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Dry fractionation of mung bean, yellow pea, and cowpea was performed to investigate the compositions and
functional properties of the obtained fractions. Dry fractionation consisted of milling and subsequent air clas
sification using three air classifier wheel speeds. Water holding capacity, gelation, and rheological properties of
all fractions were studied. Separation between protein and starch granules was successfully performed by air
classifying, as visualized with SEM images. Protein contents in fine fractions ranged from 42% to 58% (w/w),
which was dependent on classifier wheel speed and material source. The correlation between water holding
capacity and protein content was dependent on material source. Gelation of fine fractions occurred at lower
concentrations than flours and coarse fractions. Fine fractions of all materials formed gels with higher elastic
modulus (G’) than the flour and coarse fractions, while the flour and coarse fractions formed more solid-like gels
(lower tan δ).
Industrial relevance: The need for functional plant protein ingredients for food applications is growing continu
ously. It is thus important to study sustainable methods for plant protein extraction. Dry fractionation is often
considered an efficient alternative to the conventional wet fractionation process, that preserves the native
functionality of the proteins in addition. For the application of ingredients produced from dry fractionation in
food products, it is important to understand their functional properties. Therefore, the functional properties of
dry fractionated ingredients produced from three different legumes are evaluated in this manuscript.

1. Introduction
The shift in the consumption of animal-based products to plant-based
products requires the creation of high quality plant-based food products
including meat analogues and dairy alternatives. These plant-based food
products are most often produced from soy, because of its favourable
functional properties (Day & Swanson, 2013; Schreuders et al., 2019).
Recently, the potential yellow pea was shown as an alternative to soy as
a major component of plant-based products (Osen, Toelstede, Wild,
Eisner, & Schweiggert-Weisz, 2014; Schreuders et al., 2019; VogelsangO’Dwyer, Zannini, & Arendt, 2021). The interest in yellow pea origi
nates from the fact that it is less connected to genetically modified or
ganism questions, less allergenic, high in nutritional value, highly
available, and is cultivated in moderate climates compared to soy (Lam,
Can Karaca, Tyler, & Nickerson, 2018). Yellow pea is used in different
types of plant-based products such as dairy alternatives and meat ana
logues commercially. Next to yellow pea, mung bean also gained interest

as a source for proteinaceous ingredients. Mung bean is mainly used in
Asia for its high starch content and quality, but recently mung beans are
considered more sustainable and inexpensive to cultivate in comparison
to soy (Brishti et al., 2017). Mung bean protein isolate is suggested to be
applicable in multiple plant-based products such as egg replacers and
meat analogues (Bansal-Mutalik et al., 2019; Brishti et al., 2021).
Cowpea is one of the most important legumes in African countries and
also a nutritious and strategic candidate for incorporation into food
products (Asif, Rooney, Ali, & Riaz, 2013; Carneiro da Silva et al., 2019;
Kebede & Bekeko, 2020; Kethireddipalli, Hung, McWatters, & Philips,
2002; Prinyawiwatkul, McWatters, Beuchat, & Phillips, 1996). Cowpea
is nowadays used as the main high-protein ingredient to produce the
deep-fried paste called Akara (McWatters, 1983; Mofoluke, Olusegun,
Adeoye, Ramota, & Toyin, 2013). In this study, mung bean, yellow pea,
and cowpea are compared on their functional properties.
Protein ingredients from legumes, which are currently used in plantbased food products, are classified as protein isolates. Protein isolates
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are produced by wet fractionation, mainly with extraction under alka
line or acidic conditions, isoelectric precipitation, and spray drying
(Boukid, Rosell, Rosene, Bover-Cid, & Castellari, 2021). While this
method often yields isolates with high protein contents, the process
requires large amounts of water and energy (Schutyser & van der Goot,
2011). Additionally, wet fractionation alters the protein functionality
due to the processing conditions used, such as high temperature during
drying and large shifts in pH (Vogelsang-O’Dwyer et al., 2021; Zhu,
Tang, Cheng, Li, & Tong, 2021). Dry fractionation, as an alternative to
wet fractionation, produces protein-rich fractions through milling and
subsequent air classification of legumes. Milling fragments the coty
ledon cells of legumes, thereby liberating the starch granules from the
surrounding matrix that contains smaller protein bodies and fibers
(Möller, van der Padt, & van der Goot, 2021). Subsequently, air classi
fication is used to separate the protein particles from the starch granules
based on their density. Previous research showed that dry fractionation
of mung bean, yellow pea, and cowpea can yield a protein content (dry
based) of up to 55.6 w/dw%, 62.3 w/dw%, and 51.3 w/dw% respec
tively, but did not analyse the functionality of the resulting ingredients
(Pelgrom, Boom, & Schutyser, 2015; Tyler, Youngs, & Sosulski, 1981;
Zhu, Wang, Cheng, Li, & Tong, 2020).
Dry-enriched pulse protein ingredients have a different functionality
than protein isolates due to their composition and processing history
(Schutyser & van der Goot, 2011; Vogelsang-O’Dwyer et al., 2021; Zhu
et al., 2021). While there is relatively a lot of knowledge on the process
of dry fractionation and the resulting composition of the materials, their
functional properties are mostly unexplored. Previously, Funke, Boom,
and Weiss (2022) showed that there were no noteworthy differences in
emulsification behaviour in different fractions with similar protein
content produced from lentil. However, they found that rheological
properties of the formed emulsions were dependent on the protein
content of the fractions (Funke et al., 2022). Also for other food prod
ucts, such as meat analogues, it is important to understand the func
tional properties of protein-rich fractions (Kyriakopoulou, Dekkers, &
van der Goot, 2019). Therefore, the next step is to focus on the
composition – functionality relationship of fractions produced by dry
fractionation.
In the present study, we first report on the particle size, morpho
logical and compositional changes of mung bean, yellow pea, and
cowpea throughout the dry fractionation process. We then aim to study
the differences and similarities in functional and rheological properties
of dry fractionated ingredients from mung bean, yellow pea, and
cowpea. The research question to be answered in this paper is “How are
composition and functionality related in fractions of mung bean, yellow
pea and cowpea produced by dry fractionation”. We hypothesize that
dry fractionation of mung bean, yellow pea, and cowpea can yield
protein-rich fractions with interesting functional properties for future
application in plant-based food products.

content of 91.5 wt%, 90.8 wt%, and 90.3 wt%, respectively.
2.2. Methods
2.2.1. Milling & air classification
The method for milling and air classification was adopted from
Möller et al. (2021) & Pelgrom, Vissers, Boom, and Schutyser (2013).
Specifically, for flour preparation, the legumes were pre-milled into grits
with a pin mill (LV 15 M, Condux-Werk, Wolfgang bei Hanau, Ger
many). Then, the grits were milled into flour with a ZPS50 impact mill
(Hosokawa-Alpine, Augsburg, Germany). The ZPS50 mill speed was
8000 rpm and the classifier wheel speed of the mill was 4000 rpm.
During milling, the air flow was 52 m3/h and the feed rate was ~500 g/
h. The minimum batch size used was 900 g.
The legume flours were separated into fine (protein-rich) and coarse
(starch-rich) fractions by air classification with an ATP50 classifier
(Hosokawa-Alpine, Augsburg, Germany). In this step, the air flow was
fixed at 47 m3/h and the feed rate was set at ~250 g/h. Moreover, three
classifier wheel speeds of 8000, 10,000, and 12,000 rpm were applied
for the production of fine and coarse fractions from mung bean, yellow
pea, and cowpea with varying compositions. The loss in overall dry
matter content during air classification was 20, 14, and 10% for mung
bean, 27, 13, and 43% for yellow pea and 14, 13, and 25% for cowpea at
classifier wheel speeds of 8000, 10,000, and 12,000, respectively.
2.2.2. Compositional analyses of flour, fine fractions, and coarse fractions
The dry matter content of the flour, fine fraction, and coarse fraction
was determined by drying around 1 g of sample overnight in an oven
(Binder GmbH, Tuttlingen, Germany) at 105 ◦ C.
The protein content of the flour, fine fraction, and coarse fraction
was measured using a Rapid N Exceed Dumas (Elementar, Langensel
bold, Germany) in duplicate. Moreover, the nitrogen conversion factors
of mung bean, yellow pea, and cowpea flour and fine fractions were
determined based on their amino acid composition patterns (Table 1).
These amino acid patterns were determined by a validated method
based on ISO-13903:2005. In this method, samples were oxidized with
performic acid to stabilize cysteine and methionine, before overnight
hydrolysis in 6 mol/L hydrochloric acid. Subsequently, the samples were
separated by anion-exchange chromatography and detected after postcolumn derivatization with ninhydrin by an L-8900 amino acid
analyzer (Hitachi, Tokyo, Japan). Norvaline served as an internal stan
dard for quantification. Tryptophane was determined by a validated
method based on ISO-13904:2005. With 5-methyltryptophane as an
internal standard, samples were hydrolysed in a saturated barium hy
droxide solution under nitrogen in an autoclave. Tryptophane and the
internal standard were determined by reversed-phase HPLC with fluo
rescence detection. The nitrogen conversion factors were calculated by
dividing the combined weight of all amino acid residues by the com
bined nitrogen content of all amino acid residues. Table 1 shows the
nitrogen conversion factors used for mung bean, yellow pea, and cowpea
materials, which were 5.7, 5.5, and 5.7, respectively.
The starch content of the flour, fine fraction, and coarse fraction was
analysed with the Megazyme Starch Assay Kit (Megazyme International
Ireland Ltd., Bray, Ireland).
Dimensionless protein and starch contents were calculated by Eq. 1
for an increase and Eq. 2 for a decrease:

2. Materials & methods
2.1. Materials
Dehulled mung beans (Vigna radiata) and dehulled yellow peas
(Pisum sativum L.) were obtained from Vladex (Middelharnis, the
Netherlands). Whole cowpeas (Vigna unguiculata) were obtained from
African Food Products (Unidex B.V. Hillegom, the Netherlands). Flour
from mung bean, yellow pea, and cowpea had an average dry matter

Dimensionless protein content =

Concentration − initial concentration in flour
100 − initial concentration in flour

(1)
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Table 1
Amino acid compositions and nitrogen conversion factors of flour and fine fraction from mung bean, yellow pea, and cowpea. In this table, data is shown as the mean ±
standard deviation. Moreover, in each row, means with different lower case letters indicate significant differences, where * indicates a significant difference of p <
0.05, ** indicates a significant difference of p < 0.01 and *** indicates a significant difference of p < 0.001. AA: amino acid.
Amino acids

Hydrophilic

Arginine ***
Asparagine & Aspartic
acid*
Glutamine & Glutamic
acid **
Histidine ***
Lysine ***
Serine ***
Threonine ***
Tyrosine ***
SUM*
Hydrophobic
Alanine **
Cysteine ***
Glycine ***
Isoleucine **
Leucine ***
Methionine ***
Phenylalanine ***
Proline **
Tryptophan ***
Valine ***
SUM***
Ratio hydrophobic: hydrophilic***
Nitrogen conversion factor***

Dimensionless protein content = 1 −

Mung bean (mg
AA/g protein)

Yellow pea (mg
AA/g protein)

Cowpea (mg AA/g
protein)

Mung bean (mg
AA/g protein)

Yellow pea (mg
AA/g protein)

Cowpea (mg AA/g
protein)

Flour

Flour

Flour

Fine fraction

Fine fraction

Fine fraction

65.54 ± 0.28c
108.91 ± 0.00a

83.62 ± 0.29a
107.04 ± 0.29ab

64.20 ± 0.31c
103.85 ± 0.00c

67.83 ± 0.79b
107.14 ± 0.70ab

83.77 ± 0.63a
103.25 ± 0.12c

68.10 ± 1.40b
105.34 ± 2.62bc

165.93 ± 0.56a

161.42 ± 0.58ab

160.16 ± 0.31b

162.31 ± 0.71ab

151.56 ± 0.00c

161.59 ± 4.45ab

24.75 ± 0.28d
67.72 ± 0.56b
49.31 ± 0.28c
32.08 ± 0.00d
29.90 ± 0.28d
544.14 ± 1.12bc
40.59 ± 0.28a
6.14 ± 0.28c
33.86 ± 0.28d
41.58 ± 0.00a
74.85 ± 0.00ab
11.68 ± 0.28b
57.03 ± 0.00b
39.40 ± 0.28ab
9.50 ± 0.00c
49.11 ± 0.00a
363.75 ± 0.84a
0.67:1a
5.70 ± 0.00a

20.96 ± 0.00f
70.67 ± 0.00a
46.23 ± 0.29d
35.13 ± 0.29b
33.69 ± 0.00a
558.82 ± 1.74a
40.47 ± 0.29a
12.33 ± 0.00a
40.28 ± 0.00a
40.88 ± 0.29a
69.65 ± 0.29c
7.40 ± 0.00d
47.05 ± 0.29e
38.42 ± 0.29c
8.63 ± 0.00d
44.17 ± 0.29d
349.26 ± 1.74b
0.63:1c
5.54 ± 0.00e

26.73 ± 0.00c
63.32 ± 0.31c
47.11 ± 0.31d
35.71 ± 0.31ab
31.11 ± 0.00c
532.18 ± 0.93c
39.88 ± 0.00ab
9.20 ± 0.62b
35.93 ± 0.00c
39.66 ± 0.31b
70.99 ± 0.00c
11.39 ± 0.00b
52.14 ± 0.00d
36.81 ± 0.00d
9.86 ± 0.31ab
46.01 ± 0.00c
351.87 ± 1.24b
0.66:1b
5.68 ± 0.00c

27.64 ± 0.29b
64.01 ± 0.67c
52.36 ± 0.07a
31.58 ± 0.05d
30.36 ± 0.65cd
543.22 ± 0.22bc
39.32 ± 0.00b
6.27 ± 0.05c
34.10 ± 0.24d
39.99 ± 0.16b
76.08 ± 0.38a
11.73 ± 0.05b
59.80 ± 1.20a
40.01 ± 0.22a
9.76 ± 0.03bc
47.85 ± 0.14b
364.90 ± 2.31a
0.67:1a
5.68 ± 0.00b

21.92 ± 0.06e
66.64 ± 0.16b
46.88 ± 0.31d
34.26 ± 0.10c
32.46 ± 0.38b
540.74 ± 1.70bc
38.50 ± 0.03c
11.81 ± 0.04a
38.35 ± 0.17b
38.60 ± 0.10c
68.00 ± 0.12d
7.89 ± 0.05c
46.19 ± 0.13e
38.06 ± 0.12c
8.39 ± 0.10d
41.51 ± 0.11e
337.30 ± 0.96c
0.62:1c
5.52 ± 0.00f

29.56 ± 0.65a
62.69 ± 1.34c
50.88 ± 0.88b
36.38 ± 0.54a
32.37 ± 0.47b
546.92 ± 12.35ab
39.73 ± 0.59b
9.04 ± 0.06b
35.41 ± 0.35c
39.79 ± 0.73b
73.91 ± 1.45b
13.20 ± 0.17a
55.20 ± 1.21c
38.60 ± 0.69bc
10.13 ± 0.01a
45.97 ± 0.72c
361.00 ± 5.97a
0.66:1b
5.67 ± 0.00d

Concentration − initial concentration in flour
0 − initial concentration in flour

(2)

10,000 rpm and 25 ◦ C for 30 min to separate the pellet and the super
natant. The pellets were weighed and subsequently dried overnight at
105 ◦ C to measure the dry matter content. The water holding capacity
was determined according to Eq. 3. All the measurements were per
formed in triplicate.
(
)
g water
Mwet pellet − Mdry pellet
WHC
=
(3)
Mdry sample
g dry sample

2.2.3. Particle size analysis
The particle size distribution of mung bean, yellow pea, and cowpea
flour and fractions was determined with a Mastersizer 3000 (Malvern
Instrument Ltd., Worcestershire, UK) equipped with a dry dispersion
unit (Aero S, UK). A dispersion pressure of 4 bar was applied and the
volume-weighted particle size distribution was estimated using laser
diffraction (Mie theory). The particle size distribution of each sample
was measured 5 times and was expressed as D [4,3], also known as
volume moment mean.

where M is the weight of the pellets or samples.
2.2.6. Least gelation concentration (LGC)
A low gelation concentration of an ingredient can be beneficial from
both an economic and sustainability point of view. Therefore, the least
gelation concentration (LGC) of the flour and fractions was measured
based on a method by Adebowale and Lawal (2003). Dispersions of 2 w/
w% to 20 w/w% were made with demineralized water in 15 mL tubes.
The dispersions were heated for 1 h in a water bath (TW8, Julabo GmbH,
Seelbach, Germany) at a temperature of 90 ◦ C, rapidly cooled in a bath
of cold water and further cooled for 2 h in a fridge at 4 ◦ C. The LGC was
determined as the concentration when the sample from the inverted
tube did not slip or fall. All the measurements were performed in
triplicate.

2.2.4. Scanning electron microscopy
The mung bean, yellow pea, and cowpea flour and fractions were
visualized using a scanning electron microscope with secondary electron
detection (JCM-7000 NeoScope, JEOL Ltd., Tokyo, Japan). Powder
samples were sputter-coated with a gold layer. Next, the coated samples
were placed into the microscope chamber for observation. The accel
eration voltage was set at 10.0 kV and the magnification used was be
tween 450× and 750×.
2.2.5. Water holding capacity (WHC)
A high water holding capacity of an ingredient is often desirable in
food applications. Water holding capacity of all flours and fractions was
determined following the method described by Geerts, Dekkers, van der
Padt, and van der Goot (2018). For all flours and fractions, a 2% (w/v)
dispersion in demineralised water was agitated overnight in a centrifuge
tube at ambient temperature. The dispersion was then centrifuged
(Syrvall Lynx 4000, Thermo Scientific, Waltham, United States) at

2.2.7. Rheological properties
The rheological properties of the dry fractionated materials were
studied according to a method previously described by Kornet et al.
(2021). The flour and fractions were dissolved in demineralised water at
a concentration of 15 wt% and agitated with a magnetic stirrer at room
temperature for 1 h until all material was dissolved. The rheological
3
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properties of samples were measured with a MCR301 rheometer (Anton
Paar, Graz, Austria) combined with a CC-17 concentric cylinder geom
etry. Two small angle oscillatory shear (SAOS) measurements were
performed: a temperature sweep and a frequency sweep. A temperature
sweep was performed by increasing the temperature from 20 to 95 ◦ C at
a rate of 3 ◦ C/min. Subsequently, the samples were kept at 95 ◦ C for 10
min and cooled back to 20 ◦ C at a rate of 3 ◦ C/min. Next, the formed gels
were subjected to a frequency sweep from 0.01 to 10 Hz (at a strain of
1%). The storage modulus (G’) and loss modulus (G") were recorded
during both measurements. The individual G’ values reported in this
study correspond to the last data point of the temperature sweep. The
loss factor (tan δ) was calculated according to Eq. 4.
G˝
tanδ = ′
G

associated with the starch granules than for yellow pea and cowpea
flour. SEM images of previous research by Zhu et al. (2020) also showed
a strong association of protein/fiber particles to starch granules in mung
bean flour. It is possible, therefore, that separation of protein and starch
through air classification is harder for mung bean than for yellow pea
and cowpea. The use of a higher milling speed can lead to a change in the
degree of association between protein particles and starch granules.
However, at increasingly high milling speeds, the starch granules can be
damaged, hindering again size-based separation by air classification
(Zhu et al., 2020).
3.2. Air classification of legume flours

(4)

After milling of mung bean, yellow pea, and cowpea into flours, the
materials were air classified at three different classifier wheel speeds:
8000, 10,000, and 12,000 rpm. SEM images in Fig. 2 show that all air
classifier wheel speeds yield a good separation into a fine fraction
(protein-rich) and a coarse fraction (starch-rich) for all tested materials.
Small and irregularly shaped protein particles are visible in all fine
fractions, while the coarse fractions mostly contain oval-formed starch
granules. Furthermore, relatively fewer impurities are observed in the
mung bean coarse fractions than in the yellow pea and cowpea coarse
fractions (Fig. 2). Perhaps, mechanical characteristics during milling
lead to relatively more non-starch particles that have a similar size as
starch granules in the yellow pea and cowpea coarse fractions. For all
materials, the fine fraction at 8000 rpm shows some small starch gran
ules, which become fewer when the classifier wheel speed is further
increased. This implies that upon increasing the classifier wheel speed,
the fine, protein-rich fraction is further enriched and the protein content
increases. In fact, increasing the classifier wheel speed decreases the size
of the particles that are selected to pass the classifier wheel. Theoreti
cally, this implies that smaller particles, such as protein, can pass the
classifier wheel, while larger particles, such as starch granules, cannot
pass. The air classification process can be characterised by a cut point,
which is the diameter of the particle that has an equal chance to end up
either in the fine or the coarse fraction (Pelgrom et al., 2013). This result
is complemented by the particle size distribution as measured with the
Mastersizer (Fig. 3). Fig. 3 shows that upon increasing the classifier
wheel speed, the D[4,3] of the fine fraction decreases significantly for all
materials. Similar results were also reported by Pelgrom et al. (2013) for
the average particle size of air classified yellow pea at increasing clas
sifier wheel speeds. Interestingly, the D[4,3] of the flour is highly
dependent on raw material, with cowpea showing a significantly higher
D[4,3] than mung bean and yellow pea. This suggests that cowpea flour
has larger particles on average than mung bean and yellow pea flour.
The SEM images of cowpea flour (Fig. 1C) and cowpea coarse fractions
(Fig. 2) do not contain larger particles than those of mung bean and
yellow pea.

Straight after the SAOS measurements, the analysis was continued
with a large amplitude oscillatory shear (LAOS) measurement. A strain
sweep from 0.1–1000% in 80 logarithmic steps (at a frequency of 1 Hz)
was performed while recording the G’ and G". The end of the linear
viscoelastic regime (LVE) was expressed as the critical strain (γc). The
crossover strain (γG’=G”) was determined as the point where G’ and G"
overlap. Rheological measurements were performed in triplicate.
2.2.8. Statistical analysis
In this study, significant differences between measured values were
determined by ANOVA analysis using a Duncan post hoc test (p ≤ 0.05)
in SPSS software (version 25). It is worth mentioning that all measure
ments were performed at least in triplicate unless stated otherwise.
Then, the mean values and standard deviations (as a measure of error)
were calculated and reported.
3. Results & discussion
3.1. Milling of starch-containing legumes
During milling, the cotyledons of legumes are broken up into starch
granules and protein particles. Fig. 1 shows the SEM images of mung
bean, yellow pea, and cowpea flours obtained after milling. In this
figure, the starch granules from mung bean, yellow pea, and cowpea can
be recognized as elongated, round particles and are shown by the S letter
in these SEM images. The smaller, asymmetrical particles are most
probably protein and fiber particles (indicated as P/F in Fig. 1). Larger
clusters of combined starch granules and protein and/or fiber particles
are visible as cellular material and are shown by CM letters in the SEM
images. Previous research by Möller et al. (2021) showed similar results
for milling of yellow pea and identified the small round particles
adhering to the surface of the starch granules as protein bodies. In mung
bean flour, the smaller protein and/or fiber particles seem to be more

Fig. 1. Scanning electron microscopic pictures of mung bean (A), yellow pea (B), and cowpea flour (C) milled at 4000 rpm. S: starch granule. CM: cellular material.
P/F: protein and/or fiber particles. Scale bars always represent 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
4
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Fig. 2. Scanning Electron Microscope (SEM) images of fine fractions and coarse fractions produced at air classifier wheel speeds of 8000, 10,000, and 12,000 rpm for
mung bean, yellow pea, and cowpea. Magnifications ranging between 450× and 750×, scale bars always represent 50 μm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Composition of flour, fine fraction, and coarse fraction

(Fig. 4A). The protein content of the fine fractions of mung bean, yellow
pea, and cowpea was dependent on the air classifier wheel speed, with a
higher speed increasing their protein content. The differences were
significant between 8000, 10,000, and 12,000 rpm for yellow pea and
cowpea, while the difference was not significant between 10,000 and

The protein content of mung bean, yellow pea, and cowpea flour
significantly increased upon dry fractionation into fine fractions and
significantly decreased upon dry fractionation into coarse fractions
5
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dimensionless protein content was calculated according to Eq. 1 and Eq.
2 and reported in Fig. 4B. Reporting the protein content as a dimen
sionless value helps us to understand the effect of the composition of the
raw material on the potential of dry fractionation. Fig. 4B shows sig
nificant differences between almost all fractions, indicating that the
increase or decrease in protein content differs between material sources.
This proves that there is more than solely the raw material composition
that determines the final composition of the fractions after air classifi
cation. As the starch granule morphologies of mung bean, yellow pea,
and cowpea were found to be similar in SEM images, different starch
morphologies could not be used to explain the difference in protein
content either (Fig. 2). Previous research by Möller et al. (2021) showed
that protein particles were still associated with starch granules after
milling of yellow pea. The attachment or detachment of protein particles
to starch granules could influence the separation ability in air classifi
cation. Mung bean, yellow pea, and cowpea probably have different
associations between protein particles and starch granules, which might
affect the final composition of the fractions after air classification.
Now diving deeper into the proteins themselves, the amino acid
compositions of the flours and fine fractions were analysed (Table 1).
Here, the fine fractions have a different amino acid composition than the
flours. Therefore, it becomes clear that dry fractionation changes the
amino acid composition. However, the differences are subtle, to a level
where they do not significantly affect the ratio of hydrophilic and hy
drophobic amino acids for example. Differences between mung bean,
yellow pea, and cowpea in the ratio of hydrophilic and hydrophobic
amino acids are of importance to mention. Yellow pea had a lower ratio
of hydrophobic:hydrophilic amino acid compared to mung bean and
cowpea, which could change the functional properties, such as water
holding capacity and gelation.
Next to the protein content, the starch content of the dry fractionated
materials was measured (Fig. 5A). Air classification of all three materials
led to significant depletion of starch in the fine fraction and a significant
enrichment of starch in the coarse fraction. Initial differences in starch
content between materials in the flour were reflected in the fine fraction,
and to a lesser extent in the coarse fraction. The starch content of
cowpea is significantly higher than the starch content of mung bean and

Fig. 3. D[4,3] of flour, fine fraction, and coarse fraction of mung bean, yellow
pea and cowpea. Fine and coarse fractions were produced at air classifier wheel
speeds of 8000, 10,000, and 12,000 rpm. Error bars represent standard devia
tion based on 5 measurements. In this figure, means with different letters
represent significant differences (p ≤ 0.001). (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

12,000 for mung bean (p > 0.05). Pelgrom et al. (2013) reported similar
results about dry fractionation of yellow pea and they attributed these
results to fewer particles passing the classifier wheel at higher speeds.
Fig. 4 also shows that mung bean had the highest protein content in the
flour and the fine fractions, whereas cowpea had the lowest protein
content in the flour and the fine fractions. Therefore, the initial differ
ences in protein content between the flour of the different materials are
reflected in the protein content of the fine fractions (Fig. 4A). A

Fig. 4. A) Protein content of the flour, fine and coarse fractions of mung bean, yellow pea, and cowpea at various air classifier wheel speeds. B) Protein content of
fine fraction and, coarse fraction of mung bean, yellow pea, and cowpea at various air classifier speeds expressed as a dimensionless number: fine fraction is reported
as an increase, while coarse fraction is reported as a decrease. Different letters represent significant differences (p ≤ 0.001). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
6

M. Schlangen et al.

Innovative Food Science and Emerging Technologies 78 (2022) 103018

Fig. 5. A) Starch content of the flour, fine fraction and, coarse fraction of mung bean, yellow pea, and cowpea at various air classifier wheel speeds. B) Starch content
of fine fraction and coarse fraction of mung bean, yellow pea, and cowpea at various air classifier speeds expressed as a dimensionless number: fine fraction is
reported as a decrease, while coarse fraction is reported as an increase. Different letters represent significant differences (p ≤ 0.001). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

yellow pea in the flour, fine fraction, and coarse fraction. As starch
granules are larger than protein particles, this result also explains the
higher D[4,3] values for cowpea in comparison to the other raw mate
rials (Fig. 3). Fig. 5A furthermore suggests the presence of starch gran
ules in the cowpea fine fractions at all speeds. SEM images did not show
additional (whole) starch granules in the cowpea fine fractions in
comparison to the mung bean and yellow pea fine fractions. This sug
gests the presence of broken starch granules in the cowpea fine fraction.
Broken starch granules in the initial flour make separation by air clas
sification harder, as previously reported by (Zhu et al., 2020). Fig. 5B
shows that, similar to protein content, starch content of the fine and
coarse fraction is dependent on more than solely flour composition. The
high starch content in cowpea fractions could not be related to the fact
that cowpeas were whole, whereas mung bean and yellow pea were
dehulled. Previous research by (Saldanha do Carmo et al., 2020) showed
that dehulling had no significant impact on protein-enrichment and
functional properties, but did increase the starch-enrichment in coarse
fractions. The starch-enrichment in the coarse fractions of cowpea in this
study was not related to dehulling, as the cowpeas were whole.
Furthermore, it is noticeable that the protein content in both the fine
and the coarse fraction increases upon increasing the air classifier wheel
speed, whereas the opposite is true for the coarse fraction. Pelgrom et al.
(2013) also observed this trend and attributed it to the fact that fewer
particles pass the classifier wheel into the fine fraction, and thus, more
protein particles end up in the coarse fraction. Therefore, the overall
protein content in the coarse fraction increases, which consequently
leads to a decrease in overall starch content.
As the protein content increases upon increasing classifier wheel
speed, the protein yield is known to decrease (Pelgrom et al., 2013; Xing
et al., 2020). The theoretical protein yield in the fine fraction decreases
from 66 to 62 to 59% for mung bean air classified at 8000, 10000, and
12,000 rpm, respectively. For yellow pea (63, 56, 47%) and cowpea (55,
46, 44%) lower protein yields of the fine fraction were found when
increasing the air classifier wheel speed from 8000 to 10,000 to 12,000
rpm, respectively. A balance between protein content and protein yield
is important for future application of dry fractionation in industry, as
well as for environmental reasons. Fig. 4A shows that the protein

Fig. 6. Water holding capacity (g/g) in relation to protein content (g/100 g dry
matter) for flour (□), fine fraction (○) and coarse fraction (Δ) of mung bean
(

),

yellow

pea

(

)

and

cowpea

(
). Capital letters indicate significant differences in protein
content (p ≤ 0.001), small letters indicate significant differences in water
holding capacity (p ≤ 0.001). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

contents of the mung bean fine fractions produced at 10000 and 12,000
rpm are similar and there is not a significant difference (p > 0.05) be
tween them. Because of this, combined with the decreasing yield, we
chose to continue with the fine and coarse fractions produced at an air
classifier wheel speed of 10,000 rpm for all materials.
3.4. Functional properties of fine and coarse fractions
The functionality of the flours, fine fractions, and coarse fractions of
all materials was evaluated based on their water holding capacity
(WHC) and least gelation concentration (LGC). Fig. 6 shows that WHC
depends on the material as well as the type of fraction. The fine fractions
produced from mung bean, yellow pea, and cowpea had a higher WHC
(2.14 ± 0.13, 1.53 ± 0.05 and 2.06 ± 0.04 g/g, respectively) in
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comparison to literature values reported for faba bean concentrate and
pea fine fractions (1.25 and 0.97 g/g, respectively) (; Bühler, Dekkers,
Bruins, & van der Goot, 2020; Saldanha do Carmo et al., 2020). For
mung bean and cowpea, the WHC of the flour and fractions increased
with increasing protein content, showing positive linear correlations of
0.9940 and 0.9683, respectively. This result suggests that protein might
be the dominant component that binds water in mung bean and cowpea.
Contradictory, yellow pea flour and fractions decreased in WHC with
increasing protein content, with a negative linear correlation of 0.7484.
Saldanha do Carmo et al. (2020) also reported that WHC of the coarse
fraction from yellow pea and faba bean is richer than that of the fine
fraction. The WHC results of this study show that at least for mung bean
and cowpea, starch does not play a large role in water holding. This was
expected because native starch granules are considered hard particles
with limited water absorption ability (BeMiller & Whistler, 2009). The
observation that the mung bean and cowpea fine fraction have a higher
WHC than the yellow pea fine fraction may be accounted for by their
difference in the number of hydrophobic amino acids (Table 1). The
yellow pea fine fraction has a significantly lower amount of hydrophobic
amino acids compared to the fine fractions from mung bean and cowpea
(Table 1). However, other factors, like amongst others conformation of
proteins, could also play a role (Ahmed, Al-Ruwaih, Mulla, & Rahman,
2018; Keivaninahr, Gadkari, Zoroufchi Benis, Tulbek, & Ghosh, 2021;
Paredes-Lopez, Ordorica-Falomir, & Olivarez-Vazquez, 1991; Zayas,
1997). Previous research by (Saldanha do Carmo et al., 2020) showed
that WHC of coarse fractions from peas and faba beans slightly improved
when whole instead of dehulled materials were used. They attributed
this difference due to a higher fiber content in the whole materials. As
cowpeas were whole instead of dehulled, an increased WHC of the
coarse fraction is expected.
Similar to WHC, LGC was dependent on both the material as well as
the type of fraction (Fig. 7). A lower LGC is equivalent to less material (in
%) necessary to form a gel and this could thus be advantageous from a
sustainability as well as cost point of view. Fig. 7 shows that mung bean
has the lowest LGC for the flour, fine fraction, and coarse fraction.
Brishti et al. (2017) previously also showed superiority of LGC of mung
bean protein isolate over soy protein isolate. The flour of each material
has an identical LGC to the coarse fraction of that corresponding ma
terial. Furthermore, Fig. 7 clearly shows that the fine fraction has a
lower LGC in comparison to the flour and the coarse fraction. Given the
higher protein content in the fine fraction, it can be hypothesized that
protein is superior in gel formation in comparison to other components
such as starch. Previous research by Chinma, Ariahu, and Abu (2013)

showed that a combination of protein and starch led to a lower LGC than
starch alone. They suggested that the composition, as well as the
interaction between the components, influenced the gelling properties.
3.5. Gelation behaviour
The gelation behaviour of the flour, fine fraction, and coarse fraction
of all materials was studied during and after thermal treatment using
rheology. Fig. 8 shows, an abrupt increase in the G’ and G" of the flour
and coarse fractions is observed around 70 ◦ C and the fine fractions at
around a range of 75–95 ◦ C. The steep increase in G’ and G" observed in
the flour and the coarse fraction of all materials is expected to emerge
from water absorption and swelling of the starch granules, as the flour
and coarse fraction are high in starch. Similar conclusions were reported
by (Kornet et al., 2021). Onset gelatinization temperature of legume
starches is on average between 58 and 72 ◦ C (Hoover, Li, Hynes, &
Senanayake, 1997; Huang et al., 2007; Ratnayake, Hoover, & Warken
tin, 2002; Singh, Nakaura, Inouchi, & Nishinari, 2008). The increase in
G’ and G" observed in the fine fraction is most likely caused by protein
denaturation, since protein is the major constituent in the fine fractions.
This is supported by previous studies on the denaturation temperature of
mung bean globulins and pea globulins and the transition temperature
of cowpea flour that all fall within the range of 78–83 ◦ C (Henshaw,
Mcwatters, Akingbala, & Chinnan, 2003; Mession, Sok, Assifaoui, &
Saurel, 2013; Tang & Sun, 2010). Table 2 shows that the final G’ values
of the fine fraction of mung bean, yellow pea, and cowpea after thermal
treatment (12,248 ± 1138, 3988 ± 547, and 9729 ± 1419 Pa, respec
tively) are found to be significantly higher than the G’ values of pea
protein concentrate produced by aqueous fractionation (G’ = 1174 ±
185 Pa) (Kornet et al., 2021). This shows the rich functionality of
protein-rich fractions produced by dry fractionation in comparison to
more traditional methods of fractionation such as aqueous fractionation.
The G’ values of the fine fractions of mung bean, yellow pea, and cowpea
are significantly higher than the flour and coarse fractions. This is in line
with previous research by Aguilera and Rojas (1996) who found that
gels containing higher levels of protein developed a higher G’ than gels
containing higher levels of starch. Even though the composition of the
fine fractions from mung bean, yellow pea, and cowpea is relatively
similar, the G’ values after thermal treatment differ greatly. This implies
that gelation behaviour is not only related to the composition of the
material, but also to protein characteristics, amongst others amino acid
composition (Table 1) (Paredes-Lopez et al., 1991; Zayas, 1997). Pro
teins that contain more hydrophobic amino acids, for example, tend to
establish a stronger gel network (Zayas, 1997). This might suggest that
the materials with a higher G’ value after thermal treatment, such as the
mung bean fine fraction, fit applications where a strong gel network is
preferred, such as meat analogues or gelled dairy alternatives (Kyr
iakopoulou, Keppler, van der Goot, & Boom, 2021). Materials with a
lower G’ value after thermal treatment, such as the yellow pea fine
fraction, might be more suitable for applications where gel network
formation is less important, such as plant-based milks (Kyriakopoulou
et al., 2021).
After thermal treatment, the flour, fine fraction, and coarse fraction
from mung bean, yellow pea, and cowpea display solid-like behaviour,
as it was found that G’ > G”. The ratio between G’ and G", also called the
loss factor tan δ, indicates the strength of the solid. As previously
described by (Steffe, 1992), tan δ < 1 indicates a material that is a solid,
where a strong solid is considered when tan δ < < 1. As the tan δ values
of the flour and coarse fractions are smaller than the tan δ value of the
fine fraction, we can say that the flour and coarse fractions form more
solid-like gels than the fine fractions for mung bean, yellow pea, and
cowpea (Table 2).
Differences between material sources are also visible (Fig. 8 and
Table 2). The fine fraction of mung bean has a significantly higher G’
value than those of yellow pea and cowpea. This might be related to the
protein content of mung bean which is also significantly higher in

Fig. 7. Least gelation concentration (%) of mung bean, yellow pea, and
cowpea, flour, fine fraction and coarse fraction. Standard deviation is 0 for all
samples. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 8. Temperature sweeps (20–95 ◦ C, f = 1 Hz, •γ = 1%) of mung bean, yellow pea, and cowpea flour, fine fraction and coarse fractions at 15 w/w% dispersions. G’:
dark colours, G": light colours. Temperature: solid grey line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
Table 2
Average storage modulus (G’), loss factors (tan δ), critical strains (γc) and crossover strains (γG’=G”) of the gelled flour, fine fraction and coarse fractions from mung
bean, yellow pea, and cowpea. The storage modulus and loss factor correspond with the values of the last data point from the temperature sweeps and the critical and
crossover strains are determined from the strain sweeps. Different letters represent significant differences within rows (p ≤ 0.001).
Rheological
parameters

Mung bean
Flour

Fine fraction

Coarse
fraction

Flour

Fine
fraction

Coarse
fraction

Flour

Fine fraction

Coarse
fraction

G’ (Pa)

727 ± 292e

467 ± 243e

338 ± 24e

0.08 ± 0.00c

γc (%)

3.65 ±
0.85bcd
215 ± 0bcd

3.16 ± 0.00cd

7.87 ± 1.84a

9729 ±
1419b
0.15 ±
0.00ab
2.15 ± 0.00d

215 ± 0bcd

332 ± 126bc

0.14 ±
0.01b
4.87 ±
1.84bc
248 ± 58bcd

2386 ±
865d
0.13 ±
0.01b
3.16 ±
0.00cd
365 ± 85ab

901 ± 204e

0.10 ± 0.01c

3988 ±
547c
0.17 ±
0.00a
2.15 ±
0.00d
192 ± 39cd

277 ± 95e

Tan δ

12,248 ±
1138a
0.17 ± 0.00a

100 ± 0d

487 ± 184a

γG’=G” (%)

Yellow pea

comparison to yellow pea and cowpea (Fig. 4). This explanation does not
hold for the G’ difference between the fine fraction of yellow pea and
cowpea, where cowpea has a significantly higher G’ value than yellow
pea even though its protein content is significantly lower (Fig. 4).
Therefore, protein characteristics, such as degree of hydrophobicity,
could play a role. The ratio of hydrophobic:hydrophilic amino acids is
lower for the yellow pea fine fraction than for the cowpea fine fraction
for example (Table 1). During heating, proteins denature and hydro
phobic patches are exposed, which on its turn improves the gel network
structure formation and G’ values (Lamsal, Jung, & Johnson, 2007;
Malik & Saini, 2017; Zayas, 1997).
After thermal treatment, the linear viscoelastic regime (LVR) was

Cowpea

0.10 ± 0.03c
5.36 ± 1.25b
316 ± 0bc

0.13 ± 0.00b
2.82 ± 0.58d

studied by a strain sweep at constant frequency and constant tempera
ture (Fig. 9). Within the LVR, G’ was always higher than G", indicating
solid-like behaviour. The end of the linear viscoelastic regime was
expressed as the strain at the first data point that deviated 5% or more
from the linear part, or γc. After the critical strain, the material becomes
progressively more fluid-like, disrupting the initial structured network.
A longer LVR, and, therefore, a higher critical strain (γc), indicates a
network that is better able to withstand deformation. Overall, the fine
fraction of each source had a shorter LVR than the flour and the coarse
fraction (Table 2). Thus, starch-rich materials form a network that is
better able to withstand deformation in comparison to protein-rich
materials. The mung bean coarse fraction had the longest LVR with a
9
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Fig. 9. Strain sweeps (20 ◦ C, f = 1 Hz) of mung bean (green), yellow pea (yellow), and cowpea (blue) of flour, fine fraction and coarse fraction. G’: dark colours/
closed symbols, G": light colours/open symbols. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

critical strain value of 7.87%.
Fig. 9 shows that the G’ and G" in the linear part of the fine fractions
in the strain sweeps were around one magnitude higher than the G’ and
G" in the linear part of the flour and coarse fractions for mung bean,
yellow pea, and cowpea. Furthermore, all fractions from all materials
showed a crossover point from solid-like behaviour to liquid-like
behaviour during the strain sweep, also expressed as γG’=G” (Fig. 9,
Table 2). Coarse fractions showed crossover points at higher strain levels
in comparison to the flours and fine fractions (Table 2). One could
interpret this as the flour and fine fractions starting to flow at smaller
deformations in comparison to the coarse fractions.

differences in functionality between flours, fine fractions, and coarse
fractions are most likely related to differences in composition. Func
tional differences between fine fractions from mung bean, yellow pea,
and cowpea can be explained by differences in protein characteristics
rather than protein content. Dry fractionation of mung bean, yellow pea,
and cowpea was shown to be a successful method to obtain protein-rich
ingredients with functional properties that match those necessary for
incorporation in plant-based food products.
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4. Conclusion
Fine (protein-rich) fractions and coarse (starch-rich) fractions were
produced by air classification from mung bean, yellow pea, and cowpea
flours. Air classifier wheel speed could be used to tailor the composition
of the fine and coarse fractions. Mung bean yielded fine fractions with
significantly higher protein contents than yellow pea and cowpea. Water
holding capacity correlated positively with protein content for mung
bean and cowpea, whereas it correlated negatively with protein content
for yellow pea. As the composition of the material sources is more or less
comparable, this result suggests that the difference might be related to
protein characteristics. The fine fractions of each source formed gels
with the highest G’ value after thermal treatment, whereas the flour and
coarse fractions formed more solid-like gels that were able to withstand
larger deformations (<tan δ and > critical strain). To conclude,
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