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ABSTRACT

Faba beans are emerging as a promising alternative protein source for bakeries, snacks, cereals and ready-to-eat foods. The
quality and consistency of such products depend strongly on the processing behaviour of their flours, including handling, stor-
age, mixing and extrusion performance, all of which are governed by flour flow and structural characteristics. However, there
is currently a lack of information on the structural and flow properties of thermally treated faba bean flours. This study aims to
understand the influence of dry and steam-heating temperature (70°C-100°C for 15-45min) on the physical, structural and flow-
ability properties of faba bean flours. Moisture content consistently decreased with high drying temperatures and longer dura-
tion for dry heating and vice versa for steam treatment. Dry-treated samples exhibited reduced particle size (Dsy=14.5-18.9 um),
contributing to enhanced grindability but also increased cohesiveness. Fourier-transform infrared (FTIR) analysis revealed con-
formational changes in protein and starch domains, confirming that heating mode and moisture jointly influence molecular
structure and powder behaviour. Flow indices (ff,) classified dry-heated flours as cohesive to very cohesive (ff,=1.61-2.91),
whereas steam-treated samples, particularly at 70°C for 15min, were easy flowing (ff,=4.24). Principal component analysis
explained 70.78% of the variance, distinguishing treatments based on moisture and flow attributes. These findings demonstrate
that controlled thermal pretreatments can be used to tailor faba bean flour handling properties, facilitating their use in food
manufacturing processes such as flour conveying, blending and hydration-based applications where powder flow and stability
are critical.

1 | Introduction phenolic compounds and other bioactive substances known for

their potential health benefits, including neuroprotective, an-

Faba beans, a cool-seasonal crop from the Fabaceae family, are
cultivated for both human and animal consumption (Chavez-
Murillo et al. 2018). Whole faba beans typically contain nutrients
such as protein, fat, carbohydrates, fiber and essential vitamins
and minerals (Badjona et al. 2023). Due to their nutritional
richness and functional properties, faba beans are increasingly
studied and utilized in various food applications such as bever-
ages, sausages and meat substitutes, serving as an alternative to
conventional ingredients such as casein, whey and wheat pro-
tein (Badjona 2024). Faba bean seeds also contain flavonoids,

ticancer, antioxidant, hypocholesterolemic and antimicrobial
properties (Ashraf et al. 2020; Badjona 2024).

While milling beans into flour can shorten cooking time com-
pared to whole beans, it may still not align with consumer pref-
erences for rapid preparation of high-quality foods. A potential
approach to address this limitation is the pretreatment of whole
seeds through thermal processing before milling, thereby en-
hancing their functionality as food ingredients. The prepara-
tion of prethermally treated bean flour primarily involves two
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key processing steps: heating followed by milling. Heating
methods are generally classified into moist-heat and dry-heat
treatments. Moist-heat processing utilizes water, liquid or
steam to transfer heat to the food matrix, whereas dry-heat
treatment applies unsaturated hot air in the absence of mois-
ture. It has been suggested that beans subjected to moist-heat
treatment promote the gelatinization process, during which
starch granules within the cotyledon cells absorb water and
undergo expansion (Ovando-Martinez et al. 2011; Rovalino-
Cordova et al. 2019). The subsequent processing step is mill-
ing, primarily aimed at reducing particle size. This reduction
in particle size increases the total surface area, which has been
associated with enhanced functional properties and improved
digestibility (Byars et al. 2021; Rovalino-Cérdova et al. 2019).
Various physical properties are known to affect the behaviour
of bulk flours (Schulze 2021). In general, an increase in parti-
cle size enhances powder flowability due to the reduced con-
tact area between particles (Teunou et al. 1999). Additionally,
the physicochemical constituents of flours play a crucial role
in flow behaviour; for instance, fat content tends to increase
cohesiveness, moisture promotes liquid bridge formation and
capillary forces between particles, and higher protein levels
can reduce flowability due to increased cohesiveness (Barone
et al. 2019; Fitzpatrick et al. 2007). Plant protein-rich ingredi-
ents are commonly processed, transported and marketed in
powder form (Badjona et al. 2025; Choe et al. 2022). Therefore,
understanding their bulk handling properties is essential for
various reasons, including preventing pipeline blockages and
irregular flow, efficient powder mixing, optimizing packag-
ing and ensuring desirable quality attributes for consumer
applications. Given the growing interest in novel plant-based
protein ingredients, further research is needed to better un-
derstand their processing and handling characteristics.

Despite growing attention to faba bean flour functionality,
little is known about how controlled thermal pretreatments
influence flow and molecular structure, which are critical for
industrial processing. Existing literature provides insights
into the flow properties of other flour types, such as soybean
(Lee and Yoon 2015), quinoa flour and rice flour (Alonso-
Miravalles et al. 2020). Thus, the objective of this study was
to evaluate and establish the relationship between the phys-
ical, structural and flow properties of thermally treated faba
bean flour influenced by processing conditions. Therefore, the
present study seeks to investigate the impact of dry and steam-
heating conditions (temperature and time) on moisture profile
and particle size distribution of faba bean flours. Additionally,
structural changes induced by the thermal treatment were as-
sessed with FTIR spectroscopy. Evaluation of flow behaviour
through powder flowability metric was used and the applica-
tion of multivariate statistical analysis for elucidation of the
relationship between thermal processing and bulk powder
properties was compared.

2 | Materials and Method
2.1 | Materials

Faba bean seeds were purchased from Whole Foods Earth
(Kent, UK).

2.2 | Dehulling the Faba Bean Seeds

Faba bean seeds were dehulled by mechanically cracking whole
seeds using a laboratory blender (Kenwood Blender, UK) oper-
ated at low speed (approximately 2000 rpm) for 30s, followed by
manual separation of the loosened seed coats from the cotyle-
dons. The dehulled seeds were subsequently used to produce
raw, steam-heated and dry-heated bean flour.

2.3 | Steam-Injection Processing (SF)

Two hundred grams of dehulled faba bean seeds were placed in
a Retigo rotary O1011igPLUS oven (United Kingdom) and sub-
jected to steam-assisted heating, where humidified air was in-
troduced to maintain chamber temperatures of 70°C, 80°C and
100°C for 15, 30 and 45 min, respectively, for each temperature.
Following thermal treatment, the samples were cooled to room
temperature.

2.4 | Dry-Heat Processing (DF)

Two hundred grams of dehulled faba bean seeds were heated in
an oven at temperatures of 75°C, 80°C, 85°C, and 90°C for 15,
30, and 45 min, respectively.

2.5 | Milling

Raw, dry-heated and steam-treated faba bean seeds were milled
into flour using a vibratory disc mill (Retsch 200, Germany) set
at 1200rpm for 60s.

2.6 | Physicochemical Properties of Raw Faba
Bean Flour

The proximate composition of the raw faba bean flour used in
this study was analysed in triplicate. Nitrogen content was de-
termined using an Elementar Dumas system (Elemental, UK
Ltd) with a conversion factor of Nx6.25 to estimate protein
content. Fat content was measured through Soxhlet extraction
using petroleum ether as the solvent. Moisture content was de-
termined by drying the samples at 105°C, while ash content was
quantified after incineration at 550°C. Carbohydrate content
was estimated using the difference method (Horwitz 2006).

The condensed tannin was determined according to the
method described by Price et al. (1980) and (Bento et al. 2021).
A standard curve of (0-30mg/mL) was used for quantifica-
tion and the concentration of condensed tannins was cal-
culated and expressed in mg CE/g. Water holding capacity
(WHC) and oil holding capacity (OHC) were assessed by
mixing 1g of flour with 10 mL of distilled water or sunflower
oil, followed by vortexing for 30 min. The mixtures were then
centrifuged at 3000rpm for 30 min. WHC and OHC were ex-
pressed as grams of water or oil absorbed per gram of flour
(Chandra et al. 2015). The colour properties of the flour were
evaluated using a colorimeter (CR-400, Minolta, Japan), mea-
suring lightness (L¥), redness (a*) and yellowness (b*). The
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instrument was calibrated against a standard white tile prior
to measurements (Cappa et al. 2025).

2.7 | Moisture Profile Analysis

The moisture content of the treated samples was determined in
replicates using an infrared moisture analyzer MB120 (OHAUS
Europe, Switzerland).

2.8 | Particle size distribution

Particle size distribution of milled flours was analysed using a
Mastersizer 3000 laser diffraction analyzer (Malvern, UK) with
a dry sampling system (Olakanmi et al. 2024). Measurements
were conducted under nonspherical sample analysis conditions,
with a refractive index of 1.53, an absorption index of 0.001 and
a background measurement time of 10s. Sample measurement
lasted 155, with an obscuration range of 0.1%-6%, air pressure
at 4bar and a feed rate of 30%. Each replicate used approxi-
mately 0.2 g of sample. Reported parameters included span, Dy
and D ..

2.9 | Fourier-transform infrared (FTIR)
spectroscopy

Infrared spectra were collected in triplicate for all samples
using attenuated total reflectance FTIR spectroscopy (ATR-
FTIR) (CA, USA) within a wavenumber range of 4000-650cm ™!
(Cappa et al. 2025). Each spectrum was recorded with 32 scans
at a resolution of 4cm™!. Additionally, the spectral analysis of
raw and heat treated faba bean samples focused on the protein
regions, using a wavenumber range of 1200-1900cm™.

2.10 | Powder Flowability

The flow properties of the flour samples were assessed using
a powder flow tester (PFT 610, Brookfield Engineering Labs,
UK). Data acquisition was performed following the standard
procedure using Powder Flow Pro V1.3 software (Padhi and
Dwivedi 2022). A maximum applied stress of ~15kPa was used
for all measurements.

2.11 | Statistical data analysis

Each treatment condition was conducted in triplicate (n=3)
using independent batches of thermally treated faba bean seeds
prepared under identical processing conditions and mixed. The
data generated was analysed using origin and excel software.
Unless otherwise stated, results are expressed as mean +stan-
dard deviation from triplicate analysis. Prior to multivariate
analysis, all quantitative variables (e.g., moisture content, par-
ticle size parameters, flow indices and FTIR band intensities)
were normalized. Principal component analysis (PCA) was
then performed on the normalized dataset to identify major
sources of variance and visualize treatment-related groupings.
Hierarchical cluster analysis (HCA) was conducted using the

Ward's linkage method with Euclidean distance as the simi-
larity measure to classify samples based on spectral and phys-
icochemical similarities. The resulting dendrograms and score
plots were generated using OriginPro 2019 (OriginLab, USA).

The statistical significance of the differences between the con-
trol and treated samples was assessed using One-way Analysis
of Variance (ANOVA), followed by Tukey's HSD post hoc test.
All analyses were performed using OriginPro 2019. Differences
were considered statistically significant at p <0.05.

3 | Results and Discussion

3.1 | Physicochemical Properties of the Dehulled
Faba Bean Flour

The physicochemical properties of the dehulled faba bean
flour used in this study are presented in Table 1. The moisture
content was 10.35%, comparable to values reported by Mattila
et al. (2018), but slightly higher than those noted by Millar
et al. (2019), likely due to differences in seed variety, cultivation
and postharvest storage. The flour had an ash content of 3.03%,
aligningwith Millar et al. (2019), and a fat content of 1.15%, which
falls within the range reported by Mattila et al. (2018). Protein
content was 29.09%, consistent with Nosworthy et al. (2018), but
lower than values reported by Mattila et al. (2018) and higher
than those by Millar et al. (2019). Carbohydrate content was
56.38%. Condensed tannins and total phenolics were 0.14mg
CE/gand 57.80mg GAE/100g, respectively, both lower than val-
ues reported for other varieties (De Angelis et al. 2021). Colour
measurements yielded L¥* a* and b* values of 91.78, 6.17, and
2.82, respectively. The OHC and WHC were 0.74 and 1.13 g/g.

TABLE 1 | Physicochemical and functional properties of raw faba
bean flour used in the present study.

Constituent Faba bean flour
Moisture content (%) 10.35+0.19
Protein (%) 29.09+0.03
Dry matter (%) 89.65+0.19
Ash (%) 3.03+0.02
Fat (%) 1.15+0.15
Carbohydrate (%) 56.38+0.03
Energy (kJ/100g) 352.23+0.07
Condensed tannins (mg CE/g) 0.14+0.01
Total phenolic content (mg GA/100g) 57.80+0.21
OHC (g/g) 0.74+0.01
WHC (g/g) 1.13+0.08
Colour parameters L*=91.78 +0.86
a*=6.17+0.86
b*=2.82+0.20

Note: Data presented as means values = SD (n=3). L* Lightness; a* Red-green
axis; b* Yellow-blue axis.
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3.2 | Moisture Profile

The initial moisture content (MC) of the untreated faba bean
flour was 10.35% + 0.192. Moisture content is an important in-
dicator that influences the stability, flowability, handling be-
haviour and stability of food materials (Thamarsha et al. 2024).
As shown in Table 2 and Figure 1, dry-heated (DF) samples
consistently exhibited lower moisture contents (7.01%-9.53%),
while steam-treated (SF) samples showed markedly higher
moisture levels (10.73%-15.59%). All DF flours resulted in a
statistically significant decrease in MC compared to the raw
flour (p <0.05). This is a result of convective moisture evap-
oration, where the high-temperature, low-humidity envi-
ronment provides a strong thermodynamic driving force for
the diffusion of water vapor out of the faba bean matrix. The
MC consistently decreased with increased treatment severity
(temperature and time), with the lowest final MC recorded
at 7.01%+0.21% (DF90°C;45min). Within the DF group,
samples with the same superscript, such as DF75°C, 15min
(9.53% +0.118") and DF75°C, 30 min (9.48% =+ 0.028™) were not
statistically different.

Conversely, all SF flours exhibited a statistically significant in-
crease in moisture content compared to the raw flour, due to the
direct mass transfer of water vapor into the faba bean matrix.
The steam environment ensures the particle surface is saturated,
leading to condensation and absorption. This process results in
the highest recorded moisture values, such as 15.59% + 0.69%(S-
F70°C,45min), which was statistically significantly higher than
all other treatments, including the raw flour. This difference
in final moisture content between the high-moisture content
SF group and the low-moisture content DF group is the funda-
mental driver for the contrasting physical and flow properties
observed. A similar observation was made by Choe et al. (2022)
upon thermally treating bean flours.

3.3 | Particle Size Distribution

Particle size distribution is a critical parameter influencing the
functional properties of flours, including hydration character-
istics, flow and handling behaviour, rheology and pasting be-
haviour (Islam et al. 2024). The particle size distribution of raw
and thermally treated faba beans flours for 30 min is present in
Figure 2 and as shown in Table 2. In this work, the values of
span, D 5, Dy 5 and span are reported in Table 2. The Dy,
representing the volumetric median diameter, is commonly
used as an indicator of powder cohesiveness (Zhang et al. 2012).
As indicated in Table 2, both processing conditions contributed
to the difference in part in particle size parameters (span, D,
and D50,3). For example, raw faba bean showed a D,, ., value

10,3
of 14.50um, a D, , of 35.30um and a span value of 9.56. The
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FIGURE 1 | Moisture content of raw, dry-heated (DF) and steam-
injected (SF) faba bean flours over treatment time.

TABLE 2 | Physical properties of dry-heated and steam-injected faba bean seeds. Dry-heated (DF) and steam-injected (SF) faba bean flours.

Sample treatment Moisture content (%) Dry matter (%) Span Dyy; (wm) Dy, (nm)
Raw bean 10.35+0.19% 89.65+0.19 9.56+0.0320 14.5+0.25° 35.3+0.682
DF 75°C;15min 9.53+0.11¢h 90.47+0.11 11.01+3.132 12.7+0.97° 40.10+3.75
DF 75°C;30 min 9.48 +0.028h 90.52+0.02 8.40+3.992b 9.86+0.07¢ 27.40%0.85°
DF 75°C;45min 9.33+0.20" 90.67+0.20 8.57 +1.442b 4.58+0.05° 24.10+0.32b¢
DF 80°C;15min 9.35+0.11" 90.65+0.11 6.58 +0.4420¢ 4.30+0.172 27.60 +0.60°
DF 80°C;30min 9.18 +0.24M 90.82+0.24 7.57 +£0.202b¢ 3.55+0.05 27.40+0.35°
DF 80°C;45min 8.4+0.06 91.60+0.06 9.84 +0.462 4.58 +0.40° 35.30 +6.322
DF 85°C;15min 7.77 £0.10 92.23+0.10 8.63 +0.4220 3.12+0.12f 21.20+0.25%
DF 85°C;30min 7.53+0.10 92.47+0.10 9.49 +1.432b 2.4240.05¢h 18.70 0.40¢°d¢
DF 85°C;45min 7.33+0.38% 92.67+0.38 9.49+0.25%° 2.4240.03¢h 18.70 +0.23¢de
DF 90°C;15min 7.84+0.15K 92.16+0.15 3.06+0.08¢ 1.65+0.05M 16.40 +0.64%
DF 90°C;30min 7.84+0.15K 92.35+0.15 3.05+0.07° 1.45+0.01 14.50+0.15¢
DF 90°C;45min 7.01+£0.21% 92.99+0.21 5.76 +0.30%° 2.1340.04M 18.90 +0.15¢de

Note: Dy, ,(um) = particle size below which 50% of sample volume is found.

Note: Span = measurement of the width of the distribution calculated as: (D90’37D10,3)/D50,3.
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FIGURE 2 | Cumulative mass distribution Q, as a function of parti-
cle size for untreated faba bean flour, and dry-heated faba bean flours at
different temperatures for 30 min. Dry-heated (DF) and steam-injected
(SF) faba bean flours.

thermal treatments resulted in statistically significant changes
in particle size parameters across all samples compared to the
raw faba bean flour. Dy, ; initially increased to 40.10+3.75
um (DF75°C;15min), which was statistically similar to the raw
flour. This initial change may be attributed to the hardening
and densification of the particles due to moisture loss (low MC),
promoting the formation of hard agglomerates during milling
that resist fracture. However, at prolonged treatment times (e.g.,
DF75C;45min), the D, , decreased to 24.10+0.32°¢ um, which
was statistically smaller than the raw flour. This suggests that
prolonged dry heating caused sufficient structural modification
to make the seeds more susceptible to fragmentation during
subsequent milling, leading to a reduction in particle size. The
difference in particle size parameters of dry-heated faba bean
seeds was observed among all samples (the particle size of moist
treated samples were not analysed due to difficulty in their mea-
surement). These differences in particle sizes might be partially
explained by drying temperature, incubation time and par-
tially explained by the seed cell wall hardness (Cérdova-Noboa
et al. 2021).

Compared to raw faba bean flours, drying at high temperature
had smaller D, ;. This phenomenon can be attributed to the
decreased seed hardness with less cohesiveness compared to
the raw counterparts due to the lower moisture content of dry-
heated bean seeds (Perera et al. 2023) (Table 2), which could be
easier to grind into flour. In both raw and dry-heated samples,
a similar particle size distribution was observed and the particle
size at the major peak was close to 25um, representing the size
of free protein, cell wall materials and damaged starch granules
(Jiang et al. 2021). Bhandari (2013) reported particle size ranges
of 100 to 5000 um for cereal and soy flours, which are notably
larger than those observed in milk or coffee powders.

In general, fine powders tend to exhibit higher cohesiveness and
reduced flowability, whereas powders with larger particle sizes
typically flow more easily Teunou et al. (1999) due to a lower
surface area available for the development of interparticle cohe-
sive forces (Fitzpatrick et al. 2007). In relation to the span values,
all the samples had values ranging from 3.05 to 11.01, indicating

that some of the treated flours such as dried 75°C,15min and
dried 75°C,15min consisted of a wide range of particle sizes
while the other dry-heated samples were more homogeneous
comparatively. Wider particle size distributions in powders can
complicate handling, as smaller particles may occupy the voids
between larger ones, thereby increasing surface contact and en-
hancing interparticle cohesion (Bian et al. 2015).

3.4 | Structural Changes Using ART-FTIR

The application of FTIR provides valuable insight into the mo-
lecular interaction between protein, starch and other cellular
compounds and provides useful information on conformation
change in bean flours after thermal treatment. FTIR spectra
were obtained for bean flours in their native, moist treated
and dry heat processed forms across the spectra range (4000-
400cm™) are shown in Figures S1 and S2. Spectral variations
were detected in these regions for both dry and moist heating
relative to the raw flour. The peak at approximately ~3278 cm™!
in thermally treated flours corresponds to the stretching vibra-
tions of free, inter- and intramolecular O-H, attributed to hy-
drogen bond formation (Diaz et al. 2019). The peak observed at
996-1000cm™! is attributed to C-O-H bending within the car-
bohydrate region. No shifts in wavenumber or absorbance were
detected in the moist-heated and dry-heated samples. Previous
studies have associated this band with the ordered crystal-
line structure of starch (Diaz et al. 2019). Therefore, the lack
of changes to wavenumber shift in the moist-heated and dry-
heated samples may indicate the maintenance of the ordered
crystalline structure of starch. However, the magnitude of these
peaks increases with increasing heating during which could be
attributed to the reduction moisture content and concomitant
increase in dry matter content in the case of dry heating and the
reverse in the case of steam treatment. On the other hand, FTIR
spectra at the shoulders ~1022cm™ indicate disordered/amor-
phous starch. Thus, the ratio of absorbances at 1022/995cm™" is
often used to understand the degree of order in starch (Sevenou
et al. 2002). In this region, moist-heat and dry heat caused an
increase in peak intensity. The peaks observed from 2929 to
2923cm™! are related to lipids. No major alterations were also
observed in this region. Overall, changes in peak intensity were
observed in moist and dry-heated faba bean flours in the pro-
tein, starch and less in the lipid regions as shown in Figure 3.

Peak ranging from 1900 to 1200cm~lare commonly associated
with the amide groups of proteins (Badjona et al. 2024; Vargas
et al. 2021). Observable changes in peak wavenumber and in-
tensity after moist and dry heating were observed compared
to raw faba bean flour as shown in Figure 4. As a result of the
applied thermal treatments, significant variations in spectral
intensity were observed among the treated samples within the
1200-1900cm™" region (Figures 3 and 4). Regarding steam
treatments, the presence of steam facilitated greater unfolding
of protein molecular structures, while the mild temperature
likely enhanced molecular mobility. In contrast, the limited
water availability and high temperatures used in dry-heated
flours induced protein damage and structural rearrangements,
leading to the contraction of their tertiary structure (Chavez-
Murillo et al. 2018). Protein is a primary macronutrient in
beans, and understanding its structure is crucial for elucidating
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its functionalities and digestibility (Deng et al. 2020). The amide
Tand IT bands are the major bands used to study conformational
modification. Between the two amide bands, the amide I band
is particularly important in terms of understanding the second-
ary structure of protein (Gulzar et al. 2024). Substantial changes
caused by moist-heat and dry heat were observed in the amide I,
II and III regions. Previously, studies have confirmed that three
peaks having wavenumbers at ~1634, ~1652 and ~1688cm™!
were assigned as -sheet, a-helix and aggregates, respectively
(Candogan et al. 2020; Carbonaro et al. 2012). One study found

that the 3-sheet adversely affects protein digestibility by form-
ing intermolecular 3-sheet aggregates upon heating (Carbonaro
et al. 2012). Earlier studies have indicated that the a-helix and
B-sheet secondary structures of proteins are crucial in determin-
ing the rate of protein digestion, which subsequently impacts
functional properties such as gel strength, emulsification and
foaming abilities (De La Rosa-Millan 2017).

In general, both moist and dry-heat pretreatments in-
duced structural changes in the resulting faba bean flours,
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particularly in relation to protein and starch conformation.
Steam treatment led to enhanced protein unfolding due to the
plasticizing effect of water and moderate heat, as evidenced
by increased amide I and II peak intensities. This may im-
prove protein digestibility and solubility, which are critical
for nutritional and functional performance in food systems.
In contrast, dry heat caused a reduction in peak intensities,
likely due to dehydration and thermal stress. For starch, both
treatments affected the relative intensity of bands associated
with crystalline (995c¢cm™) and amorphous (1022cm™) re-
gions, with increased amorphous content suggesting partial
disruption of native starch granule order. These transitions
are particularly relevant for processing behaviours like gela-
tion, hydration and thermal stability. Lipid-associated peaks
remained relatively stable, indicating thermal resistance or
minimal lipid oxidation.

3.5 | Multivariate Molecular Spectral Analysis
for ATR-FTIR Spectra

HCA facilitates the visualization of grouping and subgrouping
patterns within the spectra. The results of HCA analyses based
on full spectra and the fingerprint region (1900-1200cm™!)
acquired from different thermally treated faba bean seeds and
duration are shown in Figure 5A,B, respectively. The HCA
demonstrated intragroup similarity among the samples and
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formed clusters within each group. Spectral range differences
were identified by analysing corresponding regions across all
samples. As shown in Figure 5A, application of full spectra
range (4000-400cm™), clear classification was observed raw
faba bean flour and treated faba bean flours. Four main clus-
ters were obtained based on full spectra analysis with raw
faba bean flour mostly associated with steam-treated faba
bean flours especially SF 70°C, 15min. However, discrepan-
cies were observed as DF 90°C, 15min was also found to be
closely associated with raw faba bean flour. In general, HCA
was able to discriminate between dry and steam-heated faba
bean flours using the full FTIR spectra regions.

In the case of HCA analysis based on protein fingerprint
regions (1900-1200cm™!) (Figure 5B.), a different discrim-
ination was observed compared to the full spectra regions.
According to similarity, six groups were observed in compar-
ison with raw flour. This grouping reflects that the treatment
temperature and duration had a significant effect on the fin-
gerprint regions when faba bean seeds were thermally treated.
Raw faba bean flour was distinctly separated from dry treated
flours, while dry-treated samples were separated on the basis
of temperature and time. Similarly, in the cases of steam-
treated faba bean flours, there were three distinct clusters
as observed in Figure 5A,B. Interestingly, steam flour SF at
70°C and 80°C at 15, 30 and 45min were classified together
with untreated faba bean flour. This could be attributed to the
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FIGURE 5 | (A,B) Results of sample HCA classification based on FTIR analysis where dendrogram A represent the application of full spectra

region, while (B) represent dendrogram from selected protein fingerprint region (1900-1200cm™1).
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FIGURE6 | Flow function curves showing measured stress as a function of normal applied stress major principal consolidating stress for dry and

steam-treated faba beans.

minimal impact of temperature and short duration on struc-
tural modification of protein fingerprint regions. FTIR anal-
ysis combined with HCA can enable samples to be compared
and differentiated in terms of their similarities in relation to
treatment conditions. Owing to its simplicity, rapidity, and
non-invasive nature, this approach proves to be informative
in monitoring the structural changes occurring during seed
processing and storage.

HCA of the ATR-FTIR spectra effectively differentiated faba
bean flours based on thermal treatment conditions, confirm-
ing distinct molecular modifications. Steam-treated samples,
particularly at lower temperatures and shorter durations, ex-
hibited spectral similarities to raw flour, suggesting minimal
disruption to native structures. In contrast, dry-heat treat-
ments resulted in clear divergence, especially within the pro-
tein fingerprint region, reflecting more pronounced structural
rearrangements. These outcomes align with the study's objec-
tive to evaluate the structural impact of thermal pretreatment
and demonstrate the utility of multivariate FTIR analysis
as a rapid, nondestructive tool for monitoring protein con-
formational changes. The ability to discriminate treatment
effects at the molecular level has important implications for
tailoring processing strategies to optimize the functionality,
stability and application potential of faba bean flours in food
formulations.

3.6 | Flowability Measurement
3.6.1 | Flow Function and Bulk Density

Flow properties provide information as to whether a flour will flow
smoothly through a process or if issues such as bridging or block-
ing might occur. The graph in Figure 6 shows the graph of mea-
sured stress against normal applied stress. From the plotted data,
dry-treated flours exhibited higher shear strength at equivalent
consolidating stresses compared to steam-treated flours. In con-
trast, steam-treated samples showed lower shear stress responses,
particularly at milder conditions (e.g., 70°C-80°C, 15-30min), re-
flecting improved flow behaviour.

The flowability of both dry and moist-heated faba bean sam-
ples was influenced by the normal stress applied. This implies
that powders are likely to exhibit varying flow behaviour in
different sections of a hopper (Crowley et al. 2014). Results
from Figure 6 indicate that differently treated faba bean
flours were either free-flowing, easy-flowing or cohesive de-
pending on the stress applied (Chen et al. 2012). Similar be-
haviour has been reported by Nei (2023) for defatted soybean
flours between normal stress range of 2-10kPa. Additionally,
Alonso-Miravalles et al. (2020) reported similar behaviour
for different protein-rich pseudocereals flours. The authors
suggested that flour properties such as moisture, protein and
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fat content affect flow properties as well as materials surface
properties (particle morphology and size).

Bulk density versus principal consolidating stress controls vol-
umetric handling, packaging and pressure transmitted during
storage (Hazlett et al. 2021). Bulk density of the powders in-
creased with increasing major principal consolidation stress ap-
plied (Figure 7). Values of bulk density at lower major principal
consolidation stress (2-5kPa) showed similar behaviour for both
dry and steam-treated faba bean flours; however, at high major
principal consolidation stress (> 10kPa), high bulk density was
observed in dry-heated samples compared to steam-treated sam-
ples. DF samples generally exhibited higher bulk densities, par-
ticularly at elevated consolidation stresses compared to SF flours
(Figure 7A-D vs. E,F). Lower moisture levels in DF samples pro-
mote tighter packing and reduced porosity, allowing particles to
reorganize under pressure more efficiently. SF samples showed
lower bulk densities overall, consistent with their higher mois-
ture contents and higher degrees of surface hydration. Increased
moisture results in swelling of starch and protein matrices, in-
creasing particle volume and reducing packing efficiency.

Previousstudies have reported bulk density values of 600-730 kg/
m? for corn, wheat and soy flours (Fitzpatrick et al. 2004). Such
powders have been shown to compress under self-weight during
storage, which can affect handling performance (Crowley
et al. 2014). However, Alonso-Miravalles et al. (2020) showed
that protein-rich pseudocereals had bulk density values between
240-470kg/m?3. This highlights that while bulk density provides

useful information on storage behaviour, its relationship with
flowability is not always straightforward and may be influenced
by other structural and compositional factors (Suhag et al. 2024).
In our study, the higher bulk density of dry-heated flours did not
correspond to improved flowability, suggesting that other phys-
ical properties could play a contributing role.

3.7 | PCA of Flowability Characteristics With
Processing Conditions

The flowability of faba bean flour, a critical parameter for in-
dustrial handling, blending and processing applications, was
significantly affected by the thermal pretreatment conditions
(dry heat, DF and steam heat, SF). The flow properties were
quantified using the flow function coefficient (ff,), which relates
the major principal consolidating stress to the unconfined fail-
ure strength (Table 3; Figure 6). Particulate flowability can be
categorized as nonflowing (ff < 1), very cohesive (1 <ff,<2), co-
hesive (2 < ff,<4), easily flowing (4 <ff,<10) and freely flowing
(ff>10) (Schulze 2021). All dry treated samples showed ff, val-
ues between 1.77 and 2.91, which indicated that the flours were
either cohesive or very cohesive.

Dry-treated faba bean flours (DF) exhibited predominantly co-
hesive to very cohesive behaviour, with ff, values ranging from
1.60 to 2.91. Notably, samples treated at 80°C for 15 and 30 min
demonstrated the lowest ff, values (1.605), classifying them as
very cohesive, which implies a high likelihood of flow issues
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FIGURE 7 | Bulk density as a function of major principal consolidating stress for steam-heated faba bean flours.
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TABLE 3 | Data on flow properties obtained from shear cell testing; major consolidation stress (kPa), unconfined yield loss, flow index flow

classification and cohesion (kPa).

Major principal
Moisture consolidating Unconfined failure

Sample content (%) stress (kpa) strength (kPa) I, Cohesion (kPa)
DF75°C; 15min 9.53+0.118h 4.83 1.728 2.80+0.04% 0.61 +0.01bcde
DF75°C; 30 min 9.48 +0.028h 4.85 1.859 2.61 +0.009%f 0.67 +0.00bcde
DF75°C; 45min 9.33+0.20" 4.83 1.7595 2.75+0.134¢ 0.62 0.04bcde
DF80°C; 15min 9.35+0.11" 4.56 2.839 1.61 +0.00¢ 1.06+0.002
DF80°C; 30min 9.18 +0.24M 4.56 2.839 1.61+0.008 1.06+£0.002
DF80°C; 45min 8.4+0.06 5.09 2.877 1.77 +0.03 0.99+0.032
DF85°C; 15min 7.77 +0.10 4.29 1.567 2.74+0.11% 0.59+0.01¢d¢
DF85°C; 30 min 7.53+0.10% 4.25 1.529 2.78+0.134% 0.58 +0.02¢de
DF85°C; 45 min 7.33+0.38¢ 4.28 1.466 2.92+0.01¢d¢ 0.55+0.00%d
DF90°C; 15min 7.84+0.15K 4.94 2.569 2.04+0.54def 0.88+0.302b
DF90°C; 30 min 7.84+0.15K 4.49 1.943 2.56+0.109f 0.71+0.08b¢d
DF90°C; 45min 7.01+0.21% 4.85 2.347 2.07 +0°f¢ 0.83+0.002b¢
SF70°C; 15min 11.5740.33¢de 4.98 1.189 4.24+0.63% 0.40+0.05¢
SF70°C; 30min 12.48 +0.43b¢ 5.37 1.785 3.01£0.20bd 0.59 +0.01¢de
SF70°C;45min 15.59 +0.692 5.19 1.512 3.47 +0.242bcd 0.51+0.10%
SF80°C;15min 11.54+0.41% 4.71 1.268 3.72+0.132b¢ 0.44+0.019
SF80°C; 30min 12.72+0.63° 5.79 1.768 3.28 +£0.05b¢d 0.56+0.06°%
SF80°C; 45min 14.88+0.252 6.34 1.661 3.92+0.722b 0.43+0.094¢
SF100°C;15min 10.73 +£0.27¢f 5.79 1.768 3.28 +0.05b¢d 0.56 +0.06°%
SF100°C; 30 min 11.48 +0.039% 6.34 1.661 3.93+0.702b 0.43+0.094¢
SF100°C; 45 min 12.08 +0.06"¢ 5.27 1.615 3.27+0.15b4 0.52+0.02%

such as arching during handling. This reduced flowability corre-
sponds with an observed increase in cohesion values (> 1.0kPa),
indicating stronger interparticle forces. Interestingly, treatments
at 75°C and 85°C produced slightly higher ff, values (~2.6-2.9),
indicating relatively improved flow within the cohesive range.
Flow function (ff,) values differed significantly among the ther-
mally processed flours, and these variations must be interpreted
in light of the statistically different moisture contents (Table 3).
DF samples exhibited low-moisture levels (7.01-9.53) and corre-
spondingly low ff, values (1.60-2.91), categorizing them as cohe-
sive to very cohesive. The driest samples (e.g., DF90°C; 45min,
7.01%) were among the most cohesive. This demonstrates that
moisture depletion is a major factor increasing flow resistance,
enhancing interparticle friction and diminishing powder
mobility.

In contrast, steam-heated (SF) samples displayed higher and
significantly different moisture contents (10.73%-15.59%) and
correspondingly higher ff, values (3.01-4.24). Even though
moisture typically increases cohesiveness due to capillary
forces, in this case, the higher moisture levels likely plasticized
particle surfaces, reducing frictional resistance. SF 70°C, 15min

demonstrated the best flow characteristics (ff,=4.24), classify-
ing it as easy flowing. This improved flow may be attributed to
moisture retention. At higher steam temperatures (80°C-100°C),
Jf, values remained in the 3.2-3.9 range, still within the cohesive
to borderline easy-flowing classification. Despite the increased
processing intensity, these values remained higher than those
observed in dry-heated samples, suggesting that the presence of
steam mitigates the negative effects of thermal exposure. These
differences in flowability might be attributed to different factors
such as moisture content, particle size and particle morphology.
According to Amagliani et al. (2016), high-moisture content
greatly influences cohesiveness, which may be the case with
steam-treated samples. Fitzpatrick et al. (2004) in their previous
studies also described corn flour as cohesive as well as soy and
wheat flours.

From an industrial standpoint, powders with lower ff, values
(e.g., DF80°C-90°C samples) are more prone to arching and ra-
tholing in hoppers, require larger discharge angles and may feed
inconsistently into mixers and extruders. Conversely, steam-
treated flours with higher ff, values (e.g., SF70°C; 15min) are
more suitable for automated dosing, pneumatic transfer and
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FIGURE 8 | Principal component analysis of flowability characteristics and processing conditions.

uniform feeder operation. The stronger cohesiveness of fine
DF flours may still be advantageous in specific applications re-
quiring rapid hydration, such as instant batters or high-solids
doughs, but at the cost of more challenging handling (Siliveru
et al. 2017).

To compare the relative differences between process conditions
of thermally treated faba bean flours, a PCA was performed. As
shown in Figure 8, 70.78% of the total variance was explained by
the first two principal components (PC1 and PC2) while 52.33%
and 18.45% of the variances were accounted for by PC1 and PC2,
respectively. The dry treated faba bean flours were distributed
along the positive end of PC1 and PC2, while steam-treated sam-
ples were distributed along the negative ends of PC1 and the pos-
itive end of PC2. PC1 explained 52.33% of the variation and was
primarily associated with unconfined failure stress and cohe-
siveness of flours. However, the second component explains an
additional 18.54% of the variation and is mainly driven by major
principal consolidation stress, moisture content and duration of
treatment.

4 | Conclusion

This study systematically evaluated the influence of dry and
steam thermal pretreatments on the physical, structural and
flowability properties of faba bean flours to optimize their per-
formance for food processing applications. Moisture content
emerged as a significant factor separating DF and SF samples.
DF treatments resulted in substantial moisture loss, producing
powders with lower ff, values and higher cohesion. These ef-
fects were intensified in samples subjected to longer or higher
temperature dry heating. In contrast, SF treatments produced

significantly higher moisture contents, leading to improved
flowability through enhanced particle plasticization and re-
duced frictional resistance. Dry-heated samples were classified
as cohesive to very cohesive (ff,=1.61-2.91) with higher cohe-
sion values (> 1.0kPa), while steam-treated samples, especially
those treated at 70°C for 15min, demonstrated easy-flowing be-
haviour (ff,=4.24; cohesion =0.40kPa).

FTIR analysis revealed treatment-specific structural changes
in both protein and starch domains. Dry heat induced reduced
intensity in the amide I and II regions, suggesting protein ag-
gregation and modification of native conformation. Conversely,
steam-treated samples exhibited higher intensity in amide I and
II bands. PCA further emphasized the role of processing param-
eters, explaining 70.78% of the total variance and separating
samples based on flow and moisture traits. These insights pro-
vide a valuable foundation for tailoring pretreatment strategies
to optimize faba bean flour performance in various food engi-
neering applications, particularly where flow behaviour, hydra-
tion and structural retention are critical.

From an industrial perspective, these findings have meaningful
implications. DF flours, being more cohesive and denser, may
exhibit challenges during storage, silo discharge, pneumatic
conveying or dosing, and may require mechanical assistance or
modified hopper angles. Conversely, SF flours demonstrate su-
perior flow characteristics and more uniform mixing behaviour,
which can reduce processing energy and improve product con-
sistency. Their higher moisture content and structural pres-
ervation may also enhance dough expansion, batter viscosity
development and rehydration performance. These insights are
relevant for manufacturers of bakery products, extruded snacks,
plant-based foods and ingredient blends.

Legume Science, 2026

11 of 13

85U8017 SUOWIWIOD BAIEa.D 8|qedl[dde 8L Aq peusenob ae S9ole YO @S JO S8 10} A%eug 78Ul U0 8|1 UO (SUORIPUOO-PUE-SWBI W0 A8 | 1M ATRIq 1 BUI [UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[9202/T0/2T] Uo AkidiTauliuo A8im ‘AIseAlun we|eH ppLRUS Aq 52002 °€681/200T 0T/10p/woo A8 | Aeiq1jeuljuo//sdny Wwoiy pepeojumod ‘T ‘9202 ‘T8TI6E9Z



Author Contributions

Abraham Badjona: writing - review and editing, writing — original
draft, methodology, investigation, data curation, conceptualization.
Robert Bradshaw: writing — review and editing, writing - original
draft, visualization, supervision, project administration, methodol-
ogy, conceptualization. Caroline Millman: writing - review and
editing, supervision, project administration. Martin Howarth: writ-
ing - review and editing, writing - original draft, supervision, project
administration. Bipro Dubey: writing - review and editing, writing
- original draft, supervision, project administration, methodology,
conceptualization.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data generated during the current study are available upon reason-
able request.

References

Alonso-Miravalles, L., E. Zannini, J. Bez, E. K. Arendt, and J. A.
O'Mahony. 2020. “Physical and Flow Properties of Pseudocereal-Based
Protein-Rich Ingredient Powders.” Journal of Food Engineering 281:
109973. https://doi.org/10.1016/j.jfoodeng.2020.109973.

Amagliani, L.,J. O'Regan, A. L. Kelly, and J. A. O'Mahony. 2016. “Physical
and Flow Properties of Rice Protein Powders.” Journal of Food Engineering
190: 1-9. https://doi.org/10.1016/j.jfoodeng.2016.05.022.

Ashraf, J., M. Awais, L. Liu, et al. 2020. “Effect of Thermal Processing
on Cholesterol Synthesis, Solubilisation Into Micelles and Antioxidant
Activities Using Peptides of Vigna angularis and Vicia faba.” LWT 129:
109504. https://doi.org/10.1016/j.1wt.2020.109504.

Badjona, A. 2024. “Faba Beans as a Sustainable Source of Protein.”
Food Science and Nutrition Cases: 2-5. https://doi.org/10.1079/fsncases.
2024.00009.

Badjona, A., R. Bradshaw, C. Millman, M. Howarth, and B. Dubey. 2023.
“Faba Beans Protein as an Unconventional Protein Source for the Food
Industry: Processing Influence on Nutritional, Techno-Functionality,
and Bioactivity.” Food Reviews International 40: 1999-2023. https://doi.
0rg/10.1080/87559129.2023.2245036.

Badjona, A., R. Bradshaw, C. Millman, M. Howarth, and B. Dubey. 2024.
“Structural, Thermal, and Physicochemical Properties of Ultrasound-
Assisted Extraction of Faba Bean Protein Isolate (FPI).” Journal of Food
Engineering 377: 112082. https://doi.org/10.1016/j.jfoodeng.2024.112082.

Badjona, A., R. Bradshaw, C. Millman, M. Howarth, and B. Dubey.
2025. “Revisiting the Conventional Extraction of Protein Isolates From
Faba Beans: Recovering Lost Protein From Sustainable Side Streams.”
Food 14, no. 11: 2-19. https://doi.org/10.3390/foods14111906.

Barone, G., J. O'Regan, and J. A. O'Mahony. 2019. “Influence of
Composition and Microstructure on Bulk Handling and Rehydration
Properties of Whey Protein Concentrate Powder Ingredients Enriched
in a-Lactalbumin.” Journal of Food Engineering 255: 41-49. https://doi.
org/10.1016/j.jfoodeng.2019.02.022.

Bento, J. A. C., P. R. V. Ribeiro, L. M. Alexandre e Silva, et al. 2021.
“Chemical Profile of Colorful Bean (Phaseolus vulgaris L.) Flours:
Changes Influenced by the Cooking Method.” Food Chemistry 356:
129718. https://doi.org/10.1016/j.foodchem.2021.129718.

Bhandari, B. 2013. “Introduction to Food Powders.” In Handbook of
Food Powders: Processes and Properties, 1-25. Elsevier Inc. https://doi.
0rg/10.1533/9780857098672.1.

Bian, Q., S. Sittipod, A. Garg, and R. P. K. Ambrose. 2015. “Bulk Flow
Properties of Hard and Soft Wheat Flours.” Journal of Cereal Science 63:
88-94. https://doi.org/10.1016/j.jcs.2015.03.010.

Byars, J. A., M. Singh, J. A. Kenar, F. C. Felker, and J. K. Winkler-Moser.
2021. “Effect of Particle Size and Processing Method on Starch and
Protein Digestibility of Navy Bean Flour.” Cereal Chemistry 98, no. 4:
829-839. https://doi.org/10.1002/cche.10422.

Candogan, K., G. Altuntas, and N. Igci. 2020. “Authentication and
Quality Assessment of Meat Products by Fourier-Transform Infrared
(FTIR) Spectroscopy.” Food Engineering Reviews 13, no. 1: 66-91.
https://doi.org/10.1007/s12393-020-09251-y/Published.

Cappa, C., B. Ozen, F. Tokatli, et al. 2025. “Legume and Nut Flours
From the Mediterranean Area: Proximate Compositions, Techno-
Functionalities, and Spectroscopy Patterns as a Function of Species,
Origin, and Treatment.” LWT 223: 117770. https://doi.org/10.1016/j.lwt.
2025.117770.

Carbonaro, M., P. Maselli, and A. Nucara. 2012. “Relationship Between
Digestibility and Secondary Structure of Raw and Thermally Treated
Legume Proteins: A Fourier Transform Infrared (FT-IR) Spectroscopic
Study.” Amino Acids 43, no. 2: 911-921. https://doi.org/10.1007/s0072
6-011-1151-4.

Chandra, S., S. Singh, and D. Kumari. 2015. “Evaluation of
Functional Properties of Composite Flours and Sensorial Attributes
of Composite Flour Biscuits.” Journal of Food Science and Technology
52, no. 6: 3681-3688. https://doi.org/10.1007/s13197-014-1427-2.

Chavez-Murillo, C. E., J. I. Veyna-Torres, L. M. Cavazos-Tamez, J.
de la Rosa-Millan, and S. O. Serna-Saldivar. 2018. “Physicochemical
Characteristics, ATR-FTIR Molecular Interactions and In Vitro Starch
and Protein Digestion of Thermally-Treated Whole Pulse Flours.” Food
Research International 105: 371-383. https://doi.org/10.1016/j.foodres.
2017.11.029.

Chen, P., Z. Yuan, X. Shen, and Y. Zhang. 2012. “Flow Properties of
Three Fuel Powders.” Particuology 10, no. 4: 438-443. https://doi.org/
10.1016/j.partic.2011.11.013.

Choe, U., J. M. Osorno, J. B. Ohm, B. Chen, and J. Rao. 2022. “Modification
of Physicochemical, Functional Properties, and Digestibility of
Macronutrients in Common Bean (Phaseolus vulgaris L.) Flours by
Different Thermally Treated Whole Seeds.” Food Chemistry 382: 132570.
https://doi.org/10.1016/j.foodchem.2022.132570.

Cordova-Noboa, H. A., E. O. Oviedo-Rondén, A. Ortiz, et al. 2021.
“Effects of Corn Kernel Hardness and Grain Drying Temperature on
Particle Size and Pellet Durability When Grinding Using a Roller Mill
or Hammermill.” Animal Feed Science and Technology 271: 114715.
https://doi.org/10.1016/j.anifeedsci.2020.114715.

Crowley, S. V., I. Gazi, A. L. Kelly, T. Huppertz, and J. A. O'Mahony.
2014. “Influence of Protein Concentration on the Physical
Characteristics and Flow Properties of Milk Protein Concentrate
Powders.” Journal of Food Engineering 135: 31-38. https://doi.org/10.
1016/j.jfoodeng.2014.03.005.

De Angelis, D., A. Pasqualone, M. Costantini, et al. 2021. “Data on the
Proximate Composition, Bioactive Compounds, Physicochemical and
Functional Properties of a Collection of Faba Beans (Vicia faba L.) and
Lentils (Lens culinaris Medik.).” Data in Brief 34: 106660. https://doi.
0rg/10.1016/j.dib.2020.106660.

De La Rosa-Milléan, J. 2017. “Physicochemical, Molecular, and Digestion
Characteristics of Annealed and Heat-Moisture Treated Starches Under
Acidic, Neutral, or Alkaline pH.” Cereal Chemistry 94, no. 4: 770-779.
https://doi.org/10.1094/CCHEM-10-16-0250-R.

Deng, G., M. E. Rodriguez-Espinosa, M. Yan, et al. 2020. “Using
Advanced Vibrational Molecular Spectroscopy (ATR-Ft/IRS and
Synchrotron SR-IMS) to Study an Interaction Between Protein
Molecular Structure From Biodegradation Residues and Nutritional
Properties of Cool-Climate Adapted Faba Bean Seeds.” Spectrochimica

12 of 13

Legume Science, 2026

85U8017 SUOWIWIOD BAIEa.D 8|qedl[dde 8L Aq peusenob ae S9ole YO @S JO S8 10} A%eug 78Ul U0 8|1 UO (SUORIPUOO-PUE-SWBI W0 A8 | 1M ATRIq 1 BUI [UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[9202/T0/2T] Uo AkidiTauliuo A8im ‘AIseAlun we|eH ppLRUS Aq 52002 °€681/200T 0T/10p/woo A8 | Aeiq1jeuljuo//sdny Wwoiy pepeojumod ‘T ‘9202 ‘T8TI6E9Z


https://doi.org/10.1016/j.jfoodeng.2020.109973
https://doi.org/10.1016/j.jfoodeng.2016.05.022
https://doi.org/10.1016/j.lwt.2020.109504
https://doi.org/10.1079/fsncases.2024.0009
https://doi.org/10.1079/fsncases.2024.0009
https://doi.org/10.1080/87559129.2023.2245036
https://doi.org/10.1080/87559129.2023.2245036
https://doi.org/10.1016/j.jfoodeng.2024.112082
https://doi.org/10.3390/foods14111906
https://doi.org/10.1016/j.jfoodeng.2019.02.022
https://doi.org/10.1016/j.jfoodeng.2019.02.022
https://doi.org/10.1016/j.foodchem.2021.129718
https://doi.org/10.1533/9780857098672.1
https://doi.org/10.1533/9780857098672.1
https://doi.org/10.1016/j.jcs.2015.03.010
https://doi.org/10.1002/cche.10422
https://doi.org/10.1007/s12393-020-09251-y/Published
https://doi.org/10.1016/j.lwt.2025.117770
https://doi.org/10.1016/j.lwt.2025.117770
https://doi.org/10.1007/s00726-011-1151-4
https://doi.org/10.1007/s00726-011-1151-4
https://doi.org/10.1007/s13197-014-1427-2
https://doi.org/10.1016/j.foodres.2017.11.029
https://doi.org/10.1016/j.foodres.2017.11.029
https://doi.org/10.1016/j.partic.2011.11.013
https://doi.org/10.1016/j.partic.2011.11.013
https://doi.org/10.1016/j.foodchem.2022.132570
https://doi.org/10.1016/j.anifeedsci.2020.114715
https://doi.org/10.1016/j.jfoodeng.2014.03.005
https://doi.org/10.1016/j.jfoodeng.2014.03.005
https://doi.org/10.1016/j.dib.2020.106660
https://doi.org/10.1016/j.dib.2020.106660
https://doi.org/10.1094/CCHEM-10-16-0250-R

Acta—Part A: Molecular and Biomolecular Spectroscopy 229: 117935.
https://doi.org/10.1016/j.saa.2019.117935.

Diaz, O., T. Ferreiro, J. L. Rodriguez-Otero, and A. Cobos. 2019.
“Characterization of Chickpea (Cicer arietinum L.) Flour Films: Effects
of pH and Plasticizer Concentration.” International Journal of Molecular
Sciences 20, no. 5: 2-16. https://doi.org/10.3390/ijms20051246.

Fitzpatrick, J. J., S. A. Barringer, and T. Igbal. 2004. “Flow Property
Measurement of Food Powders and Sensitivity of Jenike's Hopper Design
Methodology to the Measured Values.” Journal of Food Engineering 61,
no. 3: 399-405. https://doi.org/10.1016/S0260-8774(03)00147-X.

Fitzpatrick, J. J., K. Barry, P. S. M. Cerqueira, T. Igbal, J. O'Neill, and
Y. H. Roos. 2007. “Effect of Composition and Storage Conditions on the
Flowability of Dairy Powders.” International Dairy Journal 17, no. 4:
383-392. https://doi.org/10.1016/j.idairyj.2006.04.010.

Gulzar, S., O. Martin-Belloso, and R. Soliva-Fortuny. 2024. “Tailoring
the Techno-Functional Properties of Fava Bean Protein Isolates: A
Comparative Evaluation of Ultrasonication and Pulsed Electric Field
Treatments.” Food 13, no. 3: 376. https://doi.org/10.3390/foods13030376.

Hazlett, R., C. Schmidmeier, and J. A. O'Mahony. 2021. “Approaches for
Improving the Flowability of High-Protein Dairy Powders Post Spray
Drying—A Review.” Powder Technology 388: 26-40. https://doi.org/10.
1016/j.powtec.2021.03.021.

Horwitz, W. 2006. Official methods of analysis of AOAC International.
AOAC International.

Islam, M. A., J. Kulathunga, A. Ray, J. B. Ohm, and S. Islam. 2024.
“Particle Size Reduction Influences Starch and Protein Functionality,
and Nutritional Quality of Stone Milled Whole Wheat Flour From Hard
Red Spring Wheat.” Food Bioscience 61: 104612. https://doi.org/10.
1016/j.fbio.2024.104612.

Jiang, H., Z. Gu, F. Manthey, B. Chen, and J. Rao. 2021. “Comparison of
the Proximate Compositions, Nutritional Minerals, Pasting Properties,
and Aroma Differences of Flours From Selected Yellow Pea Cultivars
Grown Across the Northern Great Plains.” ACS Food Science &
Technology 1, no. 9: 1529-1537. https://doi.org/10.1021/acsfoodscitech.
1c00149.

Lee, Y.J., and W. B. Yoon. 2015. “Flow Behavior and Hopper Design for
Black Soybean Powders by Particle Size.” Journal of Food Engineering
144:10-19. https://doi.org/10.1016/j.jfoodeng.2014.07.005.

Mattila, P., S. Midkinen, M. Eurola, et al. 2018. “Nutritional Value of
Commercial Protein-Rich Plant Products.” Plant Foods for Human
Nutrition 73, no. 2: 108-115. https://doi.org/10.1007/s11130-018-0660-7.

Millar, K. A., E. Gallagher, R. Burke, S. McCarthy, and C. Barry-Ryan.
2019. “Proximate composition and Anti-Nutritional Factors of Fava-
Bean (Vicia faba), Green-Pea and Yellow-Pea (Pisum sativum) Flour.”
Journal of Food Composition and Analysis 82: 103233. https://doi.org/
10.1016/j.jfca.2019.103233.

Nei, D. 2023. “Effect of Milling Method on Shape Characteristics and
Flow, Bulk, and Shear Properties of Defatted Soybean Flours.” Journal
of Food Measurement and Characterization 17, no. 2: 1823-1830. https://
doi.org/10.1007/s11694-022-01755-x.

Nosworthy, M. G., G. Medina, A. J. Franczyk, et al. 2018. “Effect
of Processing on the In Vitro and In Vivo Protein Quality of Beans
(Phaseolus vulgaris and Vicia faba).” Nutrients 10, no. 6: 671. https://doi.
0rg/10.3390/nul0060671.

Olakanmi, S. J., D. S. Jayas, J. Paliwal, and R. E. Aluko. 2024. “Impact
of Particle Size on the Physicochemical, Functional, and In Vitro
Digestibility Properties of Fava Bean Flour and Bread.” Food 13, no. 18:
2862. https://doi.org/10.3390/foods13182862.

Ovando-Martinez, M., P. Osorio-Diaz, K. Whitney, L. A. Bello-Pérez, and
S. Simsek. 2011. “Effect of the cooking on physicochemical and starch
digestibility properties of two varieties of common bean (Phaseolus

vulgaris L.) grown under different water regimes.” Food Chemistry 129,
no. 2: 358-365. https://doi.org/10.1016/j.foodchem.2011.04.084.

Padhi, S., and M. Dwivedi. 2022. “Physico-Chemical, Structural,
Functional and Powder Flow Properties of Unripe Green Banana Flour
After the Application of Refractance Window Drying.” Future Foods 5:
100101. https://doi.org/10.1016/j.fufo.2021.100101.

Perera, D., L. Devkota, G. Garnier, J. Panozzo, and S. Dhital. 2023.
“Hard-to-Cook Phenomenon in Common Legumes: Chemistry,
Mechanisms and Utilisation.” In Food Chemistry, vol. 415, 135743.
Elsevier Ltd. https://doi.org/10.1016/j.foodchem.2023.135743.

Price, M. L., A. E. Hagerman, and L. G. Butler. 1980. “Tannin Content of
Cowpeas, Chickpeas, Pigeon Peas, and Mung Beans.” Food Chemistry
28:459-461. https://pubs.acs.org/sharingguidelines.

Rovalino-Cérdova, A. M., V. Fogliano, and E. Capuano. 2019. “The
Effect of Cell Wall Encapsulation on Macronutrients Digestion: A Case
Study in Kidney Beans.” Food Chemistry 286: 557-566. https://doi.org/
10.1016/j.foodchem.2019.02.057.

Schulze, D. 2021. Powders and Bulk Solids: Behavior, Characterization,
Storage and Flow. Vol. 2. Springer. https://dietmar-schulze.com/pdf/
flowproperties.pdf.

Sevenou, O.,S.E.Hill,I. A. Farhat,andJ. R. Mitchell. 2002. “Organisation
of the External Region of the Starch Granule as Determined by Infrared
Spectroscopy.” International Journal of Biological Macromolecules 31:
79-85.

Siliveru, K., C. G. Jange, J. W. Kwek, and R. P. K. Ambrose. 2017.
“Granular Bond Number Model to Predict the Flow of Fine Flour
Powders Using Particle Properties.” Journal of Food Engineering 208:
11-18. https://doi.org/10.1016/j.jfoodeng.2017.04.003.

Suhag, R., A. Kellil, and M. Razem. 2024. “Factors Influencing Food
Powder Flowability.” Powders 3, no. 1: 65-76. https://doi.org/10.3390/
powders3010006.

Teunou, E., J. J. Fitzpatrick, and E. C. Synnott. 1999. “Characterisation
of Food Powder Flowability.” Journal of Food Engineering 39: 31-37.
https://doi.org/10.1016/S0260-8774(98)00140-X.

Thamarsha, A. K. A. N. W. M. R. K., N. Kumar, K. Mor, A. Upadhyay,
H. P. K. Sudhani, and V. S. Pamu. 2024. “A Review of Functional
Properties and Applications of Legume-Based Edible Coatings.” Legume
Science 6, no. 4: €70004. https://doi.org/10.1002/leg3.70004.

Vargas, S. A., R. J. Delgado-Macuil, H. Ruiz-Espinosa, M. Rojas-Lépez,
and G. G. Amador-Espejo. 2021. “High-Intensity Ultrasound
Pretreatment Influence on Whey Protein Isolate and Its Use on Complex
Coacervation With Kappa Carrageenan: Evaluation of Selected
Functional Properties.” Ultrasonics Sonochemistry 70: 105340. https://
doi.org/10.1016/j.ultsonch.2020.105340.

Zhang, Z., H. Song, Z. Peng, Q. Luo, J. Ming, and G. Zhao. 2012.
“Characterization of Stipe and Cap Powders of Mushroom (Lentinus
edodes) Prepared by Different Grinding Methods.” Journal of Food
Engineering 109, no. 3: 406-413. https://doi.org/10.1016/j.jfoodeng.2011.
11.007.

Supporting Information
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dry-heated faba bean flours. Figure S2: FTIR spectra of raw and steam-
heated faba bean flours. Figure S3: FTIR spectra of raw and dry-heated
faba bean flours at 75°C, 80°C, 85°C and 90°C at protein fingerprint
region (1900-1200cm™"). Figure S4: FTIR spectra of raw and steam-
injected faba bean flours at 70°C, 80°C and 100°C with the protein fin-
gerprint region (1900-1200cm™).
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