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Abstract: The objective of this study was to determine the grinding characteristics of wheat with
a low moisture content. Two kinds of wheat—soft spelt wheat and hard Khorasan wheat—were
dried at 45 ◦C to reduce the moisture content from 12% to 5% (wet basis). Air drying at 45 ◦C
and storage in a climatic chamber (45 ◦C, 10% relative humidity) were the methods used for grain
dehydration. The grinding process was carried out using a knife mill. After grinding, the particle
size distribution, average particle size and grinding energy indices were determined. In addition,
the dough mixing properties of wholemeal flour dough were studied using a farinograph. It was
observed that decreasing the moisture content in wheat grains from 12% to 5% made the grinding
process more effective. As a result, the average particle size of the ground material was decreased.
This effect was found in both soft and hard wheat. Importantly, lowering the grain moisture led to
about a twofold decrease in the required grinding energy. Moreover, the flour obtained from the
dried grains showed higher water absorption and higher dough stability during mixing. However,
the method of grain dehydration had little or no effect on the results of the grinding process or dough
properties.

Keywords: wholemeal flour; particle size; grinding energy; drying; wheat dough

1. Introduction

Wheat is one of the most important staple food crops and is used to produce a wide
variety of cereal products [1]. The demand for the production of wholemeal flour (WF)
has greatly increased during the last decades [2]. WF is rich in nutritive compounds in
comparison with refined flour, which mainly contains carbohydrates and protein [3], and
is made only with whole grains (100%). It also contains minerals, fiber, B vitamins and
bioactive compounds having high health-promoting properties [1]. Thus, it helps to reduce
the risk of several diseases, such as cardiovascular disorders, type 2 diabetes and some
cancers [4], as well as improving intestinal health [5].

Grinding is an important process in WF production and is considered as one of the
effective ways to reduce the destructive effects associated with large particles of bran and
germ on the end-use products [6,7]. The production process has been well established
for refined flour, whereas WF production poses several unique challenges to milling and
related industries [3,6]. During the production of WF, mill feeds (bran and germ) are first
separated from endosperm using roller mills and then recombined together after the mill
feeds. This method of WF production is widely commercialized in the milling industry.
However, it is economically unjustified, as the final product often has widely different
particle sizes, and all the grain components may not be included in the WF [3,8].
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The process of wheat grinding is influenced by the design of the mill as well as the
physical properties of grains, such as hardness [9,10], moisture content [11] and the size of
the kernels [12]. During grinding, the endosperm of soft wheat is easily broken up, while
that of hard wheat adheres tightly [13]. Thus, less energy is required for grinding soft
wheat, and a large number of fine particles are produced [14]. It is extremely important
to control the moisture content before the grinding process [15] in order to achieve a
higher efficiency of grinding energy [16], adequate particle size of the flour [17] and a
high flour yield [18]. Werechowska et al. [16] studied the effect of the grain moisture
content (MC) on the wheat milling process. They found that an increase in the MC of
wheat from 12 to 18% decreased the flour yield, increased grinding energy requirements
and changed the baking characteristic of the flour. Generally, a higher MC increases the
plasticity of the grains and, as a result, the grinding process becomes more difficult and
energy-consuming [19]. The milling procedures for refined flour production are well-
established. During the production of refined flour, some amount of water is usually added
into the wheat grains to obtain a bran layer that is resistant to size reduction and to remove
it from the endosperm [16]. The optimum MC is usually between 14% and 17%, and the
level of water added to the wheat depends mainly on the grain hardness [18]. However,
this kind of wheat tempering is inadequate in the case of wholemeal production. Dry
solid grains are brittle and easy to grind, need less energy for size reduction and produce
more fine particles of bran [20]. Prabhasankar and Rao [8] studied the wholemeal process
of wheat (initial MC of 14%) using different mills. They found that grinding wheat with
such an MC leads to an increase in grain temperature, which has a negative influence on
the flour properties [8]. Other authors produced whole wheat flour from grain with MCs
of 15% [21] and 16% [22]. They found that coarse particles had a negative influence on
the gluten network and flour baking quality, whereas research conducted by [23] showed
that multistage milling of dried wheat (about 8% moisture) without tempering allows
wholegrain flour with better baking quality than wholegrain flour from tempered wheat
(about 16%) to be obtained. In addition, others studied the wheat wholemeal process
(grains of 10–16% moisture) using an ultracentrifugal mill [24]. According to their study,
wheat grain with low MCs (e.g., 10–12%) produced adequate quality wholemeal flour.
However, the mentioned authors [8,21–24] did not study the grinding energy requirements.

The one-stage grinding of wheat grains with low MCs (4–5% wet basis (w.b.)) has not
been examined so far. Grains with low MCs occur in some countries where the summer is
very hot and moisture is extremely low in the air. Therefore, this study aimed to assess
the grinding process of wheat with low MCs for the production of WF. In particular, the
grinding energy indices and physical properties of dough were studied.

2. Materials and Methods
2.1. Material

Two types of ancient wheat grains were analyzed in the study: Khorasan (Triticum
turanicum) and spelt (Triticum spelta, cv. Rokosz). Khorasan wheat is commercially known
as KAMUT® Khorasan wheat. Both Khorasan wheat and spelt wheat were purchased in
2019 from a local market in Poland. The chemical compositions of the wheat grains were
determined using the methods described by Romankiewicz et al. [25].

2.2. Characterization of Wheat Grains Using the Single Kernel Characterization System (SKCS)

A total of 300 individual kernels were tested using the SKCS (model 4100, Perten
Instruments AB, Hägersten, Sweden) [26]. The hardness index (HI), weight, MC (w.b.) and
kernel thickness of the wheat grains were analyzed using the system. The bulk densities of
the grains were also determined [27].

2.3. Grain Drying

The grain samples (1 kg) with an initial MC of about 12% were dehydrated at 45 ◦C
using two methods: air drying (ADI) and storage in a climatic chamber. We used the same
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temperature for both methods of drying, because heating the grains to this temperature
does not adversely affect the quality of the flour [8]. ADI was performed using a laboratory
dryer (SLN 53, POL-EKO-APARATURA, Wodzisław Śląski, Poland). The relative humidity
of the air heated to 45 ◦C was 10% with an air velocity of 0.5 m·s−1. The process was
stopped when the grain weight did not change, which usually required approximately 6 h.
Alternatively, the grain samples were stored in a climatic chamber—a controlled incubator
(ICH 256, Memmert, Dusseldorf, Germany) at 45 ◦C in 10% air moisture—for 3 weeks. The
mass of the grain was controlled every three days, and the storage was stopped when the
grain weight did not change. In both cases, the dehydration process was continued until
the moisture of the samples decreased up to a level of approximately 5% (±0.3%) w.b. Both
before and after drying, the moisture of the grains was assessed by air oven drying (SLN
53, POL-EKO-APARATURA, Poland) at 105 ◦C until a constant sample mass was achieved.

2.4. Grinding Process

The wheat grains (100 g) were ground using a knife grinder (GRINDOMIX GM-200,
Retsch, Haan, Germany; 1000 W, 9000 rpm). The mill was equipped with a computer
system that allowed recording and analyzing of the grinding energy consumption during
size reduction. The amount of energy consumed during grinding for 2 min was determined
using a digital multimeter (VC 870, VOLTCRAFT®, Wollerau, Germany), which was
connected to a computer equipped with a special program for recording data (VC870
Interface 4.2.6., VOLTCRAFT®, Wollerau, Germany). The grinding energy was estimated
as the difference between the total energy (Et) and the energy lost during idling (Ei). The
total energy was determined from the total power consumed during grinding and the
grinding time using the following formula [28]:

Et =
∫ t

0
Pdt (J) (1)

where P is the power consumed during the grinding process and t is the time of grinding.
The energy lost during idle running (Ei) was calculated as follows:

Ei =
∫ t

0
Pjdt (J) (2)

where Pj is the power consumed during idle running.
After grinding, the samples were screened, and their particle size distributions were

analyzed on sieves (AS 200, Retsch, Haan, Germany) having hole sizes of 0.2, 0.3, 0.4, 0.5,
0.6, 0.7 and 0.8 mm. Based on the values, the average particle size (d) was calculated [11]:

d =

n
∑

i=1
hiPi

100
(mm) (3)

The grinding ability index (Gxi) was calculated as the ratio of the surface area (S) of
the ground material to the grinding energy (E) [29]:

Gxi =
S
E
(kJ · m−2) (4)

The surface area of the ground sample was determined using the proposed for-
mula [30]:

S =
6m
ρd

(m2) (5)

where ρ is the density of the wheat (an average density of 1300 kg·m−3 was assumed) [9].
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The grinding indices, namely Rittinger (Rxi), Kick (Kxi) and Sokołowski (Sxi), were
calculated as follows [31]:

Rxi =
Er

1
d −

1
D

(kJ·kg−1·mm) (6)

Kxi =
Er

lnD− lnd
(kJ·kg−1·mm−1) (7)

Sxi =
Er

1√
d
− 1√

D

(kJ·kg−1·mm0.5) (8)

where Er is the specific grinding energy and D is the particle size before grinding.
These indices are based on different grinding theories and are used by various authors

to describe the grinding process.

2.5. Physical Properties of the Dough

The physical properties of the dough were determined during development and
mixing using a farinograph (model 810114, Brabender, Duisburg, Germany) equipped with
a 50 g mixer bowl [32]. The parameters measured were the water absorption (WA) of the
flour, dough development time (DT), dough stability time (ST), degree of dough softening
and farinograph quality number [33].

2.6. Statistical Analysis

The grinding process and physical properties of the dough were studied in triplicate.
The results were expressed as mean values and standard deviations. In addition, a two-way
analysis of variance was performed, and significant differences between the means were
determined using Tukey’s test (α = 0.05). Calculations were done using Statistica 13.0
software (StatSoft, Inc., Tulsa, OK, USA).

3. Results and Discussion
3.1. Moisture Content and Physical Properties of Wheat Grains

The changes in the physical properties of the studied wheat kernels, determined
using the SKCS, are shown in Table 1. The initial MC of the kernels ranged from 11.86%
(Khorasan) to 11.68% (spelt). The highest hardness was observed for the Khorasan kernels
(average HI = 70.02), whereas significantly lower HI values were observed for the spelt
kernels (HI = 24.9). Based on kernel hardness, Khorasan wheat can be classified as hard
wheat and spelt as soft wheat [34]. The mass of the wheat kernels ranged from 40.21 mg
(spelt) to 50.87 mg (Khorasan), and their diameters (D) (thickness) varied from 2.16 to
3.12 mm. The studied wheat samples differed significantly in bulk density. The lowest bulk
density was found for the spelt grains (745 kg·m−3) and the highest for the Khorasan grains
(793 kg·m−3). The determined physical properties of the grains indicated the quality and
processing characteristics of the wheat [35,36]. In particular, the kernel hardness parameter
was useful in determining the grinding and baking properties of the wheat [9,37].

Table 1. Initial moisture content and physical properties of the tested wheat.

Type of Wheat Moisture Content Hardness Index Diameter Mass of Kernel
(mg)

Bulk Density
(kg m−3)(% w.b.) (-) (mm)

Khorasan 11.52 ± 0.82 a,* 70.0 ± 13.11 b 3.12 ± 0.33 b 50.87 ± 10.12 b 793 ± 42 b

Spelt 11.68 ± 0.84 a 24.9 ± 15.63 a 2.16 ± 0.44 a 40.21 ± 11.61 a 745 ± 15 a

* The values designated with different letters are statistically significantly different (p < 0.05).
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3.2. Grinding Results
3.2.1. Particle Size Distribution

The glanulometric distribution of ground wheat is a very important parameter to
determine the end use of flour [3]. Reduction in the MC of wheat caused a decrease in
the mass fraction of the coarse particles (>0.4 mm). In the case of Khorasan wheat, the
mass fraction of the coarse particles decreased from 41.9% to 28.87% (ADI) and 31.46%
(wheat stored in the climatic chamber (CM)), whereas for spelt this fraction decreased from
30.05% to 18.25% (ADI) and 19.2% (CM). On the other hand, the decrease in grain moisture
led to an increase in the mass fraction of particles with a size of <0.4 mm, from 58.1% to
71.3% (ADI) and 68.5% (CM) and from 70.0% to 81.8% (ADI) and 80.8% (CM) for Khorasan
and spelt, respectively (Table 2). The method of grain drying had little influence on the
particle size distribution. Furthermore, a higher number of fine particles were produced
from soft spelt wheat. This confirms the results reported by other authors for grinding
wheat with different hardnesses using a roller mill and a hammer mill [37,38]. However,
this regularity has been determined for grain with an MC no lower than 10%. We found a
similar tendency using a knife mill and for grains with lower moisture contents. MC is a
critical parameter, influencing the grinding process of cereal grains. Generally, lowering
the MC increases the brittleness of the grains [16,39] and thus makes the grinding process
more effective. The tempering of wheat grains by adding water is commonly applied in
wheat flour milling to strengthen the bran layer and enhance endosperm fragility [18,40].
In the case of WF, the presence of bran particles with a size of >0.6 mm reduces the dough
mixing properties of flour [41]. Our study showed that decreasing the MC of wheat from
12% to 5% reduced this bran fraction by 1.8 to 2.8 times, depending on the method used for
drying and the type of wheat.

Table 2. Particle size distribution of ground wheat samples.

Type of Wheat Sample
Range of Class (mm)

>0.8 0.6–0.8 0.4–0.6 0.2–0.4 <0.2

Khorasan
CW 2.06 ± 0.08 c,* 12.44 ± 0.46 f 27.40 ± 0.63 e 34.62 ± 0.57 a 23.48 ± 0.35 b

AD 0.66 ± 0.05 a 4.46 ± 0.05 e 23.75 ± 0.33 d 44.08 ± 0.54 b 32.17 ± 0.60 c

CM 0.85 ± 0.05 b 7.50 ± 0.22 d 23.11 ± 0.40 c 36.94 ± 0.73 a 31.60 ± 0.66 c

Spelt
CW 3.35 ± 0.08 d 7.69± 0.23 d 19.01 ± 0.31 b 41.68 ± 0.77 c 28.27 ± 0.68 b

AD 0.71 ± 0.06 a 3.70 ± 0.06 a 13.84 ± 0.25 a 34.18 ± 0.84 a 47.57 ± 1.52 e

CM 1.04 ± 0.03 b 5.06 ± 0.18 c 13.10 ± 0.25 a 43.12 ± 0.88 b 37.68 ± 0.73 d

* The values in columns designated with different letters are statistically significantly different (p < 0.05); CW = control wheat before drying,
AD = air-dried wheat and CM = wheat stored in the climatic chamber.

3.2.2. Average Particle Size and Grinding Energy

The average particle size (d) and specific grinding energy (Er) determined for the
control and dried wheat samples are presented in Figure 1. The lowest values of these
parameters were observed for wheat samples with lower MCs. The values of d for the
control ground spelt and Khorasan wheat were 0.33 and 0.37 mm, respectively. Drying
resulted in a significant size reduction of the grains and, as a result, d was significantly
decreased (on average, to 0.28 mm for Khorasan wheat and to 0.31 mm for spelt). The
specific grinding energy ranged from 13.2 to 25.3 kJ·kg−1. The lowest Er value was obtained
for spelt grains with low MCs and the highest for Khorasan wheat before drying. Generally,
the reduction in the MC of grains from 12% to about 5% decreased the grinding energy
requirements, with a range from 27% (spelt) to 38% (Khorasan). A similar tendency was
also found by other authors when they dried wheat in a microwave oven [42]. When the
moisture of the kernels is low, the endosperm and bran can be easily ground, and the
specific grinding energy is also lower [16,43] with a reduction in the particle size of the
ground material [35]. Our study showed that the method of drying had no significant
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influence on these parameters. This indicates that lowering the moisture of grains via
storage at a higher temperature (45 ◦C) and with low humidity gives similar grinding
results to the reduction of grain moisture by faster convective drying. Thus, wheat storage
can be carried out in such conditions without grain tempering before WF production.
Higher values of Er and d were more often found for the hard Khorasan wheat, compared
with the soft spelt. A similar tendency was also reported by other authors [36,44]. Wheat
hardness depends mainly on endosperm hardness [45] and is determined by the adherence
between starch and protein [46]. A higher adherence resulted in higher energy requirements
for size reduction and more coarse particles in the case of the ground Khorasan wheat,
compared with the soft spelt grains.
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Figure 1. Average particle size (d) and specific grinding energy (Er) of the control wheat (CW) and the dried wheat (AD =
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3.2.3. Grinding Energy Indices

Figure 2 presents the results of the grinding energy indices. These indices consider
both the grinding energy and the particle size of the ground wheat. The highest value of
the grinding ability index was often found for the spelt wheat grains. Lowering the MC
of the grains caused about a twofold increase in the grinding ability index (on average,
from 1.3 to 2.3 m2·kJ−1). This tendency was found for both kinds of wheat and indicated
that the grinding process of dry grains (5% moisture) was about two times more effective
than the size reduction of wheat grains with an MC of about 12%. Other energy indices
also confirmed this effect. The values of Sokołowski’s grinding index were 23.6 and
19.4 kJ·kg−1·mm0.5 for the control Khorasan and spelt wheat samples, respectively. The
decrease in the MC of grains also caused a decrease in the values of this index (on average,
to 12.8 kJ·kg−1·mm0.5 for the Khorasan wheat and to 10.6 kJ·kg−1·mm0.5 for the spelt
wheat). In addition, Rittinger’s and Kick’s grinding indices showed similar changes and
about a twofold decrease after reduction in the moisture of the wheat grains. The higher
values of these indices were more often found for the hard grains of Khorasan wheat than
for spelt wheat. However, the method of moisture reduction had little or no significant
influence on these indices. This reveals that storage in hot air with a low relative humidity
can be applied to naturally decrease the water content of grains and increase the grinding
efficiency of wheat. Other authors also found that the MC and grain hardness of wheat
strongly influenced the grinding energy requirements. For instance, Werechowska et al. [16]
observed that the specific grinding energy of different common wheat samples increased
from 52 to 80 kJ·kg-1 when the moisture of the grains increased from 12% to 18%. Letang
et al. [47] studied the grinding process of wheat with different hardnesses and found that
the values of Sokołowski’s grinding index changed from 22 kJ·kg−1·mm0.5 for soft wheat
to 54 kJ·kg−1·mm0.5 for durum wheat. Dziki [11] found about twofold higher values of
this index when a hammer mill was used for wheat grinding.
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3.3. Farinograph Results

The farinograph is the leading standard tool for assessing the rheological behavior
of wheat dough and the effects of technological and health-promoting additives on the
bread dough development and mixing processes [48]. The results of the farinograph
measurements obtained in the present study are summarized in Table 3. In the case of
spelt wheat flour, WA ranged from 58.2% to 62.3%, whereas for Khorasan wheat it changed
from 57.4% to 61.6%. Grinding the dried wheat resulted in smaller flour particles and
caused a significant increase in WA. This tendency was observed for both kinds of wheat.
WA indicates the percentage of water required to yield a dough consistency of 500 BU
(Brabender units). Wheat flour is considered to be of good quality when its WA is between
57% and 62% [49]. However, the optimum water level differs from flour to flour, depending
on the quantity of protein and other dense particles present [50]. WA is directly related
to the yield of finished bakery products and is one of the most important parameters in
assessing flour strength and in calculating product price because it determines the bread
yield as well as quality [51]. The high WA observed for the studied wheat samples could
have resulted from the higher bran content of wholemeal wheat. The inclusion of a higher
amount of bran in dough formulation resulted in increased WA of the dough due to the
higher levels of pentosans and fiber in bran [52].
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Table 3. Farinograph properties of wheat dough samples.

Type of Wheat Sample Water Absorption
[%]

Development Time
(min)

Stability of Dough
(min)

Degree of Softening
(FU)

Spelt CW 58.2 ± 0.41 a,* 5.2 ± 0.24 a 5.8 ± 0.16 a 62.0 ± 2.65 d

Spelt AD 62.3 ± 0.82 c 7.3 ± 0.35 b 10.3 ± 0.80 c 27.0 ± 4.53 b

Spelt CM 61.6 ± 0.64 c 6.8 ± 0.41 b 8.7 ± 0.15 b 38.3 ± 2.51c

Khorasan CW 57.4 ± 0.46 a 19.5 ± 0.52 c 15.6 ± 0.49 d 0.00 + 0.00 a

Khorasan AD 61.6 ± 0.97 b,c 19.7 ± 0.46 c 14.8 ± 0.36 d 0.00 + 0.00 a

Khorasan CM 60.9 ± 0.52 b 20.2 ± 0.63 c 15.2 ± 0.52 d 0.00 + 0.00 a

* The values in columns designated with different letters (a, b, c, d, e and f) are statistically significantly different (p < 0.05). CW = control
wheat before drying, AD = air-dried wheat and CM = wheat stored in the climatic chamber.

The highest DT was often found for Khorasan wheat (average 19.8 min), whereas
the lowest values were observed for spelt wheat (average 6.4 min) (Table 3). In the case
of Khorasan wheat, the decrease in grain moisture before grinding had no significant
influence on the DT, whereas a significant increase of this parameter was observed for
spelt. DT is an important parameter in determining the mixing behavior of wheat flour.
It is defined as the time from the moment water is added to the flour until the dough
reaches the maximum consistency [49]. According to Yang et al. [53], the mean DT for
white wheat flours usually ranged from 0.9 to 6.7 min, while Kalnina et al. [54] found
that the DT was between 2.22 and 6.8 min. The results obtained for dough DT in the
present study demonstrated that wholegrain flour obtained from Khorasan wheat required
a greater mixing time to achieve the maximum consistency than the spelt wheat flour. This
was probably caused by the higher protein content in Khorasan wheat in comparison with
spelt wheat. The dough DT depends on protein quality and quantity, starch granule size
and the degree of starch damage [55]. Furthermore, dough DT increases with the increase
in protein degradation (proteolysis). It also increases with a decrease in the size of the
starch granules and an increase in the content of damaged starch, due to the increase in the
specific surface area absorbing water [51].

The most important farinograph parameter is ST. ST is defined as the difference be-
tween the arrival time and departure time and is generally considered a good indicator of
dough strength. In the present study, the stability time of the tested wheat flour samples
ranged from 5.8 to 15.6 min. The highest dough ST was found for the flour obtained from
Khorasan wheat, whereas the lowest values were found for spelt wheat (Table 3). These dif-
ferences can be explained by the lower protein content in spelt wheat than Khorasan wheat
and a weaker gluten network. Similar effects were observed by Bae et al. [56] in different
samples of wheat flour. Interestingly, in the case of spelt and Khorasan wheat dough
obtained from the flour with more fine particles (dried grains), a significant increase in
ST was observed. Boita et al. [57] found that the stability time of dough was 13.8 min for
refined wheat flour, whereas it averaged 8.9 min for whole wheat flour. This effect can be
attributed to the interaction between fiber and gluten, which prevents protein hydration.
The bran particles can react directly with the structural elements of the gluten network and,
as a result, the dough extensibility, stability and damaging gas retention decrease [58].

The data shown in Table 3 revealed that dough softening was observed only in the
case of spelt flour. The dough obtained from Khorasan wheat was characterized by such
a strong structure that the degree of softening after 12 min of mixing was equal to zero.
Interestingly, the flour obtained from dried spelt showed a lower degree of dough softening
than the control flour. An increased degree of softening is a particularly important indicator
of proteolytic degradation of gluten [51]. A high WA of the flour and a low degree of
softening indicate that the flour is of good quality, whereas a low WA and a high degree of
softening indicate poor quality [57]. The results showed that, in the case of spelt wheat,
the drying process allowed for obtaining more fine bran particles, which has a positive
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effect on the dough properties. On the other hand, the method of grain dehydration had
no significant influence on the physical properties of wheat dough.

4. Conclusions

Decreasing the content of moisture in wheat grains from 12% to 5% had a significant
influence on the grinding process of wheat. The mass fraction of coarse particles signif-
icantly decreased, whereas that of fine particles increased. This tendency was found for
both the soft and hard wheat samples studied. Lowering the grain moisture also caused
a significant decrease in grinding energy requirements. The values of the Rittinger, Kick
and Sokołowski indices were found to be decreased about twofold when grains with a
low moisture content (5%) were ground in comparison with the values obtained for the
control wheat (12% moisture). Importantly, the flour obtained from dried grains was
characterized by a higher WA and higher dough stability during mixing. According to
the results, the method of grain dehydration (ADI and storage of grains for 3 weeks in the
climatic chamber) had little or no effect on the results of grinding or the dough properties.
Therefore, natural drying is recommended for wheat grains. Natural drying is possible in
some countries during the summer, when the moisture of air ranges between 5% and 15%
and the temperature exceeds 40 ◦C. Such conditions allow for obtaining wheat grains with
a low MC, and the grains can be used without tempering for WF production.
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