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Abstract: This work analyses the organic dust concentration during a wheat grinding process which
was carried out using two types of grinders: A hammer mill and a roller mill. DustTrak II aerosol
monitor was used to measure the concentration of the dust PM10 (particles with the size smaller
than 10 pm), PM4.0, and PM1.0. An increase of the grain moisture to 14% resulted in the reduction
in PM10 when grinding grain using the hammer mill. An inverse relationship was obtained when
grain was ground using the roller mill. A smaller amount of the fraction below 0.1 mm was observed
for larger diameter of the holes in the screen and smaller size of the working gap in the roller mill.
For both mills, the obtained concentration of the PM10 fraction dust exceeded the acceptable level.
To protect farmers health, it is necessary to use dust protection equipment or to modify the grinding
technology by changing the grain moisture content and/or the grinding parameters.
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1. Introduction

Management and processing of agricultural goods in a sustainable agriculture farm is of particular
importance in terms of further use of these products. In agricultural holdings, straight after harvest,
cereals usually have a higher moisture content than the one necessary for successful storage. This is
the result of varied harvest periods. Installation of a specialized drying facility is one of the ways
to lower the moisture content, however, this generates additional costs and entails higher energy
consumption [1,2]. There are approaches to reduce costs of drying by using the heat produced by
combustion of pellets derived from by-products of agricultural processing, e.g., Straw, rapeseed oil
cakes, soybean hulls [3,4]. Moreover, technologies are also developed for processing agricultural
goods, including cereals, directly after harvesting without drying [5]. In most cases such raw materials
are used directly as livestock fodder. Grinding cereals and other seeds is the key production step in
animal fodder production. Several factors, including moisture content and the type of raw material,
its hardness and brittleness, as well as chemical composition influence the course, efficiency and
effectiveness of grinding. In addition to physical properties, the milling process is determined by both
structural and operating characteristics of a grinder. One of the consequences of using this group of
machines is their wear, which also affects the degree of fragmentation of raw material. Among the
elements of grinding machines that are affected by use wear; one should mention hammers, screens,
and rollers. Irrespective of the milling method, organic dust is produced when cereal raw materials
are ground. For health reasons, of particular importance is the continuous monitoring of aerosol
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concentration in the air and the use of equipment protecting against dust. Dust is one of the main
harmful factors occurring in the work environment of farmers. Harmful influence of dust on the
human body may cause many diseases, including pneumoconiosis and cancer. According to the data
from the literature of the subject [6]; a human inhales daily approximately 12.3 m® of air, which is
a mixture of gas and particles of liquids as well as solids. Dust suspended in the air is a mixture
with varied chemical composition and physical characteristics. Organic dust present in the air with a
particle diameter greater than 10 um quickly settles on surface and is called deposited dust. At the
same time, smaller fractions are suspended in the air. PM10 fraction refers to particles with the size
smaller than 10 um, while PM1.0 to the particles with the diameter smaller than 1 um. Dust with
dimensions smaller than 10 pm (PM10) enters the respiratory system and those with particle size
smaller than 1 pm, may penetrate alveoli and thus enter bloodstream and all other systems [7-9].
As evidenced by studies, dangerous mycotoxins enter the human body together with inhaled organic
dust [10,11]. The presence of dust during the grinding process is very common. Primarily, particles of
a greater size are present (PM10), but there are also those with smaller particle size (PM2.5). As the
result of their further spread, and frequently mutual collision, their additional fragmentation takes
place, which increases the amount of fine fraction PM2.5 and very fine fraction PM1.0. Therefore,
a PM4.0 fraction concentration might be a good determinant of dust contamination in its initial phase.

The European Commission takes into account mainly dust particles of PM10 and PM2.5 fraction [12].
According to the data from 2018, it is estimated that in Poland’s agriculture and waste disposal there is
approx. 16% with PM10 particulate size and approx. 15.2% with PM2.5 particulate size in the overall
amount of generated dusts [13]. According to the data of the World Health Organization [14]; for a
PM10 acceptable level of 24 h continuous concentration of dust is 50 pg-m_3, while in the case of PM2.5
the acceptable level is 25 pg:-m~3. According to epidemiological research [12], it is difficult to identify
the threshold values of dust concentration below which no adverse effects on human organism are
observed. Many research works were performed on the harmfulness of suspended particulate matter
on the human body [15-18]. In the research by Zwozdziak et al. [19] concentration of PM10, PM2.5,
and PM1 at school was examined by comparing it with the results of the children examined using a
spirometer. The average concentration of PM10 was equal to 115.2 pg-m~3, while that of PM2.5 was
46.4 pg-m=3. A short-term cause and effect relationship was documented between the concentration of
PM2.5 fraction inside the school and the change of values of the parameters measured in spirometry.

Health statistics show that most of occupational diseases reported in Polish farmers is caused by
pathogens present in organic dusts. In Poland, lung diseases are more common in farmers than in the
rest of the population, just as in other countries. Therefore, the problem is serious, and there is a need
to take appropriate preventive measures [10,20-22].

The studies carried out were intended to assess concentration of organic dust produced during
grinding grain in a hammer mill and roller mill, i.e., the most popular grinding devices in agricultural
holdings. The test presented in the paper were carried out for the grain with three different levels of
moisture content in order to assess the impact of moisture content on the level of dust contamination.

2. Materials and Methods

The test material was wheat of Zyta variety. The wheat grain is the typical kind of grain used
in the farms. The initial moisture content of the wheat, the so-called storage humidity, was 9% [23].
The studies were carried out also on wheat with the moisture content of 14% and 18%. For this purpose,
the test material was moistened to the desired moisture content by adding the appropriate amount
of water and storing in cold storage conditions for 24 h in order to balance the moisture content.
The quantity of water needed for moistening was calculated using the following formula:

X2 — X1

Mw = 100 — x,

N

where:
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Mgy—amount of water necessary for moistening,
Mp—moistened grain mass,

Xj1—initial moisture content,

X,—desired moisture content.

The first moisture content (9%) it is mainly moisture of grain after drying or storage, moisture 14%
this is a maximum safe moisture content for storage and 18% and more this is a moisture content of
grain after harvesting. Some farmers processed the grain immediately after harvesting. The wheat
grain is the typical kind of grain used in the farms.

Grinding was performed using two different types of mills, i.e., A hammer mill with
interchangeable screens and a roller mill with the diameter of rollers equal to 200 mm. In the
hammer mill three different screens with mesh with the diameter of openings respectively: ¢ =3,
@ =5 and ¢ = 8 mm were used, while in the case of the roller mill three different working gaps were
set, i.e.,, 0.4, 0.7, and 1.0 mm. The operating parameters of machines are different according to the
destination of the ground grain. The disintegration at holes at screen size of 3 mm is typical feed for
pigs, 5 mm is typical for poultry and 8 mm is designed for hens in the hammer mill. The size of gap
was set according to the same destiny of feed in roller mill.

Concentration of organic dust, as measured using a DustTrak II monitor, with which three
interchangeable size-selective inlets were used, allowing the measuring of the concentration of dust
with particulate matter size: PM10, PM4.0 and PM1.0. The duration of the measurement was set to
1 min. During this time, 30 measurements were made, i.e., one every 2 s. The device used to measure
the dust concentration was installed at a distance of 1 m from the grinding mill, at an employee head
height, i.e., 1.5 m above the ground. Each time the device was set in the same place. The measurements
were taken at the same distance from the milling device, thus simulating the typical position of
personnel handling the grinder (Figure 1). Additionally, a control test was also made by measuring
dust concentration in the room when grinding process was not taking place. In the discussed study,
the PM4.0 was used instead of the typical value of PM2.5, taking into account a phenomenon typically
occurring during the process of dynamic milling that is mutual collision of particles and resulting from
it gradual formation of a certain quantity of finer particles [24-26].

1 4 5 3 5
VO ABEN

b

Dust
0.345 mg/m’

Figure 1. The layout of the dust measuring station: 1—hammer mill, 2—roller mill, 3—DustTrak IT dust
monitor, 4—inlet of the raw material prior to grinding, 5—outlet of the raw material after grinding,
A—screen with interchangeable mesh with circular openings, B—adjustable working gap between
the rollers.



Sustainability 2019, 11, 4572

40f11

The obtained wheat middlings were analyzed on sieves in order to determine the finest fraction,
i.e., with the size smaller than 0.1 mm, as well as the average particle size. The study was performed
on a Retsch sieve separator in accordance with PN-R-64798: 2009 standard [27].

Designations presented in Table 1 were used for descriptive purposes in this work.

Table 1. Description of the designations used in this work.

Designation Description Designation Description
Grain moisture content of 9%, Grain moisture content of 9%,
WO9-h3 the diameter of openings in the WO9-h0.4 the working gap between rollers
screen of the mill equal to 3 mm of the mill equal to 0.4 mm
Grain moisture content of 9%, Grain moisture content of 9%,
WO9-h5 the diameter of openings in the WO9-h0.7 the working gap between rollers
screen of the mill equal to 5 mm of the mill equal to 0.7 mm
Grain moisture content of 9%, Grain moisture content of 9%,
WO9-h8 the diameter of openings in the WO9-h1 the working gap between rollers
screen of the mill equal to 8 mm of the mill equal to 1 mm
Grain moisture content of 14%, Grain moisture content of 14%,
W14-h3 the diameter of openings in the W14-h0.4 the working gap between rollers
screen of the mill equal to 3 mm of the mill equal to 0.4 mm
Grain moisture content of 14%, Grain moisture content of 14%,
W14-h5 the diameter of openings in the W14-h0.7 the working gap between rollers
screen of the mill equal to 5 mm of the mill equal to 0.7 mm
Grain moisture content of 14%, Grain moisture content of 14%,
W14-h8 the diameter of openings in the W14-hl the working gap between rollers
screen of the mill equal to 8 mm of the mill equal to 1 mm
Grain moisture content of 18%, Grain moisture content of 18%,
W18-h3 the diameter of openings in the W18-h0.4 the working gap between rollers
screen of the mill equal to 3 mm of the mill equal to 0.4 mm
Grain moisture content of 18%, Grain moisture content of 18%,
W18-h5 the diameter of openings in the W18-h0.7 the working gap between rollers
screen of the mill equal to 5 mm of the mill equal to 0.7 mm
Grain moisture content of 18%, Grain moisture content of 18%,
W18-h8 the diameter of openings in the W18-h1 the working gap between rollers

screen of the mill equal to 8 mm

of the mill equal to 1 mm

3. Results and Discussion

Prior to the commencement of the research on the grinding process the average concentration of
organic dust in the room was determined. The concentrations were as follows: For PM1.0—26 pg-m™—,
for PM4.0—35 pg-m 3, and for PM10—53 pig-m 3. The same analysis was also performed 5 min after
completion of the grinding process and turning off the machinery. The concentration of dust was as
follows: For PM1.0—42 pg-m=3, for PM4.0—328 pug-m~2, and for PM10—101 pg-m=.

The average values of organic dust concentration in the course of grinding with the hammer mill
are shown in Figure 2, while Figure 3 presents the corresponding values in the case of the roller mill.
In addition, in Tables 2—4 respectively, the maximum and minimum concentration of dust particulates
during the grnding process is shown.
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Figure 2. The distribution of organic dust concentration during grinding using the hammer mill in
relation to the moisture content and the size of the openings in the screen.
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Figure 3. Distribution of organic dust concentration during grinding using the roller mill depending
on the moisture content and the size of the working gap between the rollers.

In the case of the hammer mill, at a constant moisture content, a significant decrease of concentration
of the organic particulate matter of the PM10 fraction was observed for increased diameter of screen
openings. In the case of the roller mill, a similar trend can be observed for increased working gap,
however, only for the raw material with the moisture content of 9%. It should be noted that in this case
the trend is noticeable, though not confirmed statistically. Additionally, in the case of the hammer mill,
for the moisture content of 9% and 14%, a tendency can be observed of lowering the concentration of
PM1.0 fraction with the increase of the diameter of screen openings, although statistical analysis does
not confirm the importance of these differences at 0.05 significance level. In the case of the roller mill,
a similar relationship was noted for the raw material with the moisture content of 18% and increased
size of the working gap between the rollers. For a particulate matter of the PM4.0 fraction produced in
the course of grinding using the hammer mill, a decrease of dust concentration was observed for larger
mesh openings in the case of moisture content of 14%. A similar tendency is noticeable for the roller

mill for the increased size of the working gap in the case of the raw material with the moisture content
of 18%.
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Table 2. Statistical analysis of dust concentration PM1.0 during grinding.

Moisture

Mill Content of the S[cree;l I Max_.s] [ M1n_.3] Du[s ts Av_e; ]a 8¢ Dusts—S.D. Honé)geneous
Raw Material [%] mm Hgm Hgm Hgm roup
- Control 50 33 38.7 4.4
3 121 69 84 14.3
9 5 82 69 775 3.7
8 77 59 65.3 4 C
Hammer mill 3 71 57 63.6 44 c
14 5 66 51 55.9 29 b
8 49 39 422 2 b
3 77 63 69.4 3.6
18 5 83 72 77.7 2.6 d
8 92 66 74 5.5
- Control 39 25 27.1 3 a
0.4 39 28 32.3 3.2
9 0.7 29 26 27.7 0.9 a
1 36 26 28.6 2 a
Roller mill 04 68 51 56.2 38
14 0.7 58 52 549 1.6 b
1 56 52 54.2 1 b
0.4 52 43 48.6 1.9
18 0.7 38 29 31.6 19
1 34 28 30.7 1.6 a
Table 3. Statistical analysis of dust concentration PM4.0 during grinding.
Moisture Screen M Mi Dusts A Hom n
Mill Content of the [:nen?] [ a>(:3] [ 1n7.3] u[s S vir]a 8 Dusts—S.D. ° c;':ge eous
Raw Material [%] Hgm Hgm Hgm oup
- Control 140 106 1204 7.5 b
3 530 344 421.6 46.9 d
9 5 463 404 423.6 15.5 d
8 375 307 345.8 17.1 c
Hammer mill 3 354 234 2722 267
14 5 213 156 183.1 15.6
8 131 81 110.7 15 b
3 445 342 391.5 28.9
18 5 451 391 421 15
8 359 296 335 13.6 C
- Control 55 37 419 3.7
0.4 105 42 57.7 15.8
9 0.7 65 49 57.6 4.5
1 84 48 63.1 9.5 a
Roller mill 0.4 9 75 823 41
14 0.7 104 74 86.8 8.7
1 94 78 86.2 3.9
0.4 94 68 81 6.1
18 0.7 75 56 65.4 5

1 69 53 61.3 4.6 a
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Table 4. Statistical analysis of dust concentration PM10 during grinding.

Moisture Screen M Mi Dusts Homogeneous
Mill Content of the [mm] [ ‘ax._s] [ ,m.—zl Average Dusts—S.D. Gr%)u
Raw Material [%] mgm mgm [mg-m~3] p
- Control 294 158 200.3 30.4
3 1200 832 1011.9 87.7
9 5 837 670 746.6 43.8 C
8 698 552 620.3 329
Hammer mill 3 795 647 720.9 481 c
14 5 460 297 387.2 40
8 314 184 262.8 35.7
3 1020 702 842.3 63.5
18 5 811 637 730.9 41 C
8 667 525 583.2 394
- Control 86 54 68.8 8.8 a
0.4 160 78 113.1 18.7
9 0.7 157 80 111 18.7
1 150 90 102.8 13.6 ab
Roller mill 0.4 165 106 1293 169 b
14 0.7 178 134 154.5 13.5
1 161 100 129.6 16.1
04 129 104 117.4 8
18 0.7 144 86 119 18
1 128 72 105.3 14 b

When grinding in the hammer mill, for each of the tested sizes of mesh openings in the screen,
the highest value of organic dust concentration of PM10 fraction was measured for the grain with
initial moisture content of 9%, while the lowest concentration characterized the grain with an initial
moisture content of 14%. The highest value of concentration of the PM10 fraction was recorded for
the moisture content of 9% and the screen openings size equal to 3 mm (1102 pg-m~2), while the
lowest concentration was measured for the moisture content of 14% and the screen openings size of
8 mm (263 pg'm~3). In the case of the PM4.0 fraction, the highest concentrations of organic dust was
observed for the raw material with the initial moisture content of 9% and 18%. It reached a similar
value both for the openings with the diameter of 3 as well as 5 mm (approx. 420 ug-m~2). For all
tested initial moisture contents, the use of screens with the openings size of 8 mm resulted in the
decrease of concentration of the organic dust by approx. 24% (to the level of approx. 340 pg-m™).
In the case of the very fine particulate matter PM1.0, the highest value of concentration was recorded
for the input material with moisture content of 9% and the screen openings size of 3 mm (84 ug-m=2).
For the entire range of tested moisture content of the input material, the lowest value of the PM1.0
fraction concentration was observed for grain with the moisture content of 14% (42 ug-m_3). Using the
roller mill reduced the amount of produced PM10, PM4.0, and PM1.0 dust as compared to the amount
obtained during grinding of the raw material in the hammer mill. In this case, for all examined mill
gaps between the rollers, the highest value of the PM10 fraction concentration was measured for grain
with the input moisture content of 14%. The highest concentration was equal to 155 pg-m= for the gap
of 0.7 mm, followed by the gaps of 0.4 and 1 mm (approximately 129 ug-m~3). The lowest value of
dust concentration of the PM10 fraction was recorded during grinding grain with the initial moisture
content of 9% for the mill gap of 1 mm; this value was 103 pg'm~3. When grinding grain using the roller
mill the concentration of dust of the PM4.0 fraction was also the highest for the input material with the
moisture content of 14% (87 pg-m~2 for the mill gap of 0.7 mm). In contrast, the lowest concentration
of organic dust of the PM4.0 fraction was recorded during grinding grain with the moisture content of
9% (the lowest concentration of 57 pig-m~ was measured for the mill gap of 0.7 mm). For the roller
mill the highest concentration of the finest particulate matter of the PM1.0 fraction was recorded for
the initial humidity of 14%, and mill gap of 0.4 mm (52 pg:m~3). As in the above described variants,
considering the analyzed mill gaps, also in the case of the finest particulate matter the lowest values of
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organic dust concentration were observed for grain with the initial moisture content of 9% (the lowest
concentration equal to 28 pig-m~ was measured for the gap of 0.7 mm). In the research by Dacarro [28],
the average concentration of organic dust of 790 ug-m~3 was obtained during the grinding stage of
grain processing in mills, while the highest concentration of inhaled dust was obtained at the cleaning
stage, when it was equal to 2763 pg-m~3, with the concentration of dust of the smallest particulate size
(respirable dust) was, respectively: 321 and 1400 pg-m‘3 .

The use of the roller mill, instead of the hammer mill in the process of grinding grain with
moisture content of 9%, resulted in an average reduction of the PM10 fraction by approx. 724%,
the PM4.0 fraction by approx. 671%, and the PM1.0 fraction by 256%, and these were the largest
decreases registered among the analyzed moisture content levels. For grain with the moisture content
of 14% which is characterized by the lowest dynamics of the decrease these values were, respectively:
PM10—337%, PM4.0—223%, and PM1.0—98%. Moreover, in the case of the last one even an approx.
22% increase in the amount of PM1.0 fraction was recorded for the roller mill with the mill gap of 1 mm
in comparison to the amount of dust produced by the hammer mill with the screen openings with the
diameter of 8 mm.

Concentration of organic dust originating from the production of industrial fodder was determined
in the research by Sobczak [29], when concentration of this type of dust was measured at various
stages of production. The research showed that the highest average concentration was recorded during
grinding grain, and for the PM10 fracture it was equal to 1250 j1g-m~3, however, neither the machinery
nor the grinding parameters were provided. In the study presented here, the maximum instantaneous
concentration of the organic dust for the PM10 fraction was equal to 1200 pg-m~3, and it was recorded
while grinding grain using the hammer mill with the screen openings with the diameter of 3 mm and
input material moisture content of 9%. In addition, the research done by Karpaciriski [30] confirms the
high concentration of organic dust in grain processing plants. This study was performed in Canadian
mills, where the determined concentration of dust was higher than 10,000 pg-m =3, which is significantly
above the acceptable level. Concentration of organic dust in grain milling industry and herbal plants
during the packing stage is much lower, and amounts approximately to 100 pg-m~2 for dust of the
PM1.0 fraction [31,32].

Table 5 shows the average size of particles after the grinding process, and the share of the finest
fraction (below 0.1 mm). The average size of particles depended on grain moisture content and the
choice of grinding method. The highest amount of the fine fraction was obtained during grinding
grain using the hammer mill with the screen of 3 mm mesh size and the material moisture content of
9%. In this case, the share of the finest fraction was equal to 3.98%. Analogously, when using the roller
mill with the smallest tested mill gap, i.e., 0.4 mm, the amount of the finest dust fraction was equal to
2.78%. When grinding grain with higher moisture content the amount of the finest fraction decreased.
The average size of particles obtained during grinding grew with the increase of grain moisture content.
The largest average size of particles was obtained after grinding grain in the roller mill with the mill
gap between the rollers of 1 mm and grain moisture content of 18%. For the hammer mill, the largest
average size of particles was obtained when grinding grain with the moisture content of 18% and using
the screen with the mesh having the diameter of the openings equal to 8 mm. A research was conducted
analyzing the average particle size and production of fine fraction below 0.2 mm when using a roller
mill for grinding hard and soft grain into flour. Sprouted grain with balanced moisture content of 12%
was used as the soft grain [21]. The study showed that grinding sprouted grain produced greater
amount of fine fraction, which might result from the bonding strength of starch molecules present in
germinated material. In the study presented here, the change of moisture content, and therefore the
change of grain hardness, had an opposite effect, which was caused by lack of enzymatic reactions that
take place during germination.
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Table 5. The average size of particles and the share of the finest fraction in ground middlings from
hammer and roller mill.

Hammer mill W9-h3 W9-h5 W9-h8 W14-h3 W14-h5 W14-h8 W18-h3 W18-h5 W18-h8
The share particles
smaller than 3.98 1.08 0.6 1.99 0.51 0.31 1.78 0.34 0.06
0.1 mm [%]

The average size of

. 0.563 0.975 1.094 0.651 1.067 1.309 0.609 1.106 1.693
particles [mm]

Roller mill W9-h0.4 W9-h0.7 W9-hl1 W14-h04 W14-h0.7 WI14-h1 W18-h0.4 W18-h0.7 W18-hl
The share particles

smaller than 2.78 1.57 1.7 1.26 0.46 0.24 0.38 0.22 0.14

0.1 mm [%]

The average size of

. 1.003 1.334 1.942 1.928 2.521 2.877 2.775 2.955 2.997
particles [mm]

4. Conclusions

The average concentration of organic dust during wheat grinding depends on the type of the
milling machinery and the moisture content of the input material. The highest concentration of organic
dust was recorded when grinding the raw material with the lowest tested moisture content, i.e., 9%,
which can be related to the hardness and at the same time brittleness of grain that during the grinding
process breaks more easily into small fractions. An increase of grain moisture to 14% resulted in the
reduction in particulate matter concentration (PM10) inhaled by employees when grinding grain using
the hammer mill. An inverse relationship was obtained when grain was ground using the roller mill,
which may be the result of different construction of working parts. For both the mills, the obtained
concentration of the PM10 fraction dust was high, and in every case, it exceeded the acceptable level,
which for most European countries is 100 pg-m~ [33]. However, when comparing both types of the
mills, statistically smaller concentration of organic dust was produced when grinding using the roller
mill. The sieve analysis revealed that the amount of the finest fraction, i.e., below 0.1 mm, was smaller
when grinding using the roller mill as compared with the hammer mill. The amount of the finest
fraction depends on the size of the openings in the screen mesh, i.e., the larger the diameter of the holes
in the screen, the smaller the amount of the fraction below 0.1 mm. Similar is the relationship with
the width of the mill gap in the roller mill, i.e., the smaller the gap, the higher the share of the finest
fraction. In some cases, instantaneous maximum concentration of organic dust during the process of
grinding grain exceeded even ten times the accepted limit values. Having in mind the health safety
of farmers, it is necessary to use dust protection equipment or to modify the grinding technology by
changing the grain moisture content or choosing appropriate grinding parameters.
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