07.021.

G.W. Latimer (Ed.), Official Methods of Analysis of AOAC International (20th ed.),

Rockville, MA (2016).

G.E.P. Box, D.W. Behnken, Some new three level designs for the study of

quantitative variables, Technometrics 2 (1960) 455-475, https://doi.org/

10.2307/1266454.

C.V. Morr, B. German, J.E. Kinsella, J.M. Regenstein, J.P. van Buren, A. Kilara, B.

A. Lewis, M.E. Mangino, A collaborative study to develop a standardized food

protein solubility procedure, J. Food Sci. 50 (1985) 1715-1718, https://doi.org/

10.1111/j.1365-2621.1985.tb10572.x.

A.C.Y. Lam, T.D. Warkentin, R.T. Tyler, M.T. Nickerson, Physicochemical and

functional properties of protein isolates obtained from several pea cultivars, Cereal

Chem. 94 (2017) 89-97, https://doi.org/10.1094/CCHEM-04-16-0097-FI.

[2]

[3]

[4]

[5]

[6]

[71

[8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]


https://doi.org/10.1016/j.ultsonch.2026.107848
https://doi.org/10.1016/j.ultsonch.2026.107848
https://doi.org/10.1016/j.tifs.2019.04.007
https://doi.org/10.1016/j.tifs.2019.04.007
https://www.fao.org/faostat/
https://doi.org/10.1590/2317-1545v40n2185719
https://doi.org/10.1590/2317-1545v40n2185719
https://doi.org/10.1080/23311932.2019.1615718
https://doi.org/10.1080/23311932.2019.1615718
https://doi.org/10.1007/s13197-019-03723-8
https://doi.org/10.1007/s13197-019-03723-8
https://doi.org/10.1111/1750-3841.14636
https://doi.org/10.1016/j.lwt.2019.108468
https://doi.org/10.1016/j.lwt.2019.108468
https://doi.org/10.1016/j.foodres.2018.12.022
https://doi.org/10.1016/j.foodres.2018.12.022
https://doi.org/10.1016/j.fbio.2020.100626
https://doi.org/10.1016/j.foodhyd.2021.106595
https://doi.org/10.1016/j.foodhyd.2021.106595
https://doi.org/10.53555/eijbps.v3i1.20
https://doi.org/10.53555/eijbps.v3i1.20
https://doi.org/10.1016/j.afres.2022.100219
https://doi.org/10.1002/fob2.70016
https://doi.org/10.1002/fob2.70016
https://doi.org/10.1016/j.ultsonch.2024.106904
https://doi.org/10.17113/ftb.62.04.24.8502
https://doi.org/10.1016/j.foodres.2011.06.012
https://doi.org/10.1016/j.foodres.2011.06.012
https://doi.org/10.1016/j.lwt.2020.109348
https://doi.org/10.1016/j.foodhyd.2021.107351
https://doi.org/10.1016/j.foodhyd.2021.107351
https://doi.org/10.1016/j.foodres.2009.07.021
https://doi.org/10.1016/j.foodres.2009.07.021
https://doi.org/10.2307/1266454
https://doi.org/10.2307/1266454
https://doi.org/10.1111/j.1365-2621.1985.tb10572.x
https://doi.org/10.1111/j.1365-2621.1985.tb10572.x
https://doi.org/10.1094/CCHEM-04-16-0097-FI

P.M.C. Prado et al.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

A.M. Ghribi, .M. Gafsi, C. Blecker, S. Danthine, H. Attia, S. Besbes, Effect of drying
methods on physico-chemical and functional properties of chickpea protein
concentrates, J. Food Eng. 165 (2015) 179-188, https://doi.org/10.1016/j.
jfoodeng.2015.06.021.

FAO, Food Energy - Methods of analysis and conversion factors, FAO Food and
Nutrition Paper No. 77, FAO, Rome, 2003.

Y. Zhao, C. Wen, Y. Feng, J. Zhang, Y. He, Y. Duan, H. Zhang, H. Ma, Effects of
ultrasound-assisted extraction on the structural, functional and antioxidant
properties of Dolichos lablab L. protein, Process Biochem. 101 (2021) 274-284,
https://doi.org/10.1016/j.procbio.2020.11.027.

F. Ye, M. Miao, K. Lu, B. Jiang, X. Li, S.W. Cui, Structure and physicochemical
properties for modified starch-based nanoparticle from different maize varieties,
Food Hydrocoll. 67 (2017) 37-44, https://doi.org/10.1016/j.
foodhyd.2016.12.041.

C.D. Ferreira, V.K. Bubolz, J. da Silva, C.L. Dittgen, V. Ziegler, C. de O. Raphaelli,
M. de Oliveira, Changes in the chemical composition and bioactive compounds of
chickpea (Cicer arietinum L.) fortified by germination, LWT 111 (2019) 363-369,
https://doi.org/10.1016/j.1wt.2019.05.049.

G.K. Gonzalez-Félix, S. Luna-Suarez, M. Garcia-Ulloa, E. Martinez-Montano,

F. Barreto-Curiel, H. Rodriguez-Gonzalez, Extraction methods and nutritional
characterization of protein concentrates obtained from bean, chickpea, and corn
discard grains, Curr. Res. Food Sci. 7 (2023) 100612, https://doi.org/10.1016/j.
crfs.2023.100612.

K. Kishor, J. David, S. Tiwari, A. Singh, B.S. Rai, Nutritional composition of
chickpea (Cicer arietinum) milk, Int. J. Chem. Stud. 5 (2017) 1941-1944.

A K. Jukanti, P.M. Gaur, C.L.L. Gowda, R.N. Chibbar, Nutritional quality and
health benefits of chickpea (Cicer arietinum L.): a review, B. J. Nutr. 108 (2012)
11-26, https://doi.org/10.1017/S0007114512000797.

R. Kaur, K. Prasad, Technological, processing and nutritional aspects of chickpea
(Cicer arietinum) - a review, Trends Food Sci. Technol. 109 (2021) 448-463,
https://doi.org/10.1016/j.tifs.2021.01.044.

L. Ding, J. Yang, J.J.K. Kirkensgaard, K. Enemark-Rasmussen, J. Chang, L. Zhang,
S. Chen, A. Blennow, Y. Zhong, Characterization of different high amylose starch
granules. Part III: how starch fine structures affect retrogradation and formation of
type 3 resistant starch, Carbohydr. Polym. 361 (2025) 123633, https://doi.org/
10.1016/j.carbpol.2025.123633.

N. Thirunavookarasu, S. Kumar, A. Rawson, Effect of ultrasonication on the
protein—polysaccharide complexes: a review, J. Food Measure. Charact. 16 (2022)
4860-4879, https://doi.org/10.1007/5s11694-022-01567-z.

C. Zhu, X. Liu, Optimization of extraction process of crude polysaccharides from
Pomegranate peel by response surface methodology, Carbohydr. Polym. 92 (2013)
1197-1202, https://doi.org/10.1016/j.carbpol.2012.10.073.

B. Byanju, M.M. Rahman, M.P. Hojilla-Evangelista, B.P. Lamsal, Effect of high-
power sonication pretreatment on extraction and some physicochemical properties
of proteins from chickpea, kidney bean, and soybean, Int. J. Biol. Macromol. 145
(2020) 712-721, https://doi.org/10.1016/j.ijbiomac.2019.12.118.

C. Bi, S. Chi, T. Zhou, J. Zhang, X. Wang, J. Li, W. Shi, B. Tian, Z. Huang, Y. Liu,
Effect of low-frequency high-intensity ultrasound (HIU) on the physicochemical
properties of chickpea protein, Food Res. Int. 159 (2022) 111474, https://doi.org/
10.1016/j.foodres.2022.111474.

P. Pasumarthi, S. Sindhu, A. Manickavasagan, Ultrasound-assisted extraction and
modification of pulse starches: a review, Cereal Chem. 102 (2024) 266-289,
https://doi.org/10.1002/cche.10862.

D. Tawalbeh, F. Ahmad, M.H. Alu’datt, N.M. Sarbon, Production improvement of
Kabuli chickpea (Cicer arietinum L.) protein hydrolysates through ultrasonic pre-
treatment approach: impact on techno-functional properties and antioxidant
activity, Food Chem. Adv. 9 (2025) 101175, https://doi.org/10.1016/j.
focha.2025.101175.

M. Das, L.M. Devi, L.S. Badwaik, Ultrasound-assisted extraction of pumpkin seeds
protein and its physicochemical and functional characterization, Appl. Food Res. 2
(2022) 100121, https://doi.org/10.1016/j.afres.2022.100121.

J. Wang, Y. Li, A. Li, R.H. Liu, X. Gao, D. Li, X. Kou, Z. Xue, Nutritional constituent
and health benefits of chickpea (Cicer arietinum L.): a review, Food Res. Int. 150
(2021) 110790, https://doi.org/10.1016/j.foodres.2021.110790.

13

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Ultrasonics Sonochemistry 129 (2026) 107848

Y. Deng, W. Wang, S. Zhao, X. Yang, W. Xu, M. Guo, E. Xu, T. Ding, X. Ye, D. Liu,
Ultrasound-assisted extraction of lipids as food components: mechanism, solvent,
feedstock, quality evaluation and coupled technologies- a review, Trends Food Sci.
Technol. 122 (2022) 83-96, https://doi.org/10.1016/].tifs.2022.01.034.

K. Rommi, P. Niemi, K. Kemppainen, K. Kruus, Impact of thermochemical pre-
treatment and carbohydrate and protein hydrolyzing enzyme treatment on
fractionation of protein and lignin from brewer’s spent grain, J. Cereal Sci. 79
(2018) 168-173, https://doi.org/10.1016/j.jcs.2017.10.005.

S. Samard, G.-H. Ryu, A comparison of physicochemical characteristics, texture,
and structure of meat analogue and meats, J. Sci. Food Agric. 99 (2019)
2708-2715, https://doi.org/10.1002/jsfa.9438.

S. Ebert, M. Gibis, N. Terjung, J. Weiss, Survey of aqueous solubility, appearance,
and pH of plant protein powders from carbohydrate and vegetable oil production,
LWT 133 (2020), https://doi.org/10.1016/j.1wt.2020.110078.

Z.Zhu, W. Zhu, J. Yi, N. Liu, Y. Cao, J. Lu, E.A. Decker, D.J. McClements, Effects of
sonication on the physicochemical and functional properties of walnut protein
isolate, Food Res. Int. 106 (2018) 853-861, https://doi.org/10.1016/j.
foodres.2018.01.060.

E. Chan, A. Rodas-Gonzalez, M. Tulbek, F. Koksel, Effects of protein formula and
extrusion cooking conditions on the techno-functional properties of texturised pea
proteins, Int. J. Food Sci. Technol. 59 (2024) 584-595, https://doi.org/10.1111/
ijfs.16593.

R. Mustafa, Y. He, Y.Y. Shim, M.J.T. Reaney, Aquafaba, wastewater from chickpea
canning, functions as an egg replacer in sponge cake, Int. J. Food Sci. Technol. 53
(2018) 2247-2255, https://doi.org/10.1111/ijfs.13813.

M. Hadidi, F.B. Khaksar, J. Pagan, A. Ibarz, Application of ultrasound-
ultrafiltration-assisted alkaline isoelectric precipitation (UUAAIP) technique for
producing alfalfa protein isolate for human consumption: optimization,
comparison, physicochemical, and functional properties, Food Res. Int. 130 (2020)
108907, https://doi.org/10.1016/j.foodres.2019.108907.

A. Gorgiig, C. Bircan, F.M. Yilmaz, Sesame bran as an unexploited by-product:
effect of enzyme and ultrasound-assisted extraction on the recovery of protein and
antioxidant compounds, Food Chem. 283 (2019) 637-645, https://doi.org/
10.1016/j.foodchem.2019.01.077.

D. Das, N.A. Mir, N.K. Chandla, S. Singh, Combined effect of pH treatment and the
extraction pH on the physicochemical, functional and rheological characteristics of
amaranth (Amaranthus hypochondriacus) seed protein isolates, Food Chem. 353
(2021) 129466, https://doi.org/10.1016/j.foodchem.2021.129466.

G.A. Ruiz, W. Xiao, et al., Effect of extraction pH on heat-induced aggregation,
gelation and microstructure of protein isolate from quinoa (Chenopodium quinoa
Willd), Food Chem. 209 (2016) 203-210, https://doi.org/10.1016/j.
foodchem.2016.04.052.

F. Wang, et al., An efficient ultrasound-assisted extraction method of pea protein
and its effect on protein functional properties and biological activities, LWT — Food
Sci. Technol. 127 (2020) 109348, https://doi.org/10.1016/j.1wt.2020.109348.
M. Kaur, N. Singh, Characterization of protein isolates from different Indian
chickpea (Cicer arietinum L.) cultivars, Food Chem. 102 (2007) 366-374, https://
doi.org/10.1016/j.foodchem.2006.05.029.

S.M.T. Gharibzahedi, B. Smith, The functional modification of legume proteins by
ultrasonication: a review, Trends Food Sci. Technol. 98 (2020) 107-116, https://
doi.org/10.1016/j.tifs.2020.02.002.

M. Carbonaro, A. Nucara, Secondary structure of food proteins by Fourier
transform spectroscopy in the mid-infrared region, Amino Acids 38 (2010)
679-690, https://doi.org/10.1007/s00726-009-0274-3.

M.N. Perovi¢, M.G. Antov, The influence of enzymatic pretreatment of chickpea on
properties of protein nanoparticles prepared by heat treatment, LWT 163 (2022),
https://doi.org/10.1016/j.1wt.2022.113545.

M.N. Perovi¢, B.S. Pajin, M.G. Antov, The effect of enzymatic pretreatment of
chickpea on functional properties and antioxidant activity of alkaline protein
isolate, Food Chem. 374 (2022) 131809, https://doi.org/10.1016/j.
foodchem.2021.131809.

R. Kaur, K. Prasad, Process optimization for the development of traditionally
roasted chickpea flour for meal replacement beverages, Food Chem. Adv. 3 (2023)
100452, https://doi.org/10.1016/j.focha.2023.100452.


https://doi.org/10.1016/j.jfoodeng.2015.06.021
https://doi.org/10.1016/j.jfoodeng.2015.06.021
https://doi.org/10.1016/j.procbio.2020.11.027
https://doi.org/10.1016/j.foodhyd.2016.12.041
https://doi.org/10.1016/j.foodhyd.2016.12.041
https://doi.org/10.1016/j.lwt.2019.05.049
https://doi.org/10.1016/j.crfs.2023.100612
https://doi.org/10.1016/j.crfs.2023.100612
http://refhub.elsevier.com/S1350-4177(26)00113-6/h0155
http://refhub.elsevier.com/S1350-4177(26)00113-6/h0155
https://doi.org/10.1017/S0007114512000797
https://doi.org/10.1016/j.tifs.2021.01.044
https://doi.org/10.1016/j.carbpol.2025.123633
https://doi.org/10.1016/j.carbpol.2025.123633
https://doi.org/10.1007/s11694-022-01567-z
https://doi.org/10.1016/j.carbpol.2012.10.073
https://doi.org/10.1016/j.ijbiomac.2019.12.118
https://doi.org/10.1016/j.foodres.2022.111474
https://doi.org/10.1016/j.foodres.2022.111474
https://doi.org/10.1002/cche.10862
https://doi.org/10.1016/j.focha.2025.101175
https://doi.org/10.1016/j.focha.2025.101175
https://doi.org/10.1016/j.afres.2022.100121
https://doi.org/10.1016/j.foodres.2021.110790
https://doi.org/10.1016/j.tifs.2022.01.034
https://doi.org/10.1016/j.jcs.2017.10.005
https://doi.org/10.1002/jsfa.9438
https://doi.org/10.1016/j.lwt.2020.110078
https://doi.org/10.1016/j.foodres.2018.01.060
https://doi.org/10.1016/j.foodres.2018.01.060
https://doi.org/10.1111/ijfs.16593
https://doi.org/10.1111/ijfs.16593
https://doi.org/10.1111/ijfs.13813
https://doi.org/10.1016/j.foodres.2019.108907
https://doi.org/10.1016/j.foodchem.2019.01.077
https://doi.org/10.1016/j.foodchem.2019.01.077
https://doi.org/10.1016/j.foodchem.2021.129466
https://doi.org/10.1016/j.foodchem.2016.04.052
https://doi.org/10.1016/j.foodchem.2016.04.052
https://doi.org/10.1016/j.lwt.2020.109348
https://doi.org/10.1016/j.foodchem.2006.05.029
https://doi.org/10.1016/j.foodchem.2006.05.029
https://doi.org/10.1016/j.tifs.2020.02.002
https://doi.org/10.1016/j.tifs.2020.02.002
https://doi.org/10.1007/s00726-009-0274-3
https://doi.org/10.1016/j.lwt.2022.113545
https://doi.org/10.1016/j.foodchem.2021.131809
https://doi.org/10.1016/j.foodchem.2021.131809
https://doi.org/10.1016/j.focha.2023.100452

	Extraction and characterization of protein fraction from whole chickpea (Cicer arietinum L.) flour through ultrasound assis ...
	1 Introduction
	2 Materials and methods
	2.1 Plant material
	2.2 Chickpea protein extraction
	2.3 Experimental design for protein extraction with ultrasound
	2.4 Technological, chemical, physicochemical and morphological properties of protein extracts
	2.4.1 Water and oil absorption capacity
	2.4.2 Foam capacity and stability
	2.4.3 Emulsifying activity and stability indices
	2.4.4 Chemical composition
	2.4.5 Differential scanning calorimetry (DSC)
	2.4.6 Fourier transform infrared spectroscopy (FTIR)
	2.4.7 Granule morphology

	2.5 Statistical analysis of data

	3 Results and discussion
	3.1 Characterization of the raw material
	3.2 Optimization of the protein extraction method from whole chickpea flour
	3.2.1 Model validation and desirability test

	3.3 Technological and chemical characteristics of selected protein extracts
	3.4 Physical-chemical and morphological characteristics of selected protein extracts

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


