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Impact of sorghum grain processing on morphological characteristics of particles of
wholegrain sorghum flour
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Abstract

This work studies the physical characteristics of sorghum whole flour particles produced with grains reduced in tannins by
hydrothermal treatment. Flours ground with two types of mills: a roll mill and a blade mill were used; grains were hydrated
with a moisture content of 25%. For this moisture the maximum yield was obtained. The effect of the grain moisture during the
grinding was evaluated regarding the morphological characteristics, the granulometry and fractal dimension (D)) of particles.
In all the analysed samples, bimodal size distribution curves were obtained. The treated samples showed medium size particles
bigger than the samples without treatment. The samples without hydrothermal treatment presented particles with lower damage
than the treated samples for both mills. The difference in D, between samples indicated more roughness for the samples with
treatment. The proposed treatment could contribute to the development of sorghum whole flour with different properties for

the development of gluten-free food.

Keywords: tannin; size distribution; fractal dimension.

Practical Application: Milling of whole sorghum hydrothermal treated affected flour particle characteristics. The understanding
of the structural changes found will allow the development of products derived from sorghum flour.

1 Introduction

Sorghum (Sorghum bicolour (L.) Moench) is an important
basic food eaten in warm and semi-arid regions of the world. It is
rich in carbohydrates, fibre, vitamins, minerals and phytochemicals,
including tannin, phenolic acids, anthocyanin and phytosterol
(Girard & Awika, 2018). These nutrients play an important role
in the health and nutrition of human beings, especially in the
case of persons who suffer from lifestyle disorders like celiac
disease, diabetes and obesity (Pontieri et al., 2013). However, it
is well known that tannins can reduce starch digestibility, which
is why, different methodologies to reduce its concentration
have been suggested. One of these methodologies is based on a
hydrothermal treatment (Acquisgrana et al., 2016, 2019, 2020),
which is the one that is going to be used in this work. Particle size
reduction takes place as a preliminary step before the product
development process (Duodu et al., 2002) which results in the
rupture of the outer layer of the seed coat to expose the endosperm
and its resulting fracture. Conventional size reduction machines
for grain preparation in food processing include hammer mills,
roll mills and friction mills (Mahasukhonthachat et al., 2010).
They vary in the effective operation force and the amount of
heat generation through friction during milling. These friction
heat and mechanical energy could affect the molecular and
structural properties of starch (damaged starch) and other
components, which affects its functionality (Liu et al., 2014).

The damage of starch granules caused by milling increases the
water retention capacity of flours (Acquisgrana et al., 2020) due
to the increase of the levels of starch exposed to hydration and
to enzymatic action.

Despite size differences, flour particles have almost the
same shape, which could be characterized by a parameter called
fractal dimension (D) that serves to show the roughness of the
particulate matter (Nayak et al., 2019). The fractal dimension
shows the degree of divergence from smooth to rough surfaces.
It varies from 2 (flat surfaces, softer particles) to 3 (completely
rough surfaces) (Arzate-Vazquez et al., 2011; Nagai & Yano,
1990). The D, is important since the separation of flour during
the fractionation process depends on the characteristics of the
surface and the shape of flour particles (Siliveru et al., 2016). If
there are images of the particles, the Variogram method allows
obtaining information about D, (Martinez Amezaga et al., 2018;
Chen et al., 2018; Benitez et al., 2013). The mentioned method
is based on variance (V) calculation of the brightness level
distribution of the sample surface image (Chen et al., 2018).

In many cases, the fractal analysis could be an additional
fact, and it could be useful to give information about the
characteristics of the tested preparations when specifying the
reaction mechanism of aggregation and disintegration, when
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optimizing the technological processes and when showing the
correlation between microstructure, and its functional properties
(Nayak etal., 2019). The accuracy of fractal analysis depends on
many factors. In the case of the fractal analysis method based
on bidimensional digital images, there are some aspects that
could affect the process of analysis, such as the methods used
to obtain binary images and the enlargement and the resolution
of the image (Tang et al., 2010).

The methodology based on the D, determination was
carried out by using images of particles obtained by SEM, and
it has been very useful to explain the behaviour of colloidal
aggregates in beer, according to Benitez et al. (2013) and fruit
juice (Benitez et al., 2010), which could be applied to this study
as well. Likewise, this methodology has been applied to fractal
analysis to determine the roughness of the surface in hard and
soft wheat flour (Siliveru et al., 2016). However, there is not
enough information about the type of mill used and the moisture
influence on the grain during milling, and their effect on the
size, and the D, on the particles of sorghum flour.

In previous works, the effect on the yield performance of
flours, using hydrated grains at different moisture levels and
milled with two different mills, a roll mill and a blade mill
(Acquisgrana et al., 2020), has been evaluated. It has been observed
that at a grain moisture content of 25% with a blade mill (BM),
a higher performance was obtained (61%); however, studies on
the size and shape of the particles when different grain moisture
contents and a different type of mill were used, have not been
carried out. Consequently, this work aims at characterizing
particles of whole sorghum flour with a granulometry lower
than 500 pm, obtained from whole grain reduced in tannin
content through hydrothermal treatment.

According to Dayakar Rao et al. (2016), the milling process
and the size of the particles are very important aspects to determine
the quality of the products. These results could become a reference
tool for further studies on the usefulness of the flours, regarding
the characteristics they have, as well as to evaluate the influence
of particles size and shape on food characteristics.

2 Materials and methods
2.1 Whole sorghum flour production

For this work, Sorghum bicolour (L.) Moench, variety TOB
60T, from the Experimental Agricultural Station-National
Institute of Agricultural Technology (INTA) Argentina from
the Northern East region of the province of Chaco was used. In
order to evaluate the characteristics of flours particles, samples
of whole flour without hydrothermal treatment, followed by
roller (CS-RM) and blade (CS-MB) milling, were used as control
samples. The samples, hydrothermally treated at 25% of moister,
are called M-RM, if they were milled with a roller mill, and
M-MB if they were milled with a blade mill. The hydrothermal
treatment for tannin reduction consisted in moistening the
grains with a 1:2 ratio (sorghum grains/ water) during an hour
at 75 °C, as mentioned in previous works (Acquisgrana et al.,
2016, 2019). Afterwards, they are dried in an oven to reach
moisture contents of 25%. For this moisture the maximum yield
was obtained previously (Acquisgrana et al., 2020). Then, the

samples were milled with both mills and dried in an oven dryer
at 50 °C for 24 hours. Finally, they were sifted using a standard
mesh sieve No. 35 (A.S.T.M.), 500 um. opening size.

2.2 Particle size distribution

The particle size distribution of whole sorghum flour was
carried out using a laser diffraction particle analyser (LA-960,
Horiba Instruments). Deionized water was used as a dispersing
agent for all the samples. The measurements were carried out in
duplicates. In order to calculate the volume percentages of the
individual particles and of the packed particles, the Origin 6.0
(Origin Lab Corporation Northampton, MA, USA) was used.
This software adjusts the data and calculates the total area under
each peak of bimodal distribution. The volumes were converted
to anumber of particles using the average diameter obtained for
each individual particle and the particulate matter.

2.3 Determination of fractal dimension and average number
of particles per particulate matter

Fractal dimension (D) was determined by the variogram
method using the software FERImage (Szerakowska et al., 2018;
Bianchi & Bonetto, 2001). As regards fractals, the number of
particles in each particulate matter, N, is related to D, the radius
of gyration (R ) and the average primary particle radius of the
smallest particles, (RP), which forms the particulate matter
(Equation 1) (Koylii et al., 1995; Sorensen & Hageman, 2001):

N =K RgD, 1
“Kel %o (1)

where K is a numerical constant, whose value depends on the
properties of the system and it was experimentally determined
from D, and the image projection data, as it is later explained. R,
and R could be obtained from the bimodal distribution of sizes
(Benitez et al., 2010, Martinez Amezaga et al., 2018).

Furthermore, the number of particles in the particulate matter
is related to its projected area, A, and the average transversal
section of the smallest particle in the aggregate, A, (Individual
particle projected area) (Equation 2), obtained from SEM images:
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where K, and the empirical constant w were determined from
alogarithmic graph of A /A versus R /a. R, (maximum radius)
as adopted as % L, where L is the maximum longitude of the
particulate matter and a the average primary particle radius
of the minimum particle which forms the particulate matter
(Benitez et al. 2010).

The image processing software digital Image] 1.52a (digital
image processing software of public domain, Java) developed by
the National Institute of Health in USA) was used to determine
A, A, R and ¢.Considering the data obtained, K was calculated
from the following correlation (Benitez et al., 2010; Koylii et al.,
1995) (Equation 3):
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2.4 Scanning electronic microscopy

For a morphological characterization, the eight samples of
flours were analysed through scanning electronic microscopy (SEM)
with a SEM microscope (LEO, EVO 40, Carl Zeiss Microscopy
Ltd., Cambridge, United Kingdom). Flour samples were treated
with 2,5% glutaraldehyde in phosphate buffer pH=7.2. Then,
the samples were put on glass coverslips within polylysine film
(e-poly-L-lysine, EPL) for an hour. Afterwards, the coverslips
were washed with a buffer solution of dehydrated phosphate with
25%, 50%, 75% and 80% and three times with 100% solution of
acetone and finally desiccated at critical point (Polaron E3000
CPD, US.A.) with acetone and CO, as intermediate fluids.
The samples were gold sputtered with an ion bombardment
coat (Sputter Coater, Pelco 91000) and analysed by SEM (LEO,
EVO 40, Cambridge, Eng.), at acceleration voltage of 10 KeV
(Benitez et al., 2013; Mercedes Lataza Rovaletti et al., 2014;
Martinez Amezaga et al., 2018). Twenty images were considered
for each flour at different increases 1.0, 2.0, 3.0, 4.0, 5.0 y 6.0 KX.

2.5 Morphological characterization of particles and packets

From the analysed SEM images, seventy packets were manually
extracted for each sample of flour. Each packet was analysed by
the Variogram method to determine D, The Variogram method
is based on the calculation of the variance of V of the brightness
level distribution of a sample surface image (Chen et al., 2018;
Bianchi & Bonetto, 2001). In order to obtain the D, the FERImage
software was used (Bianchi & Bonetto, 2001).

2.6 Statistical analysis

Data points were presented as the mean of the measured
values. The data were subjected to an analysis of variance and the
Turkey test at the 0.05 level of significance. The Infostat software
(Di Rienzo et al., 2008) was used for the statistical analysis.

3 Results and discussion
3.1 Particle size distribution

The particle size distribution curves of the samples and the
particle size parameter of the flours are shown in Figure 1 and
Table 1, respectively.

A bimodal distribution was obtained and the diameters of
particles varied between 10 and 1168 pum in the treated samples
M with both mills; whereas, the control samples ground with a
roll mil (RM) (BM-RM) varied between 6 and 518 pm, and with
ablade mill (BM) (BM-BM) between 7 and 891 pm. These results
are within the evaluated ranges by Mahasukhonthachat et al.
(2010); however, trimodal curves (5-50, 50-500 y 500-2000)
have been observed by the mentioned authors. Bimodal curves
have two maximum diameters, which correspond to individual
starch granules sizes or to packed ones of smaller size and to
endosperm fractions (packed ones of larger size).

Sorghum starch varies in size from 4 to 35 pm (Zhu, 2014;
Choi etal., 2008). Control samples presented a higher percentage
of particles of smaller size as regards the treated flour for both
mills (Table 2). The smaller particles are practically reduced to
50% in the case of flours treated with both mills compared to
the samples without treatment, giving a higher percentage of
particles of a bigger size.

The heterogeneity of particle size significantly affects the
physicochemical properties of the flours when increasing
the surface area by unit of volume. It can also increase the
biodisponibility of macronutrients (carbohydrates, proteins)
when increasing the digestion velocity, which would easily affect
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Figure 1. Particle size distribution for control sample (CS) and 25% of
Moisture (M) for roll mill (RM) and blade mill (BM).

Table 1. Parameters of particle size distribution of sorghum whole flour of Control Sample (CS) and treated flours at 25% of moisture (M), ground
with a Blade Mill (BM) and Roller Mill (RM).

Sample d(w) (um) d(m) (um) d<90) (um) Moda (um) d[4,3] (um) Span
RM CS 13.70 + 0.43° 111.94 + 2.14* 283.77 £ 0.09* 229.12 + 14.25° 130.63 + 1.06* 2.43 +0.05¢
M 34.09 +2.11b¢ 250.17 + 3.71¢ 534.41 + 13.38¢¢ 344.49 + 25.89" 276.85 + 6.26° 2.00 + 0.02¢
BM CS 17.33 £ 0.98* 166.97 + 1.76° 400.56 + 2.04° 24591 +0.18* 193.78 + 1.01° 2.30 +0.04¢
M 46.58 + 0.62¢ 258.65 + 1.01%¢ 555.43 + 2.12¢¢ 369.35 +0.27° 286.95 + 0.83¢ 1.97 + 0.00¢

The means with different letters, within the same column, indicate significant differences between the samples (p < 0.05).
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Table 2. Medium diameter, % in volume and area under the curve of Control Sample (CS) and treated flours at 25% of moisture (M), ground
with a Blade Mill (BM) and Roller Mill (RM), obtained from the adjustment of the size distribution curves with the Origin software.

Sample D(um) Volumen (%) Area under the curve

RM CS Individual particles 18.5+0.2° 3.36 53+1°
packed particles 184+4 96.64 1523 +29

M Individual particles 24.0 + 0.3 0.85 28 204

packed particles 389 +89 99.15 3217 + 329

BM CS Individual particles 18,3 +0.1* 1.37 30.3 £0.6°
packed particles 297 +7 98.63 2182 +99

M Individual particles 23.8 £ 0.4 0.58 20 £2%¢

packed particles 4117 99.42 3501 + 274

The means with different letters, within the same column, indicate significant differences between the samples (p < 0.05).

human nutrition. The starch composition, the gelatinization and
paste properties, the susceptibility of enzymes, the crystallinity,
swelling and solubility are also affected by the granules size.

In the size distribution, the mean value is calculated in a
similar way the average concept is. The laser diffraction results
are reported on a volume basis, which is why, the volume mean
can be used to define the central point, even though the median
is more frequently used than the mean when this technique is
used. In the presentation of the data, the mean is expressed as
d, - The results of d, , were in accordance with those stated
by Mahasukhonthachat et al. (2010) . It is observed that the
samples without treatment show lower mean values than the
treated samples do, being the roll mill value lower. There are
significant differences compared to the blade mill.

The mode is the highest peak in the distribution. The mode
represents the particle size (or size range) most commonly found
in the distribution. The mode is not often used, but it could be
descriptive, particularly if there is a peak in the distribution.
Therefore, the modes are useful to describe the mid-point of
the different peaks. In the distributions obtained, it is observed
that the samples without treatment (for both mills) show similar
values without significant differences, and that they increase in
size with a moisture content of 25%.

The D50, the medium, has been defined as the diameter
where half of the population lies below this value. Likewise, 90%
of the distribution lies below D90, and 10% of the population
lies below D10. Thus, it could be considered that the medium
(D50) shows a similar behaviour to the mean d[4,3] or to the
mode. The analysis of D10 and D90 values shows a bimodal
behaviour, which has lower values for both mills in the case
of samples without treatment; a significant increase of smaller
particles (D10) with moisture content increase is observed, being
the bigger particles the ones ground with the BM, compared
to those ones ground with the RM. Besides, a swelling of the
particles occurs, as well as in the case of bigger samples.

One of the common values used for laser diffraction results

is the span (Horiba manual) (Equation 4)

Dgyy—D
90 — 10 )
50

Span =

It is observed that the span value decreases with moisture
content increase. Figure 1 and Table 2 show the values obtained
from the adjustment of the size distribution curves with the
Origin software used to calculate the areas under the curve. The
decrease in the span added to the reduction of the area under
the curve, Table 2, indicates a swelling and a probable rupture
of the starch granules with the increase of moisture content for
each mill, which causes a reduction in the amount of smaller
particles. It does not occur the same with bigger particles; an
increase in the area is observed when moisture content increases.
This would indicate a swelling of the packets.

According to the results presented, it could be observed that
both, the size and the flour particle distribution, are affected by
the grain hydration in the grinding process and by the type of
mill used.

3.2 Scanning Electronic Microscopy (SEM)

In Figure 2, SEM images of flours with and without treatment
are shown. The diversity of irregular forms with a prevalence
of spherical and polyhedral forms, typical of starch granules, is
observed. They are packets formed from protein matrix-starch
granules breakdown and cellular components. The structures
of whole flour particles, such as more free starch granules
for both mills, which could be part of the floury endosperm,
can be highlighted in the images of flours without treatment
(Figure 2a and c), whereas in the treated flours (Figure 2b and d)
ahigher proportion of packed structures, which could correspond
to the corneal endosperm, can be observed. That is to say that
whole grain conditioning to different moisture levels could
help to break down or free the corneal endosperm structure;
however, their sizes could be bigger than those of the samples
without treatment, as it was previously observed.

Previous works (Acquisgrana et al., 2019) report that the
treated samples for both mills, have a greater water retention
capacity compared to the samples without treatment, which
could be due to the starch damage during the milling process
(Dayakar Rao et al., 2016), which has the potential to increase
water absorption. This greater water absorption is particularly
beneficial in the preparation of gluten-free cookies, since its
effect would be similar to the addition of hydrocolloids that in
previous studies have been responsible for greater hardness and
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fracturability, two attributes desired in these types of products
(Shahzad et al.,2018).

The particles and packets damages could be observed in
SEM images. The ground samples with BM show differences
in the shape appearance of grains. In the samples without
treatment, packed starch granules, as if they have been cut in
random directions, of great surface and with well-defined starch
granules in some cases and damaged ones in other cases, could
be observed. Likewise, free starch granules of different shapes:
spherical, oval, irregularly polyhedral, and some granules with
rough appearance, could also be observed.

Nevertheless, the treated samples, compared to the samples
without treatment, show packed particles with a damaged
appearance, as if they have been crushed, where starch granules
cannot be distinctly differentiated.

Mag= 100K X EHT=700kV  WD= Tmm

EHT= 700kV  WD= Tmm

Regarding the RM, in the case of flour without treatment,
freer starches of irregularly polyhedral and spherical shape are
observed. The variation regarding their size, shape and surface
could be attributed to the type of cuts made by the mill, the
percentage of floury and corneal starch of the grain, the granule
moisture, etc. The flours treated with the RM have similar
characteristics to the ones ground with the BM.

3.3 Fractal dimension

Table 3 shows the results of Dfaverage of the packed particles
which have been taken from SEM images. In the case of BM,
there have not been significant differences among the samples.
However, with the MR, there has been a significant difference
(p<0.05) for the samples M-RM, resulting 2.53 + 0.01 compared
to 2.50 + 0.01 for the sample CS-MR, which suggests that the

EHT= 700KV  WD= Tmm

Mag= 100KX

Figure 2. SEM images of (a) control sample ground with a blade mill (CS-BM); (b) treated flour at 25% of moisture ground with a blade mill
(M-BM); (c) control sample ground with a roller mill (CS-RM); (d) treated flour at 25% of moisture ground with a roller mill (M-RM), all of

them with an increase of 1.00 KX. Scale 20 um = 63 pixels.

Table 3. Fractal dimension, characteristics parameters of projected area and particle average number per aggregate of Control Sample (CS) and

treated flours at 25% of moisture (M), ground with a Blade Mill (BM) and Roller Mill (RM

)-

Sample D, A KL Kg N
RM CS 2.50 +0.01* 2.59 1.72 3.58 847
M 2.53+0.01* 2.12 1.02 2.12 663
BM CS 2.53+0.01° 2.73 1.48 3.10 3490
M 2.54 +0.01° 2.54 0.81 1.69 2345

The means with different letters in the same column indicate significant differences between samples (p < 0.05); KL= numerical constant dependent on the maximum length adopted (L).
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line border of packets could be more irregular for the sample
M-RM. According to Nagai & Yano (1990), the higher D, values
show more roughness and a more irregular surface.

3.4 Average number of particles per packet

In Table 3, the results of the average particle number per
packets of flour samples, calculated by Equation 1, are shown.
The mean values, obtained by the adjustment of distribution
curve from the Origen Software, were used for article number
calculations. A higher number of particles per packet in the case
of the samples ground with BM compared to the ones ground
with RM is observed. In Figure 3, one of the obtained correlations,
for example for the control sample ground with a BM, can be
observed. The correlations were carried out applying the double
logarithm to Equation 1. The values reported in Table 3 arise from
the slope and intercept at the origin. A decrease in the number
of particles per packet, with an increase in the moisture level
is observed. However, a decrease in size is not observed, a fact
that would imply a higher swelling of the particles.

The rupture of some starch granules could have probably
occurred, with a subsequent reduction of particle number. The
w, K, and Kg values are shape factors that, as well as fractal
dimension, would indicate that particles are far from being
spherical in shape. From the values obtained, it is observed that
these parameters decrease as the moister level increases, and
that there is not any significant difference between mills. The
change in the surface roughness could be associated to a higher
swelling and the loss of structure of the packets. These data are
based on thermal properties data previously obtained, in which
it is postulated that there could be a partial gelatinization of
starch during the moisture increase treatment, the drying and
milling treatments.

1.6 T T

Log (Ap/A)
o
! |

-

0.8 —

0.6 | l | | | | | [ |
1 1.2 1.4 1.6
Log (RL/a)

Figure 3. Correlation between Log (R /a) and Log (A /A,) for control
sample ground with blade mill (CS-BM).

4 Conclusions

This work confirmed that the tannin extraction method
together with the moisture content of whole grains for further
grinding in a blade mill and in a roll mill affected the characteristics
of whole flour particles causing significant changes in the typical
parameters studies in size distribution, compared to flours without
treatment. Bimodal curves, with two sizes of particles, where
the types of mills and the moisture content of grain significantly
modified the perceptual proportions of the treated samples,
compared to the flours without treatment, were obtained in
all the studied cases. Likewise, structural changes produced by
moisture content variations and types of grinding of sorghum
grains could be seen through micrography analysis. The study
with SEM images showed, on the one hand, the granules of the
floury endosperm in their most free and spherical shapes, and
on the other hand, the packed granules that could belong to the
corneal endosperm. This presented different shapes, sizes and
damages due to the non-uniform fragmentation of the starch
protein matrix of the sorghum grain endosperm and the type
of mill used.

The granular appearance of the flours showed differences
between flours with and without treatment, which causes that
physicochemical and functional properties could differ.

Finally, packets of granules were characterized by the fractal
dimension study, and it was determined that they have rough
surfaces. Furthermore, significant differences in the average
particle number per packets in the samples ground in roll and
blade mills were observed.

The results obtained from the characterization of whole flour
could contribute, together with other studies, to the development
of sorghum whole flour with the aim of industrializing this
cereal in this region.
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