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Coarse (Cp) and Fine (Fp) fractions were obtained by dry fractionation (air classification) of raw micronized flour
(RM) of kabuli chickpea, green pea, yellow and red lentil. Pea showed the highest phytate content in RM and Cg.
Stachyose was the main oligosaccharide in lentils, exceeding 50 mg g !, whereas raffinose (39.9 mg g~ 1) was
abundant in chickpea. Antinutritional factors were significantly enriched in Fg, whereas decreased in Cg. Total-
reflection X-ray fluorescence identified potassium as the main macronutrient in pulses. Ca was highly variable,
ranging from 0.92 to 0.28 g kg~! in pea and yellow lentil, respectively. A significant shift of minerals was
observed in Ff, but despite the highest phytate content, phytate:Zn ratio of lentils was lower than RM, indicating

that Zn was enriched more than phytates. Yellow lentil and pea Fr showed a protein content higher than 55 g
100g L. Dry fractionation significantly affected the physicochemical properties, indicating different potential use

of fractions.

1. Introduction

Pulses (grain legumes) are the edible seeds of a group of legume crops
such as chickpea (Cicer arietinum L.), pea (Pisum sativum L.) and lentil
(Lens culinaris Medik.). Pulses demand is rising in developed countries,
due to the increased consciousness of health risks associated with the
excessive consumption of animal-based protein sources (Daryanto et al.,
2015). However, pulses consumption is hampered by their long cooking
and preparation time, that does not meet the modern habits of con-
sumers. Several strategies have been proposed to increase the con-
sumption of pulses, such as the incorporation of their flours in daily
consumed food such as bakery products (Pasqualone et al., 2019) and
pasta (Hooper et al., 2019). Moreover, the development of pulse-based
meat analogues (Osen et al., 2014) also satisfies the demand for meat
substitutes.

Other approaches to increase the consumption of pulses involve the
use of innovative pulse-derived ingredients such as starch, protein (Sozer
etal., 2017), exploitable for novel food preparation. Most of the proteins
used as ingredients by the food industry are animal-based and derive
especially from bovine milk, such as whey protein or casein (Ozturk and
McClements, 2016). However, the substitution of these products by more
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sustainable and healthier vegetable alternatives is widely encouraged
(Kristensen et al., 2016).

This scenario explains the growing interest in pulse proteins, which
can be used as a functional ingredient to enhance the nutritional and
technological value of food. The majority of pulse-derived proteins
available on the market are conventionally obtained by a wet extraction
(Schutyser et al., 2015), involving flour dispersion in water at pH 9 to
solubilize proteins. Proteins are then precipitated reaching the
iso-electric point (pH 4.5-4.8). The pH is neutralized, and the protein
isolate is dried, providing a protein concentration of 75-90 g 100 g~ .
The drawback of this process consists in the use of a considerable
quantity of water and chemicals. Moreover, it involves high energy
consumption, especially for the drying stage (Schutyser et al., 2015).

A sustainable alternative to wet extraction is the dry fractionation.
This technology starts with a fine milling step (micronization), which is a
crucial step to obtain the optimal reduction of particle size and the
disentanglement of starch granules (20-30 pm) and protein bodies (<10
pm), without damaging starch. It is reported that the fracturing
happening in the impact mill are caused mainly by the weaknesses
existing in the cell tissue, whereas jet milling is a more intense technol-
ogy which can easily produce damaged starch or too fine particles
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(Pelgrom et al., 2013). Moreover, the milling process needs to be cali-
brated on the basis of the raw material used for air classification (e.g.
starch-rich or oil-rich legumes) (Pelgrom et al., 2014; Schutyser et al.,
2015). The two components can be then separated on the basis of both
density and size by air classification (Schutyser et al., 2015). The flour is
fed in a cyclone and separated into two fractions by using a calibrated air
flow. The fine fraction is rich in proteins (>50 g 100 g~!) whereas the
coarse fraction is composed of more than 70 g 100 g~! of starch (Li et al.,
2019). Dry fractionation has been studied in the past (Tyler et al., 1981),
however it received renewed interest in recent years from the scientific
community. Despite this, the studies currently present in literature are
limited and focused especially on pea (Pelgrom et al., 2013; Rempel
et al., 2019; Wang and Maximiuk, 2019), with few studies regarding
other pulse species such as chickpea, bean and lentil (Pelgrom et al.,
2015). These researches focused primarily on the mechanism of protein
separation, with very little information regarding other chemical aspects
such as the antinutritional factors and the macro and micronutrients
composition. has not been comprehensively investigated, in spite of their
well-recognized importance for human nutrition (Ray et al., 2014).
Moreover, the physicochemical and functional properties of the
air-classified fractions were poorly examined, although they are funda-
mental to determine the potentiality of each fraction for different pur-
poses in the food industry.

Therefore, in this paper we investigated the hypothesis that the
antinutritional factors, macro and micronutrient composition together
with the microstructure and the starch morphology, are influenced by
dry fractionation and by the type of pulses, showing different charac-
teristics in the coarse and fine fractions.

2. Materials and methods
2.1. Dry fractionation process

Dry fractionated coarse fraction (Cg) and fine fraction (Fg) from raw
micronized (RM) flour of dehulled kabuli chickpea (Cicer arietinum L.)
(KC), green pea (Pisum sativum L.) (GP), yellow (YL) and red (RL) lentils
(Lens culinaris Medik.) were produced by a plant of Separ Micro System
sas (Flero, Brescia, Italy). The micronization process has been performed
twice in a KMX-300 micronizer equipped with a rotor operating at a
peripheral speed of 157 m s~1. The operating principles of the micronizer
have been described by Laudadio et al. (2013). The disentanglement of
starch and protein bodies was due to the mechanical impact against
stator and rotor serrated surfaces and by turbulent multiple impact be-
tween particles. The resulting flours were then air classified in a SX-100
apparatus, consisting in a turbo-separator and in a cyclone. The air flow is
driven by an aspirating pump modulated by an inlet restriction-valve set
to 270 in order to obtain the Cg (collected in the turbo-separator) and Fg
fraction (collected in the cyclone). The mean percentage of Fg recovered
were 26.9, 21.5, 22.9 and 18.8 for RL, YL, GP, KC respectively. The mean
protein separation efficiency (PSE) was calculated as reported in Eq. (1).

PSE = Prr % MFF/PRM (1)

where Pgr is the protein content of the fine fraction, Mg is the mass of the
fine fraction, Pry is the protein content of the micronized flours. PSE of
the Fr was 46.5 for both RL and YL, 53.5 and 34.7 for GP and KC
respectively.

The dry fractionation process was performed in duplicate and the
samples were stored at -18 °C until the analysis.

2.2. Determination of antinutritional factors

Total phytate content was measured spectrophotometrically accord-
ing to the method previously described in Summo et al. (2019a). The
analysis was carried out in triplicate. Oligosaccharides (verbascose, sta-
chyose, raffinose and sucrose) were determined by high-performance
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liquid chromatography (HPLC) (Agilent Technologies, Santa Clara,
USA), equipped with Refractive Index Detector (RID 1260), as previously
reported in Flamminii et al. (2019) with few modifications. Ten mg of
flour were dispersed in 5 mL of deionized water, stirred for 5 min and
filtered through 0.22 pm cellulose acetate filters. The HPLC separation
was carried out isocratically at a 0.8 mL min~! flow rate through a 300 x
7.8 mm cation exchange column (Rezex RCM column, ca’*, 8 pm, Tor-
rance, CA) maintained at 80 °C. Deionized water was used as mobile
phase. The identification was carried out comparing the retention time
with that of the corresponding standard (Merck KGaA, Darmstadt, Ger-
many). A calibration curve for each oligosaccharide was prepared for the
quantification. The analysis was carried out in triplicate.

2.3. Determination of mineral composition

The mineral composition of the pulses fractions was studied using
total-reflection X-ray fluorescence (TXRF) spectroscopy, according to
Allegretta et al. (2019). For the analysis, 100 mg of sample were trans-
ferred in a 12 mL polypropylene tube. Then, 5 mL of a 1% Triton X-100
solution (Merck KGaA, Darmstadt, Germany) were added and the sample
was suspended by manual shaking. The suspension was then vortexed for
5 min and finally further treated in an ultrasonic bath for 15 min. Ten pL
of a 1000 g L' Ga (Gallium) standard solution were added as internal
standard and the suspension was vortexed again for 5 min. At the end, 10
pL of suspension were transferred to the center of a quartz sample carrier
with a micropipette and left to dry at 50 °C on a heating plate. The an-
alyses were performed using an S2Picofox (Bruker Nano GmbH, Ger-
many) TXRF spectrometer equipped with a Mo source (50 kV, 600 pA)
and an SDD of 30 mm?. For the analysis a live time of 1000 s was set.
Analyses were carried out in triplicate.

The molar ratios of phytate to iron and zinc were calculated as the
moles of phytate divided by the moles of iron or zinc.

2.4. Scanning electron microscopy

The morphology of the grains of each fraction was studied using a
field emission gun scanning electron microscope (FEG-SEM) Zeiss Xigma
300 VP (Zeiss Oberkochen, Germany). Micrographs were acquired with a
secondary electron detector (SE) using an accelerating voltage of 10-15
kV and a working distance of 3 mm. For the analysis an aluminum stub
was covered with a carbon disk. Then, each pulse fraction was deposited
over the carbon disk. Before the FEG-SEM analysis, all the samples were
carbon coated. Three representative SE micrographs for each sample
were further processed by ImagelJ software (National Institutes of Health,
Bethesda, USA) in order to measure the starch granules diameter. The
analysis was carried out in duplicate.

2.5. Chemical composition

Protein (total nitrogen x 6.25), ash and moisture contents were
determined according to the AOAC methods 979.09, 923.03, and 925.10
respectively (AOAC, 2006). The analyses were carried out in triplicate.

2.6. Determination of the physicochemical and functional properties

Bulk density (BD), water absorption index (WAI), water solubility
index (WSI), water absorption capacity (WAC) and oil absorption ca-
pacity (OAC) of flours were determined according to the procedures re-
ported by Summo et al. (2019a).

2.7. Statistical analysis

All the experimental data were subjected to one-way ANOVA followed
by the Tukey's HSD test, considering separately the variable type of pulse
(in the same fraction) and fraction (in the four types) as independent
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variables. Significant differences among the data were determined atp <
0.05 by the XLStat software (Addinsoft SARL, New York, NY, USA).

3. Results and discussion
3.1. Antinutritional factors

The contents of total phytates, stachyose, verbascose, raffinose, and
sucrose are reported in Table 1. Pea RM had a total phytate content
significantly higher than the other pulses, with mean value of 8.7 mg g ™.
The same behavior was observed in the Cp, whereas for the Fg, yellow
lentil and pea showed the highest phytates concentration. The lowest
phytate content, instead, was displayed by the red lentil Fg. A previous
study reported no significant differences for phytates among green pea,
kabuli chickpea, yellow and red lentils (Shi et al., 2018), although the
same authors reported higher values compared to our findings. However,
differences in phytate content can be attributed also to different agro-
nomical practices and environmental conditions. Considering the
changes occurring during dry fractionation, the statistical analysis
highlighted significant differences for total phytate content in Cg and Fg,
with respect to the RM. In particular, a significant decrease of phytates in
Cr of all the pulses under investigation was observed, whereas the Fg
were characterized by the highest phytates content. Phytates and phytic
acid are the main sources of phosphorous in the seeds and they are
strongly associated with protein bodies in the cotyledons (Coulibaly
et al., 2011), therefore the protein concentration by dry fractionation
inevitably affects the phytates content. Furthermore, a positive and sig-
nificant correlation between total phytates (Table 1) and P content
(Table 2) was observed (R = 0.955). Phytates act in the gastrointestinal
tract binding Fe, Zn, and Ca, leading to a reduction of their bioavailability
(Wang and Daun, 2004). Therefore, the higher phytate content of Fg
should be carefully considered in view of further uses in food processing.

Verbascose was only detected in green pea, and it accounted for 36.74
mg g~ ! in the raw material. Stachyose was the main oligosaccharide in
lentils, with a content exceeding 50 mg g~', whereas the main oligo-
saccharide detected in chickpea was raffinose (39.88 mg g~ 1), which was
as low as 8.18 mg g~ in pea. Small but significant differences were found
for sucrose, which ranged between 24.5 mg g~! in yellow lentil and
31.62 mg g~ ! in red lentil. The sugar composition of pulses is strongly
related to genotype (Martinez-Villaluenga et al., 2008), therefore
significantly varied among the species. Stachyose is one of the most
abundant a-galactosides in chickpea, lentil (Pedrosa et al., 2012) and pea
(Wang and Daun, 2004). Similarly to phytates, also sugars were affected
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by dry fractionation, showing a significantly lower content of verbascose,
stachyose, raffinose and sucrose in Cg compared to RM, with only few
exceptions. Chickpea Cg, indeed, showed stachyose and raffinose con-
tents similar to the RM flour. A similar behavior was observed for raffi-
nose in green pea and sucrose in yellow lentil. Furthermore, Fr was
always characterized by the highest contents of sucrose and a-galacto-
sides. The same trend was previously reported by other authors (Wang
and Maximiuk, 2019) and these results should be considered in relation
to further utilization of dry-fractionated ingredients in the food industry,
paying particular attention to the protein concentrates (Fp).

A controversy exists regarding the o-galactosides, also known as
‘raffinose family oligosaccharides’. They are usually considered as anti-
nutrients, or non-nutritive factors, owing to their ability to cause flatu-
lence (Wang and Daun, 2004), which contributes to lower the acceptance
of pulses. However, the flatulence-causing activity is actually due to
fermentation by the colon microbiota (Martinez-Villaluenga et al., 2008).
Therefore, a-galactosides have a prebiotic activity, being able to promote
the growth of Lactobacillus and Bifidobacterium (Martinez-Villaluenga
et al., 2008). The optimal conditions for dry fractionation of different
pulses can be identified by using an approach of experimental design. In
this respect, Wang and Maximiuk (2019) reported optimal processing
conditions in terms of air flow and speed of the classifier wheel to obtain
the best compromise between yield, protein/starch content and anti-
nutritional factors for field peas. Moreover, these issues raise the need of
further processing the protein concentrates produced by dry fraction-
ation - e.g. by fermentation (Xing et al., 2020) or thermal treatments
such as extrusion cooking or microwave heating (Pasqualone et al.,
2020), to reduce phytates, a-galactosides and the other antinutrients
usually contained in legumes (i.e lectins, tannins, trypsin inhibitor)
before being used in food. Lectins of legumes are considered as anti-
nutritional factors, but recently some potential health benefits (Lagar-
da-Diaz et al., 2017) have led to a re-evaluation of these compounds.

3.2. Mineral composition

To investigate the mineral nutrients present in the different fractions,
the elemental concentrations were determined by TXRF. Several mac-
ronutrients were detected, in particular P, S, Cl, K and Ca (Table 2),
together with micronutrients, i.e. Mn, Fe, Ni, Cu, Ze, and Se (Table 3).
Moreover, three non-essential elements (Br, Rb, Sr) were identified. Both
macro and micronutrient composition significantly varied among the
pulses with some exceptions. Potassium was the most abundant element
in pulse flours, with the highest content in green pea, which also showed

Table 1. Mean value, standard deviation and results of statistical analysis one-way ANOVA of the total phytates and sugars contents (expressed as mg g+ of dry matter)
of the four of the pulses flours before (RM) and after separation by dry fractionation in coarse (Cr) and fine (Fg) fractions. Red Lentil (RL), Yellow Lentil (YL), Green Pea

(GP), Kabuli Chickpea (KC).

Total Phytates Verbascose Stachyose Raffinose Sucrose

RM RL 6.43 +0.51° B n.d. 56.51 + 0.69% B 21.18 + 0.00° ® 31.62 + 0.77° A
YL 7.39 + 0.04° B nd. 51.02 + 0.48° B 15.02 + 0.99° B 24.5 + 1.5 B
GP 87 +1.1*8 36.74 + 0.61° 36.5+1.7°8 8.18 +0.419° 27.6 +1.7°° A
KC 6.78 +0.02° B nd. 31.38 + 2,624 B 39.9 +21%° 29.6 +2.12®

Cr RL 5.19 + 0.02° ¢ nd. 45.74 + 0.77 € 18.39 + 0.47° € 28.73 + 0.63% ®
YL 5.06 + 0.18" ¢ nd. 34.9 +2.3°¢ 11.77 + 0.58 € 23.64 + 0.22° B
GP 6.86 + 0.55 € 28.26 + 0.46° 28.1 +£2.9°€ 7.76 +0.019 B 12.84 + 0.769 ®
KC 5.32 + 0.55" ¢ n.d. 30.1 + 2.3b°® 41.9 4+ 1.42AB 18.6 +1.7¢ €

Fr RL 8.72 +0.31°4A nd. 73.3 + 3.7°0 A 24.77 +0.23> A 29.8 + 1.5 B
YL 14.06 + 0.19° 4 nd. 87.5 + 4.9° A 25.61 + 0.63" A 317 £1.6°4
GP 13.95 + 0.022 A 59.5 + 2.9 55.9 + 4.0° 4 10.34 + 0.74° 2 26.36 + 0.77° A
KC 12.11 + 0.06° A nd. 61.0 + 8.1 A 46.5 +3.4°A 473 +3.6°4

Lowercase letters mean significant differences among different types of pulse within the same fraction (p < 0.05). Uppercase letters mean significant differences among

the fractions within the same type of pulse (p < 0.05).
n.d. = Not detected.
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Table 2. Mean value, standard deviation and results of statistical analysis one-way ANOVA of macronutrients (expressed as g kg~! of dry matter) of the pulses flours
before (RM) and after separation by dry fractionation in coarse (Cg) and fine (Fg) fractions. Red Lentil (RL), Yellow Lentil (YL), Green Pea (GP), Kabuli Chickpea (KC).

P S Cl K Ca

RM RL 3.53 +0.10° B 2.01 + 0.08%° B 0.60 =+ 0.04° B 9.23 + 0.55¢ B 0.53 + 0.17° A8
YL 3.85 +0.61° B 1.79 + 0.20° B 0.65 + 0.04°® 10.7 + 1.6* 8 0.28 + 0.06° B
GP 6.01 + 0.28 B 2.62 + 0.03* B 0.89 + 0.04° A 15.67 + 0.49* ® 0.92 +0.122 8
KC 3.58 +0.21° B 2.08 + 0.42%° B 1.18 +£0.13* A 11.93 + 0.53"® 0.64 + 0.05%" ®

c: RL 3.02 +0.24% € 1.79 + 0.06" € 0.78 + 0.04° * 9.31 + 0.46 B 0.34 +0.01°B
YL 3.19 + 0.06% B 1.54 + 0.02°® 0.69 + 0.04° B 9.33 +0.46% B 0.22 + 0.009 ®
GP 3.41 + 0.05% € 1.44 +0.01°€ 0.79 + 0.04° B 9.77 + 0.40% € 0.55 + 0.05" ¢
KC 2.81 + 0.20° ¢ 2.07 +0.132 B 1.14 +£0.10% A 9.60 + 0.64% € 0.70 + 0.04* B

Fr RL 6.94 + 0.22¢A 3.88 + 0.09° A 0.56 + 0.01° ® 12.53 + 0.13°# 0.76 + 0.01¢ 4
YL 9.52 + 0.60% & 4.92 +0.28" 4 1.15 + 0.19% A 19.93 + 0.92° 4 0.74 + 0.02° 4
GP 10.33 + 0.227 4 4.81 +0.01°4 0.52 +0.01° ¢ 22.42 + 0.29° A 1.20 + 0.032 A
KC 8.39 + 0.27° A 5.42 + 0.08* A 1.21 + 0.05° A 20.62 + 0.43° A 1.01 £ 0.01°4

Lowercase letters mean significant differences among the different types of pulse within the same fraction (p < 0.05). Uppercase letters mean significant differences
among the fractions within the same type of pulse (p < 0.05).

Table 3. Mean value, standard deviation and results of statistical analysis one-way ANOVA of micronutrients (expressed as mg kg~ ! of dry matter), the phytate:Fe and
phytate:Zn ratios of the pulses flours before (RM) and after separation by dry fractionation in coarse (Cg) and fine (Fg) fractions. Red Lentil (RL), Yellow Lentil (YL),
Green Pea (GP), Kabuli Chickpea (KC).

Mn Fe Ni Cu Zn Br Rb Sr Se Phytate:Fe Phytate:Zn
Ratio Ratio
RM RL 11.30 + 0.95> P 54.9 + 6.7° ® 3.44 + 0.06* ® 8.97 £ 0.31°® 369+ 1.1°% 331 +£0.28°® 4.24 +0.76°* 0.31 +0.02¢€ n.d. 10.0 £ 1.2°4 17.3 + 0.8°4
YL 9.1 +1.5°8 46.7 + 4.1°P 285+ 0.91°% 6.73 + 0.95°® 285+ 45°% 527 +0.29°F 85+1.4°%  1.48+0.06"4 0.39+0.12° 134+ 1.3°4 26.1 +4.5°4

GP 13.15 + 0.31°® 56.1 +2.3% % 2.32 + 0.04* ® 11.45 + 0.18%® 47.22 + 0.90* ® 4.290 + 0.02"* 18.61 +0.422® 0.97 + 0.17°® n.d. 131+ 1.0°% 182+ 1.5% 8

KC 19.07 + 0.34*® 47.44+ 417" 0.88 + 0.26"® 8.7 + 1.5" B 320+6.0°% 11.98+0.772% 6.08 £ 0.71°® 244 +0.31°® n.d. 122+ 1.1% 8 21.5 + 4.3%4
Cr RL 880+053°C 45+11%% 289+0.27°€7.24+071°¢ 292+20°C¢ 3.92+0.08" 475+019°4 1.28 +0.05°* n.d. 10.7 £2.6°4 183+ 1.74
YL 6.83 +0.24°%  49.2 +2.9%® 2,06 + 0.09°® 532 + 0.17°®  22.39 +0.24"® 5.44 + 0.39’® 7.60 + 0.52°® 1.48 + 0.07°* 0.24 +0.02° 8.7+ 0.8°% 224+ 044
GP 5.86 + 0.38°C  20.3 +3.8°¢ 1.25+0.22°C 583 +0.29°¢ 23.91 + 0.40" ¢ 4.65 + 0.39"* 11.62 +0.272€ 0.37 £ 0.11°® n.d. 20.0 £ 1.5%4 28.4 +1.24
KC 14.74 + 0.69* ¢ 52.0 + 3.2%® 0.56 + 0.149 % 7.98 + 0.222®  31.92 +0.94*® 11.71 + 0.55% A 4.50 + 0.37°¢ 3.14 + 0.26° ¢ n.d. 87+07°¢ 165+134
Fr RL 21.99 + 0.46°" 82.6 + 5.2~ 5.46 + 0.03** 17.04 + 0.49°* 67.6 + 1.7°A 2.80 +£ 0.12°¢ 5.03 +0.12°A 0.67 + 0.10°® n.d. 63+06"% 89+1.0°F

6.85 +0.73 4 13.44 +0.86" * 1.73 £ 0.73" * 1.00 + 0.09" 14.5 + 0.9°4 17.6 + 0.4"°
2.54 +0.08°® 24.03 +0.21%A 2.96 + 0.99%° * n.d.

YL 28.33 + 0.96°# 82,5+ 5.0°* 556 + 0.21°» 18.58 + 0.62° * 79.2 +1.8% 4
GP 23.00 + 0.12°A 83.1 +2.3% " 3.89 + 0.26" A 18.90 + 0.22* A 68.2 + 2.4 4

KC 35.63 + 0.46*» 69.5 + 1.2° A 2.20 & 0.11°* 18.01 + 0.25%" * 66.23 + 0.60° * 10.60 + 0.37° * 12.36 + 0.47° * 3.91 + 0.13** n.d.

142 +0.4°% 203 +0.7*B
14.8 £ 0.2°4 18.1+02°4

Lowercase letters mean significant differences among the different types of pulse within the same fraction (p < 0.05). Uppercase letters mean significant differences

among the fractions within the same type of pulse (p < 0.05).

the highest P and S contents. Ca was highly variable among pulses of
different types, ranging from 0.92 g kg™! in green pea to 0.28 g kg™! in
yellow lentil. Previous studies confirm that pea contains more Ca than
other pulses, such as chickpea or lentil (Ray et al., 2014). Chlorine
showed the highest content in chickpea.

Considering micronutrients (Table 3), pea showed the highest content
of Cu and Zn, whereas no significant differences were observed among
the other types of pulses. Iron did not show significant differences among
pulses. Finally, Se was detected only in yellow lentil. Regarding Fg,
chickpea showed the lowest content of Fe but the highest content of Mn,
whereas yellow lentil showed the highest Zn content. Furthermore, a
noticeable high content of Se in yellow lentil Fg was observed, which
make it suitable for supplementation in Se-deficient individuals (dos Reis
et al., 2017). Dry fractionation by air classification caused consistent
changes in the mineral elements’ concentrations, leading to a significant
shif of both macro and micronutrients in the fine fraction. Simulta-
neously, we observed a general lower content of macro and micro-
nutrients in Cp. To the best of our knowledge, the effect of air
classification on the macro and micronutrients composition has been
poorly investigated. Tecklenburg et al. (1984) studied just a few ele-
ments, reporting an increase of minerals in the fine fraction of
dry-fractionated bean flour, which were significantly and positively

correlated with phytates, suggesting the presence of metal-phytates
complexes. Both macro and micro elements have several biological
functions in humans and their absorption from vegetable sources is
strongly related to the phytate content (Wang and Daun, 2004). In order
to estimate the dietary bioavailability of minerals, the molar ratio be-
tween phytates and Zn or Fe should be considered. When this ratio is
above 15 for zinc and above 1 for iron, the bioavailability of these
micronutrients is inhibited (Ma et al., 2007), however the amount of
protein can improve their absorption (Lonnerdal, 2000). In our case, the
molar ratios phytate:Fe and phytate:Zn were little influenced by both
pulse type and dry fractionation process. In RM we found small but sig-
nificant differences, with the lowest phytate:Fe and phytate:Zn ratios in
red lentil. Phytate:Fe ratio was highly variable in the Cg, ranging from 8.7
(yellow lentil and chickpea) to 20.0 in green pea, which was also char-
acterized by the highest phytate:Zn. In Fg, despite the highest phytate
content, the ratios remained nearly constant with no significant differ-
ences compared to the RM. Phytate:Zn ratios of yellow and red lentils
were significantly lower than those of RM, indicating that Zn was
enriched in Fr more than phytates. However, despite these values, the
highest protein content of the Fg could lead to an improvement of the zinc
absorption (Lonnerdal, 2000). These findings should be considered in
case of preparation of food supplements using Fr.
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3.3. Starch morphology, protein and ash contents

Scanning electron (SE) micrographs (Figure 1) show the microstruc-
ture of the raw materials (RM), the coarse (Cg) and fine (Fg) fractions. In
the RM, it is possible to observe a homogeneous mix of starch granules
and protein fragments, generated by the milling process which caused a
consistent disentanglement of the protein bodies from the starch

b
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Mag= 100KX Timo 131024 - Time 135047
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EHT=1000KY. Dato:19 4 2019
Time 115731
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Figure 1. SE Micrographs of the pulses flours before (RM) and after separation
by dry fractionation in coarse (Cp) and fine (Fg) fractions. Red Lentil (RL),
Yellow Lentil (YL), Green Pea (GP), Kabuli Chickpea (KC).
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granules. In particular, the protein bodies consist of small bright frag-
ments adhering to the surface of starch granules (Rempel et al., 2019). Cg
are all characterized by the predominant presence of large and spherical
starch granules, together with few macro-complexes of starch embedded
in the protein matrix. Dry fractionation caused the accumulation of these
complexes in the Cp, being of similar dimension and weight of the starch
granules. Differently from other pulses, the chickpea Cr was character-
ized also by the presence of starch aggregates and this could be explained
by the higher lipid content of chickpea, compared to other pulses (Pel-
grom et al., 2015). Fg consisted largely of protein bodies with rare re-
sidual starch granules, which likely migrated in the fraction during dry
fractionation.

In order to better understand the separation process during dry
fractionation, the mean diameter of the starch granules was measured by
analyzing the SE micrographs (Table 4). The starch granules diameter
varied significantly among the different pulse types as previously re-
ported by Chung et al. (2008). In particular, among the RM, pea flour
showed the largest starch granules, with a mean diameter of 25.4 pm.
The dimension of starch granules, the physical and chemical character-
istics of the raw materials (i.e. seed hardness, particle density, lipid
content), and the intensity of the milling step are significant factors
affecting the air classification process in terms of yield and protein
shifting (Pelgrom et al., 2015), because the key factor of the process
consists in the efficiency of the disentanglement of starch from proteins.
In particular, the larger starch granules are more easily separated from
the protein bodies compared to the smaller ones (Schutyser et al., 2015).

The differences found in the RM are less evident in Cg. Indeed, only
the chickpea Cr showed significantly smaller starch granules compared to
the other pulses. Finally, in Fg significantly smaller starch granules were
found for yellow lentil and chickpea compared to pea and red lentil. In
general, larger starch granules were found in the Cr compared to RM, in
all the pulses investigated. On the contrary, in Fg a smaller starch granule
size was observed. Overall, dry fractionation allowed separation of larger
starch granules of homogeneous size in the Cg.

As shown in Fg micrographs (Figure 1), some small and/or damaged
starch granules of various sizes were identified together with protein
bodies. This is because dry fractionation does not allow a complete
separation of starch and protein in Cr and Fg respectively (Van der Goot
et al., 2016).

The starch morphology and dimension can help to explain the data
regarding the protein content (Table 4). The RM showed a protein con-
tent with slight but still significant differences among the considered
pulses. In particular, the protein content was significantly higher in red
lentil than in chickpea and pea, but it was statistically similar to yellow
lentil.

As shown in Table 4, Cg contained a protein residue ranging from 18.2
g 100g ! in pea, to 21.53 g 100g ! in red lentil, showing the same trend
observed for the RM. As for the Fg, the highest protein content was in
yellow lentil and pea, with mean values higher than 55 g 100g7},
whereas chickpea displayed the lowest protein content. As reported by
previous studies, compared to other pulses such as pea, chickpea flour
has not the optimal characteristics for protein separation due to the
presence of small starch granules (Pelgrom et al., 2015). Therefore,
chickpea needs a more intense milling process to increase the protein
separation (Pelgrom et al., 2015). The authors used an impact mill, based
on a similar technology of the equipment used in this study, obtaining
therefore similar protein separation in the chickpea fine fraction (Pel-
grom et al., 2015). In our study, we used the same set-up of milling and
air classification for all pulse types, in order to understand how different
pulses behave under the same processing conditions. Despite the lower
performances of chickpea during dry fractionation, it is important to
study and work on this species because it is the second most produced
pulse worldwide (FAO, 2018), receiving large attention from the scien-
tific community (Summo et al., 2019b). Furthermore, for some food
applications, such as a protein fortification or amino acid compensation,
also a protein content lower than 50 g 100g™! as found in chickpea could
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Table 4. Mean value, standard deviation and results of statistical analysis one-way ANOVA of the mean starch granules diameter (um), protein and ash contents
(expressed as g 100g ! of dry matter) of the pulses flours before (RM) and after separation by dry fractionation in coarse (Cg) and fine (Fg) fractions. Red Lentil (RL),

Yellow Lentil (YL), Green Pea (GP), Kabuli Chickpea (KC).

Starch granules diameter (pm)

Protein (g 100g™ d.m.) Ash (g 100g™ d.m.)

RM RL 19.5 + 4.1° B (n = 28)*
YL 20.7 + 3.9° B (n = 23)
GP 25.4 + 4.0°A (n = 28)
KC 16.6 + 2.8°® (n = 23)

Cr RL 23.9 + 4.22 A (n = 30)
YL 24.3 + 4.22 A (n = 33)
GP 23.6 + 4.4° A (n = 36)
KC 19.8 +2.0° A (n = 25)

Fr RL 15.7 + 3.5 ¢ (n = 26)
YL 10.9 +2.3° ¢ (n = 12)
GP 15.9 + 6.5 (n = 9)
KC 11.0 £ 3.1° ¢ (n = 18)

28.65 + 0.24% © 2.57 +0.12° B
26.42 + 0.28%° B 2.70 + 0.01%" B
24.00 + 0.84° B 2.96 + 0.012 B
25.0 + 1.5" P 2.65 + 0.27% B
21.53 + 0.10% € 2.02 +0.132 €
19.45 + 0.62" © 2.25 +0.18% €
182 +1.2¢€ 2.28 + 0.05% €
20.46 + 0.20%° € 2.11 + 0.032 €
49.41 +0.20° A 4.20 + 0.11¢4
57.2 £1.284 5.59 + 0.18%° A
56.08 + 0.01% A 5.91 + 0.05* A
46.5 + 1.4°4 5.35 + 0.13°#

Lowercase letters mean significant differences among different types of pulse within the same fraction (p < 0.05). Uppercase letters mean significant differences among

different fractions within the same type of pulse (p < 0.05).
* In brackets the number of starch granules used for the length measurement.

be sufficient (Van der Goot et al., 2016). Moreover, also the Cg obtained
by dry fractionation can be a valuable ingredient due to both starch and
protein contents, which make it suitable for some food application such
as pasta and other cereal-based products (Giuberti and Gallo, 2018).

In the RM, we found significantly different ash content between pea
and red lentils, the latter showing the lowest level. No significant dif-
ferences were observed among the ash content of the four types of pulses
in the Cp, whereas pea showed higher ash content than chickpea and red
lentil in Fg. According to the macro and micronutrients analysis, the ef-
fect of dry fractionation on ash content (total mineral compounds) was
significant, and in Cr we observed the lowest ash content, whereas all the
pulses showed significantly higher ash content in Fg than both the RM
and the Cg. More specifically, Fr was characterized by an ash content
approximately double that of RM, with mean values reaching 5.91 g 100
g~ ! in the case of pea. Considering the yield of the fractions, the data are
consistent with the composition of the raw materials and are further
confirmed by the elemental analysis. The shift of ash content in the fine
fraction was previously reported by other authors (Rempel et al., 2019).

3.4. Physicochemical and functional properties

Table 5 reports the physicochemical and functional properties of RM
and the respective fractions obtained by dry fractionation. Bulk density

(BD) is the mass per occupied volume and it is expressed as g mL ™. As for
RM, red lentil displayed the highest BD, indicating a denser flour,
whereas a significantly lower BD was found in chickpea. We observed a
significant variation of BD moving to Cr and Fg. In particular, Cr was
characterized by a higher BD compared to RM for all types of pulses,
whereas Fr showed the lowest values of BD. This was mainly due to the
different particle size of the fractions, as described in a previous study
(Drakos et al., 2017). As stated above, indeed Fg was composed of smaller
particles, i.e. protein bodies and small starch granules, which make this
fraction less dense than the Cg, mainly composed of large starch granules.
BD plays an important role for food formulation, especially in weaning
foods (Summo et al., 2019b), with low values required to obtain an
adequate texture. Hence, in view of highlighting the best end-use of the
fractions, Fg could help obtaining adequate texture while improving the
protein content of food products.

Water absorption index (WAI) concerns the physical state of starch
granules and its swelling capacity, indicating the volume occupied by the
starch after being put in hot water (Du et al., 2014). Water solubility
index (WSI) is highly related to WAI and quantifies the percentage of
soluble solids that persist in the aqueous phase after the heating process.
Generally, the higher WAI, the lower WSI. Regarding RM, red lentil and
chickpea showed WALI values significantly higher than yellow lentil and
green pea. Therefore, the same pulses showed also the lowest WSI, with

Table 5. Mean value, standard deviation and results of statistical analysis one-way ANOVA of the physicochemical and functional properties of the pulses flours before
(RM) and after separation by dry fractionation in coarse (Cg) and fine (Fr) fractions. Red Lentil (RL), Yellow Lentil (YL), Green Pea (GP), Kabuli Chickpea (KC).

Bulk Density (g ml™') ~ Water Absorption Index ~ Water Solubility Index (%)

Water Absorption Capacity (g water g * flour) ~ Oil Absorption Capacity (g oil g~* flour)

RM RL 073 +0.01%3 4.61 + 0.482 2 14.23 + 2.03° 8
YL 0.69 +0.02° B 3.72 +0.02° B 21.06 + 0.37° B
GP  0.70 + 0.02° 3.89 +0.12° B 18.58 + 0.05" ®
KC 0.63+0.01¢® 4.44 + 0.05* B 14.28 + 0.55°®
C; RL 0.95+0.034 448 £0.02°4 13.31 +0.17° B
YL 0.88 +0.022 4 3.94 +£0.17°4 14.70 + 0.47° €
GP 0.84 +0.01°4 4.70 + 0.09* & 12.71 £ 0.31¢€
KC 0.65 + 0.00¢4 4.65 + 0.01%° » 11.19 + 0.09¢ €
Fr  RL 054 +0.01%€ 3.83 +0.05" B 21.38 + 0.23°4
YL 0.48 +0.01° ¢ 3.98 + 0.05* A 27.30 + 0.72° A
GP  0.47 +0.01% ¢ 3.98 +0.02* B 25.01 + 0.28° A
KC 0.46 4+ 0.02¢ € 3.48 +£0.01° ¢ 27.11 + 0.15% 4

0.93 +0.01° 4 0.32 +0.02° 8
0.91 +0.04° 2 0.31 +0.03" B
0.99 + 0.04* A 0.35 + 0.00%° A8
0.88 +0.01" & 0.38 +0.03* B
0.90 + 0.02¢ AB 0.16 + 0.00° €
0.91 +0.01¢4 0.18 +0.02° €
1.07 + 0.03* A 0.20 + 0.01° ®
1.01 +0.03° A 0.35 +0.01 ¢
0.89 + 0.032 & 0.45 + 0.022
0.75 + 0.03" ® 0.50 + 0.01* A
0.76 + 0.06" ® 0.51 +0.28* A
0.42 +0.04° € 0.53 +0.01* A

Lowercase letters mean significant differences among the different types of pulse within the same fraction (p < 0.05). Uppercase letters mean significant differences

among the fractions within the same type of pulse (p < 0.05).
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values lower than 15 %, whereas green pea and particularly yellow lentil
showed significantly higher WSI values. WAI and WSI of the chickpea RM
were in accordance with our previous work, in which we attributed these
values to a low content of damaged starch (Summo et al., 2019b). Other
studies carried out on different pulse species reported slightly higher WAI
and WSI for whole lentil flour (Du et al., 2014), and comparable WAI and
WSI for pea flour (Maninder et al., 2007). Owing to their close rela-
tionship with the starch characteristics, WAI and WSI are interesting
parameters specially to explain the quality of the Cp. In our study,
chickpea Cy was characterized by the lowest WSI and a high WAL
highlighting that this fraction had good gelation properties. Slight but
significant differences were found for Fg, with yellow lentil and pea
having the highest WAL, whereas red lentil showed the lowest WSI,
suggesting a lower presence of damaged starch.

Analyzing the changes induced by dry fractionation, it possible to
highlight an increase of WAI in Cr, and a reduction of this index in F. At
the same time, WSI showed the lowest value in Cg and the highest in Fg,
compared to RM. These results point out that less damaged starch
granules, with better gelling capacity, are more concentrated in Cp
compared to Fg. In the latter, indeed, the presence of small fragments of
starch was observed in SE micrographs. Li et al. (2019) evaluated the
damaged starch level of starch-rich fractions obtained by dry fraction-
ation, reporting a content of 1.9-3.4 %. Moreover, Pelgrom et al. (2013)
observed a content of damaged starch in the fine fraction higher than
2.3%, which was strongly dependent on the milling technology.

The water absorption capacity (WAC) indicates the amount of water
that can be bound by a gram of flour. Considering RM, green pea
showed the highest WAC, whereas no significant differences were
found among the other types of pulses. As for C, red and yellow lentils
showed a WAC of 0.90 and 0.91 g water g~ ! respectively, significantly
lower than chickpea and pea Cr (the latter showing the highest WAC).
Chickpea Fy, instead, showed very low WAC compared to the other
species.

In general, the pulses investigated showed WAC values lower than
those reported in previous studies (Du et al., 2014; Maninder et al., 2007;
Summo et al., 2019b). This can be explained by the lower content of total
dietary fiber of these flours, due to dehulling carried out before milling
and air classification. The effect of dry fractionation on WAC was not
significant moving from RM to Cg, with the only exception of chickpea
Cg, which showed a higher WAC than RM. At the same time, a significant
decrease of WAC in the Fg was observed, compared to both RM and Cg,
probably related to the lower presence of starch. Other authors, indeed,
correlated WAC to the presence of polysaccharides and other hydrophilic
constituents (Maninder et al., 2007; Du et al., 2014). Overall, the trend
observed for WAC is confirmed by a previous study carried out by do
Carmo et al. (2020). Moreover, the dry fractionation process can be
adapted to produce fractions with properties suited to particular appli-
cations. For example, do Carmo et al. (2020) reported an increase of
water holding capacity when the raw materials were not dehulled,
probably because of the higher content of dietary fibers in the resulting
fractions. WAC is an important index to be considered for food formu-
lation, due to its technological interest. WAC indeed plays a relevant role
in bakery products, helping to improve the texture and preserving the
shelf life of products (Foschia et al., 2017). In this perspective, Cg could
be used in these foods, whereas Fr could be used for protein comple-
mentation and/or fortification. In particular, Gomez et al. (2012) re-
ported the use of dry fractionated pea flours in sponge cakes and
highlighted the potentially of the starch-rich fraction to be used to sub-
stitute up to 50% of wheat flour. By contrast, the use of a rice-derived fine
fraction in gluten-free bread was responsible of low specific volume,
probably related to an excessively fine particle size of the fraction (Park
et al., 2014). Moreover, Xing et al. (2020) prepared a sourdough from
chickpea air-classified fractions and suggested a possible utilization as
fortifying ingredient in bread and other fermented foods, also because
lactic acid bacteria grow well in both starch and protein rich fractions,
due to a higher availability of nutrients (Coda et al., 2015). With this
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regard, fermented bakery products can be a very promising application
for the air-classified fractions, but more research need to be carried out in
order to identify the better strategies to exploit such ingredients.

Oil absorption capacity (OAC) indicates the weight of oil retained by
a gram of flour. In RM we observed an OAC comprised between 0.31 and
0.38 g oil g flour for yellow lentil and chickpea, respectively. Also in
Cr, chickpea showed the highest OAC, whereas we found the lowest OAC
in red lentil. No significant differences were recognized within the Fg.
Observing the influence of dry fractionation, Cr showed a significant
decrease of OAC, which instead was significantly higher in Fg, with mean
values near 0.50 g oil g~!. This trend was previously reported by other
authors (do Carmo et al., 2020). OAC is principally associated to capillary
interactions which help the absorption and retention of oil in the matrix
(Du et al., 2014). Moreover, in a previous study a positive and significant
correlation between protein content and OAC was reported (Summo
et al., 2019b). This observation could steadily explain the higher values
found for Fg. The obtained results point out a possible utilization of Fg in
different types of foods, such as bakery goods (Foschia et al., 2017) or
meat systems, where is required a good incorporation of oil in order to
support flavor and texture (Summo et al., 2019b).

4. Conclusions

This research highlights that dry fractionation of micronized pulse
flours (RM) had a significant effect on the chemical, nutritional and
physicochemical properties of the resulting coarse (Cg) and fine (Fg)
fractions. These properties are also influenced by the type of pulses. RM
and Cp of pea showed the highest phytate content, whereas Fg of red lentil
displayed the lowest content. Stachyose was the main oligosaccharide in
lentils, exceeding 50 mg g~!, whereas chickpea showed the highest
raffinose content. Both phytates and oligosaccharides were significantly
enriched in the Fr produced by dry fractionation, while they decreased in
Cr.

TXRF analysis identified potassium as the main macronutrient in
pulses. Furthermore, we found a high Ca variability among the types of
pulses, ranging from 0.92 to 0.28 g kg~! in pea and yellow lentil,
respectively. Dry fractionation caused a significant shifting of minerals in
Fr. However, despite the highest phytate content of Fg, phytate:Zn ratios
of yellow and red lentils were lower than RM, indicating that Zn was
enriched in Fg more than phytates. Yellow lentil and pea showed good
attitude to dry fractionation as demonstrated by the high protein content
(higher than 55 g 100g™!) found in Fy.

Dry fractionation significantly affected also the physicochemical and
functional properties, highlighting a lower bulk density in Fg together
with values of WAI and WSI which suggest the higher presence of
damaged starch in this fraction. Cg showed high WAC, particularly
relevant in pea, whereas Fp was characterized by the highest OAC,
without significant differences among the pulses considered.

In summary, these results represent a step forward for the exploitation
of dry fractionated flours of pulses, providing information on their
nutritional and functional properties.
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