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The Review of Biomass Potential for Agricultural Biogas Production in Poland
Reprinted from: Sustainability 2019, 11, 6515, doi:10.3390/su11226515 . . . . . . . . . . . . . . . . 143

Katarzyna Kozłowicz, Sybilla Nazarewicz, Dariusz Góral, Anna Krawczuk and 
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Jolanta B. Królczyk is Associate Professor of the Department of Manufacturing Engineering

and Production Automation in Opole University of Technology. She also has associations with

industry, where she has held various positions including Environmental Consultant, Project Manager,

Product Engineer, and Managing Director of a manufacturing company. Prof. Królczyk is Manager,

co-author, and the executor of numerous projects at university as well as in the industry. The area of

her scientific research concerns agricultural engineering (mixing of granular materials, agricultural

use of biochar, sustainable development) and the construction and mechanical engineering

(production optimization, quality management, surface analysis). Within the framework of scientific
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Preface to ”Sustainable Production in Food and

Agriculture Engineering”

This book highlights recent research on sustainable production in food and agriculture 
engineering, encompassing applications in food and agriculture engineering; biosystem engineering; 
plant, animal, and horticultural production engineering; food and agricultural processing 
engineering; the dehydration and storing industry; economics and management of production 
and agricultural farms; agricultural machines and devices; eco-power industry; IT for agricultural 
engineering and ergonomics in agriculture; and bioengineering. This book is a selection of rigorously 
peer-reviewed papers relating to recent trends in food and agriculture engineering.

Jolanta B. Królczyk, Pawel Sobczak, Wioletta Żukiewicz-Sobczak

Editors
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Abstract: The aim of the study was to examine the Peleg and Normand model to characterize
the overall stress relaxation behavior of wheat kernel at varying load conditions. The relaxation
experiments were made with the help of the universal testing machine, Zwick Z020, by subjecting
the samples to compression at four distinct initial load levels, i.e., 20 N, 30 N, 40 N, and 50 N. The
measurements were made for four wheat varieties (two soft and two hard-type endosperms) and
seven levels of moisture content. Relaxation characteristics were approximated with the help of
the Peleg and Normand equation. An interactive influence of the load level, moisture, and wheat
hardness on the Peleg and Normand constants has been confirmed. For moist kernels, a higher
amount of absorbed compression energy was released, since less energy was required to keep the
deformation at a constant level. The constants differed depending on wheat hardness. Higher values
of k1 revealed that the initial force decay was slower for hard varieties. This is more characteristic
of elastic behavior. Similarly, higher values of k2 pointed to a larger amount of elastic (recoverable)
energy at the end of the relaxation. The initial loading level had no or only a slight effect on the model
coefficients (Y(t), k1, and k2). The parameters of the Peleg and Normand model decreased with an
increase in the water content in the kernels.

Keywords: wheat; stress relaxation; Initial load; Peleg and Normand; compression

1. Introduction

Agricultural and food products most often have a complex structure and exhibit complex behavior
during processing. These determine the suitability for processing and constitute the basic quality
criterion for acceptance by contractors and customers. This also applies to wheat grains. Wheat grain
has a multi-layered and complex structure that depends on the genetic characteristics, the environment,
and the specific cultivation conditions. The individual components of its structure exhibit different
mechanical properties, including resistance to external loads and resistance to the formation and
propagation of cracks. It results, on the one hand, in different susceptibilities of the varieties to the
production of flour and, consequently of bread, biscuits, or pasta, and on the other hand, in the
complexity and diversity of numerous grain processing technologies. Hence, the optimization of wheat
breeding programs as well as the appropriate wheat selection for technology for many years required
proper assessment of the technological quality of grain. However, the quality of wheat cannot be
simply defined, since it changes depending on the farmer, grain dealer, seed company, milling industry,

Sustainability 2019, 11, 7100; doi:10.3390/su11247100 www.mdpi.com/journal/sustainability1
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pasta industry, and consumer. For the farmers it can be yield or resistance to disease, for miller’s
protein content, hardness, or many others. By knowing the quality, processors can avoid purchasing
grain that does not meet their needs. There are a lot of methods used to determine the technological
quality of kernels. A number of these are time consuming and expensive (farinograph, alveograph),
and hence are often impractical to use as the way to pay producers premiums based on kernel quality
expectations. Finding measures of wheat which can be conducted quickly and less expensively gives
the opportunity to develop new approaches to predict kernel or dough behavior. Between them, the
research on mechanical properties of kernels continues to expand.

Mechanical properties of wheat kernels are naturally associated with the conditions of mechanical
separation of the endosperm and the outer bran layer, the breaking resistance of the bran or the
breaking susceptibility of the endosperm itself, or starch and proteins. Khazaei and Mann [1]
stated that the relaxation data could be useful in estimating the susceptibility of materials to
damage. Ponce-García et al. [2] successfully applied rheological measurements to distinguish among
wheat classes, varieties, and different moisture contents. The test on intact kernels was used by
Figueroa et al. [3,4] to establish relationships among protein composition, viscoelasticity of dough, and
baking outcomes. However, there are many different conclusions and opinions regarding the scope of
application of many studies. The reason for this is undoubtedly the differences arising from the use of
different materials, equipment, procedures, detailed measurement conditions, and different methods
of interpretation of results.

The interpretation of stress relaxation test results is most often based on rheological models
(mechanical analogs) known from the rheology theory. According to these, food materials can be
assumed to be composed of springs (representing ideal solids) and dashpots (considered ideal fluids)
arranged in different ways. The most frequently used mechanical analogs are the Maxwell model,
the Kelvin–Voigt model, and the standard linear model, SLM [5]. The spring constants in the Maxwell
model give information on the stiffness, that is, the solid nature of the sample. The dashpots constants
represent the relaxation times of individual Newtonian elements. The Maxwell model is suitable for
representing stress relaxation data, but it does not consider the equilibrium stress. For this reason,
a generalized Maxwell–Wiechert model consisting of a few elements in parallel with a spring is better
for describing the viscoelastic behavior of food [5]. It was reported by Sozer and Dalgic [6] that most
viscoelastic foods do not follow the simple Maxwell model; therefore, it is necessary to use more
complex models to describe their stress relaxation behavior.

The Peleg and Normand model has fewer constants than the Maxwell model, however it is a
simple, quick, and effective method to handle stress relaxation data [7]. According to Sozer et al. [8],
the Peleg and Normand equation can be a good alternative to the Maxwell model. The authors
observed that at large deformations, the Maxwell model did not fit their data very well, and the
Peleg and Normand model helped overcome this problem. Apart from its debated mathematical
convenience, the Peleg and Normand simulation are easy to perform and analyze the results. Stress
relaxation parameters were sensitive enough to account for the textural characteristics of raw, dried,
and cooked noodles [9–11]. Lewicki and Łukaszuk [12] concluded that the rheological properties,
based on the Peleg model, strongly correlated with the moisture content and reflected the changes in
the distribution of components and structure of apple tissue during convective drying. On the other
hand, Buňka et al. [13] stated that only the parameter expressing the extent of material relaxation
provided an adequate description of the actual changes occurring during the ripening of Edam cheese.
The initial rate at which the stress relaxed provided no relevant description. Similarly, Singh et al. [14]
and Filipčev [15] support the opinion of the inadequacy of parameter k1 to follow textural changes or
in differentiating various food products. Other authors found, however, that this parameter differed
between various samples, such as cooked spaghetti [8], cooked Asian noodles [9], or wheat breads [16].

More studies have reported rheological properties evaluated under large strains (e.g., 5% strain
or greater) [17]. This results from the fact that during real processing conditions, large deformations
occur, resulting in the expected irreversible deformation, flow, or fracture of the material [18]. Creep
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and relaxation tests for large deformations were carried out for various food products, but their results
indicate different opinions on the adequacy and variability of parameters of various rheological models.
Higher applied stress can result in faster relaxation, according to Guo et al. [19], and larger proportion
of the unrelaxed stress, according to [20]. The constants of the Peleg and Normand model for steamed
bread [7] and bulk relaxation test of Jatropha curcas seeds [21] significantly decreased with larger
strains. Karaman et al. [22] indicated a slightly more elastic behavior of cheese at higher compression
levels. According to Khazaei and Mann [1], the deformation level had a definite effect on the decay
forces for Maxwell elements for buckthorn berries, whereas the effect on relaxation times was not
always ambiguous and different for each Maxwell element. Also, Bargale and Irudayaraj [23] stated
that the effect of deformation level on relaxation time was stable and did not show a clear tendency.
Moreover, Faridi and Faubion [24], following Shelef and Bousso [25], pointed to the independence of
the relaxation parameters on the initial stress.

In summary, there are still different opinions on specific rheological measurements, and many
particular cases must be treated individually. The goal of this study is the determination of the influence
of the initial loading level on relaxation characteristics described by the model of Peleg and Normand.
The effect was examined for different wheat types and varying moisture content.

2. Materials and Methods

2.1. Material Selection

Four wheat varieties were used in the experiments, two soft-type endosperms and two hard-type
endosperms. Of these, two soft Polish cultivars (Zawisza and Wydma) and one hard SMH87 originated
from the plant breeding station HR Smolice (harvested in 2015). The second hard variety was
obtained from the pasta production company, Lubella. The names of the wheat varieties are denoted
here as: Zawisza—SOFT1, Wydma—SOFT2, SMH87—HARD1, and wheat from Lubella—HARD2.
The selection of both the soft-type and hard-type endosperm varieties was motivated by their confirmed
significant differences in stress–strain behavior and fragmentation susceptibility.

2.2. Chemical Analyses

Chemical analyses were performed in the Central Agroecological Laboratory of the University
of Life Sciences in Lublin, Poland. The Infratec™ 1241 (Foss, Denmark), a whole grain analyzer that
uses near-infrared transmittance technology, was used to estimate the amounts of protein, wet gluten,
starch, and Zeleny index. The apparatus uses a wavelength in the range of 570–1100 nm. From the
batch sample about 200 g, 10 subsamples were scanned. The result of the analysis was the average of
10 measurements.

2.3. Moisture Determination

The initial moisture content of a batch sample of wheat kernels was determined by applying
the air oven method. Three 5 g samples of grains were dried for over 2 h at a temperature of 130 ◦C,
in accordance with the Polish Standard, PN-EN ISO 712:2012. The initial moisture content (mi) was
calculated according to the formula (wet basis):

mi =
Mw −Md

Mw
·100%, (1)

where Mw is mass of the sample before drying and, Md is mass of the sample after drying.
Different moisture levels, i.e., 8%, 10%, 12%, 14%, 16%, 18%, and 20% (wet basis), were assigned

in the experimental plan. To obtain the respective levels, each batch sample with known weight and
moisture was dried at 40 ◦C until its weight corresponding to the driest sample (8%) was obtained.
The batch sample was then divided into seven smaller samples, and to each of them, the required
amount of water was added. The amount of water was calculated using simple mass balance equations.
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2.4. Stress Relaxation Procedures

The measurements were performed in the laboratory of the Department of Food Engineering and
Machines. A Zwick Z020 universal testing machine was used for relaxation measurements. It was
equipped with 0.1 kN capture. Application of the 0.1 N capture with an accuracy grade of 0.5% resulted
in a 0.5 N accuracy of force measurement. The machine was operated using the testXpert firmware
supplied by Zwick (version 7.1). Measurements were carried out for all four wheat varieties with the
seven specified levels of moisture content. A single kernel of wheat was placed with its ventral side on
the bottom of the machine’s plate and then loaded axially until a required load level was obtained. The
constant compression rate during the loading at 10 mm/min was adjusted. The strain (deformation)
of the kernel was kept constant during next 300 s. The decreasing value of the loading force as a
function of time was measured with the help of the testXpert software at a frequency of 100 Hz. Twenty
replications were performed.

The experiments were conducted for four distinct initial load levels, i.e., 20 N, 30 N, 40 N, and 50 N.
The maximum applied value (50 N) corresponds to about half of the value of the force causing kernel
rupture (at ambient conditions) (Figure 1).

Figure 1. An example of relaxation characteristics of wheat kernel.

2.5. Calculations and Statistical Analysis

Peleg and Normand [26,27] suggested that stress relaxation data could be calculated as normalized
stress and fitted to formula (2). The formula has been used by many authors, and depending on the
assumptions made, it is based on decay in stress, modulus, or force. Force, which was used in the
study, is also a valid criterion [28]. Hence, the relaxation of wheat kernel can be expressed in terms of
force decay, as:

Fo t
Fo − Ft

= k1 + k2t, (2)

where Fo is the initial loading force in Newtons at time t = 0; Ft is the force in Newtons at relaxation
time t; t is the time of relaxation in seconds; k1 and k2 are constants; the reciprocal of k1 determines the
initial decay rate; and k2 is the hypothetical value of the asymptotic normalized force.

The decay parameter Y(t) was calculated according to:

Y(t) =
Fo

Fo − F(300)
, (3)
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where F(300) – is the force established at 300 s.
k1 indicates how fast the material in question is relaxing in energy (at least initially). If the

reciprocal of the k1 represents the initial decay rate, then its value can be associated with a low rate of
decay, indicating a pronounced elastic behavior. A higher value of k1 suggests a harder, more solid-like
material that dissipates less energy, thus needing more force to be compressed [29]. Parameter k2

represents the degree of solidity, and it varies between 1, for a material that is an ideal liquid, to infinity,
for an ideal elastic solid where the stress does not relax at all [27].

The constants of the Peleg and Normand model were estimated by fitting the experimental
data to the above formulas using Excel software. Experimental data were analyzed using Statistica,
Dell Inc. [30] version 13. In all the analyses, a significance level at 0.05 was acquired.

3. Results

The chemical composition of wheat varieties is presented in Table 1. Hard varieties had higher
gluten and protein content. The amount of wet gluten was close to 34–35% for hard wheats and 25–26%
for soft types. The protein amounts were close to 15% and 12%, respectively. Higher starch content
was characteristic for soft wheats (near 71%) in comparison to hard ones (about 64%). Finally, the
ability of the flour proteins to swell in an acid medium expressed by Zeleny index was about two times
higher for hard wheats.

The amount of protein in soft, hard, and durum can vary according to the differences in grading
systems in different countries. However, within a species, wheat cultivars are further classified in
terms of protein content as soft wheats (protein content about 10%), hard (protein content higher than
in soft), and durum (are generally high in gluten-producing proteins, 15%). Generally, soft wheat has
been bred to yield flour containing less protein than hard wheats, about 8% to 11% versus 10% to 14%
protein, respectively [31]. Although the hardness is postulated to be strongly correlated with protein
content [32], soft wheats can have a higher protein content than the hard cultivars, or wheat lines with
different protein content can have very close hardness scores [33]. This all means that the cause of
starch–protein adhesion is not straightforward, and is still being discussed [32–35].

Table 1. Chemical composition of wheat.

Wheat Parameter Unit Result

HARD1

Protein content (d.b.) % 15.2 ± 0.6
Starch content (d.b.) % 63.7 ± 1.9
Wet gluten content % 35.2 ± 3.6

Zeleny index mL 61.8 ± 10.7

HARD2

Protein content (d.b.) % 15.0 ± 0.7
Starch content (d.b.) % 64.6 ± 2.0
Wet gluten content % 33.7 ± 3.4

Zeleny index mL 64.6 ± 11.7

SOFT1

Protein content (d.b.) % 11.8 ± 0.5
Starch content (d.b.) % 70.3 ± 2.2
Wet gluten content % 26.2 ± 2.6

Zeleny index mL 34.0 ± 5.9

SOFT2

Protein content (d.b.) % 11.9 ± 0.5
Starch content (d.b.) % 71.1 ± 2.2
Wet gluten content % 25.4 ± 2.6

Zeleny index mL 34.5 ± 6.0

d.b.—dry basis.

3.1. The Force Decay

Figure 2 shows the effect of wheat variety and moisture on the force decay rate. The decay Y(t)
represents a rate of decline in the force as a result of relaxation. The Tukey test was used for the
testing of hypotheses of means equality. Distinct letters denote groups for which the means differed
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significantly at p < 0.05. Four groups were distinguished for studied cultivars. The highest values of the
force decay rate were characteristic of hard wheats. The differences between the average values were
particularly noticeable for lower grain moistures (up to 14%). For higher water amounts, the average
values for hard and soft varieties were close. However, significant differences between soft and hard
kernels were confirmed.

A considerable decline in the force decay was caused by increasing the moisture of kernels.
Only for 18% and 20% moisture levels were the means were not statistically different, though the
slower decline rate was observed already above 16%. The interactive effect between the two factors
was also significant and confirmed by ANOVA analysis.

Figure 2. Influence of moisture content and wheat type on the force decay based on the Peleg
and Normand equation: a–d and a–f —homogeneous groups; whiskers denote the standard error of
the mean.

Figure 3 shows the effect of initial load level on the decay parameter for varied moisture and wheat
type. For individual samples differing in moisture content, the effect of loading was not confirmed,
although the significant effects of moisture, initial loads, as well as interaction of the two factors
(moisture content × initial load) on the parameter were statistically evidenced by variance analysis.
However, the effect of load was unclear both for hard and soft-type endosperm. In this case, two-way
ANOVA proved no influence of initial load nor wheat type versus initial load interaction on the force
decay rate Y(t).
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Figure 3. Plot of interactions: (a) moisture–initial load and (b) wheat type–initial load on the force
decay based on the Peleg and Normand equation; whiskers denote the standard error of the mean.

Next, Figure 4 shows the general effect of the initial loading level on the average values and the
distribution of the decay parameter. Only slight variations of the parameter were observed for the
initial loads applied. The averages ranged from 2.0 to 2.1, although some means were statistically
different. The observed small decrease in decay for 50 N loading might be caused by higher plastic
deformation for moist kernels. Apart from the averages, the variability of individual results represented
by their histograms (Figure 4b) was also similar. The scale parameter of the distributions was found to
be also similar and not statistically dependent on the initial loading. The two-fold higher number of
observations in the range of 1.0–1.5 was a reason for wheat softness at higher moistures (at 18–20%)
and fact that the decay tended to unity for softer (liquid) materials.

Figure 4. Influence of the initial loading level of wheat kernels on averages (a) and histograms (b) of
Y(t);/ a–c/—homogeneous groups; whiskers denote the standard error of the mean.
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The results of three-way ANOVA analysis are presented in Table 2. There were seven null
hypotheses with the analysis: (1–3) the population means of each of the three independent factors
are equal; (4–6) there is no interaction between all possible combinations of two factors; and (7) there
is no interaction between all three factors. The F-statistic is the mean square for each main effect,
and the interaction effect divided by the within variance is simply a ratio of two variances. A large F
ratio means that the null hypothesis is wrong (the data are not sampled from populations with the
same mean)—variation among group means is more than you would expect to see by chance. In our
case, all seven hypotheses were wrong. From the three analyzed main effects, the initial load was
less significant (lowest F = 22.4). The highest effect was evidenced for the kernel moisture contents
(largest F = 4783.6). It is necessary to remark that although there was very little or limited influence of
loading level on the decay parameter, the latter was interactively dependent on all the two-way and
all the three-way interactions, i.e., moisture, wheat variety, and the initial load (Table 2). However,
the interaction of the studied initial load with the two other factors was the lowest. The “p” column
presents the statistical significance level (i.e., p-value) of the three-way ANOVA. It can be seen that the
statistical significance level of all seven hypotheses was close to zero (p = 0.0000). This value is <0.05
(i.e., it satisfies p < 0.05), which means that there was a statistically significant effect.

Table 2. Analysis of variance of the force decay parameter Y(t).

Effect
Univariate Tests of Significance for Y(t)

SS DF MS F p

Intercept 9431.540 1 9431.540 233,734.0 0.0000
Wheat type 21.051 3 7.017 173.9 0.0000

Moisture 1158.090 6 193.015 4783.3 0.0000
Load 2.713 3 0.904 22.4 0.0000

Wheat type ×Moisture 72.133 18 4.007 99.3 0.0000
Wheat type × Load 5.558 9 0.618 15.3 0.0000

Moisture × Load 5.316 18 0.295 7.3 0.0000
Wheat type ×Moisture × Load 21.858 54 0.405 10.0 0.0000

Error 85.788 2126 0.040

SS—sum of squares, DF—degrees of freedom, MS—mean square, F—F ratio, p—p-value

3.2. Coefficients k1 and k2

Figures 5 and 6 show the effect of moisture content on the coefficients k1 and k2 of the model
presented by Peleg and Normand. Values of k1 decreased with an increase in the kernel moisture
content from about 17.0 to 5.0. The means of k1 were significantly different for each moisture level,
although the relationship was not proportional. A relatively fast decrease in the parameter with
moisture rising up to 14% was noticeably slower for higher water levels, with practically no difference at
18% and 20%. This was observed both for soft and hard type wheats. On the contrary, for low moisture
levels, in the 8–12% range, the differences between the kernel types were very clear. The values of the
k1 parameter were evidently higher for the two hard varieties. In turn, for high moisture contents,
these differences vanished completely. This is an interesting and noteworthy observation regarding
the possibility of using the relaxation test to distinguish varietal differences. According to this, a
too high moisture content may be the reason for disappearing differences in the values of Peleg and
Normand parameters.

The values of parameter k2 decreased from about 3.3 to 1.4 together with the rise in the moisture
contents used. The impact of both moisture and wheat type was very similar to the parameter k1

described above.
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Figure 5. Influence of moisture and wheat type on the coefficient k1 of the Peleg and Normand model;
a–d and a–g—homogeneous groups, whiskers denote the standard error of the mean.

Figure 6. Influence of moisture and wheat type on the coefficient k2 of the Peleg and Normand model;
a–c and a–g—homogeneous groups, whiskers denote the standard error of the mean.

The effect of the loading level on the coefficients k1 and k2 is presented in Figures 7 and 8.
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Figure 7. Influence of initial load on the coefficient k1 of the Peleg and Normand model for different
moisture (a) and wheat type (b), whiskers denote the standard error of the mean.

The analysis for the individual moisture levels showed that the mean values of k1 did not differ
significantly. Some differences were noted for 14% and 20% moisture levels. One-way ANOVA,
in which the data were completely randomized, did not confirm any significant effect of the initial
load on k1. However, two-way ANOVA, including both effects of the loading level and moisture level,
confirmed their interaction on the values of the coefficient. The interactive effect was also confirmed
for load and wheat type interaction. Similarly, three-way ANOVA analysis, which was the most
appropriate for our three-factorial experiment, proved the interactive influence of the three analyzed
factors, i.e., moisture, wheat variety, and load, on k1 (Table 3). Similarly, to the above analyzed decay
parameter, from three factors, the initial load was less significant (F = 16.66). The highest effect was
confirmed for wheat moisture (largest F = 2340.4). As for the previous analyses, the influence of
wheat type was better evidenced than that of initial loading. K1 was interactively influenced by all the
two-way and all the three-way interactions, i.e., moisture, wheat variety, and the initial load (Table 2).
However, the interaction of the studied initial load with the two other factors was also the lowest.

Table 3. Analysis of variance of the force decay parameter k1.

Effect
Univariate Tests of Significance for k1

SS DF MS F p

Intercept 1,215,041 1 1,215,041 69,015 0.0000
Wheat type 5419 3 1806 102.61 0.0000

Moisture 247,224 6 41,204 2340.4 0.0000
Load 880 3 293 16.66 0.0000

Wheat type ×Moisture 6622 18 368 20.90 0.0000
Wheat type × Load 680 9 76 4.29 0.0000

Moisture × Load 1883 18 105 5.94 0.0000
Wheat type ×Moisture × Load 3690 54 68 3.88 0.0000

Error 37,464 2128 18

SS—sum of squares, DF—degrees of freedom, MS—mean square, F—F ratio, p—p-value.
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In the case of k2, the changing initial load had a more significant impact. We were able to
distinguish two, three, and even four homogeneous groups, depending on the moisture level; however,
no straightforward relationship was found. For k2, main effects, like wheat type and load, were
significant, but their interaction was not. Neither the load nor the interactive effect was significant
(p > 0.05). Finally, no effect of load was observed on the relaxation coefficients for either soft or hard
endosperms. Like for k1, the three-way ANOVA analysis proved the interactive influence of the three
analyzed factors on k2 (Table 4). All the individual factors and interactive effects were confirmed to be
statistically significant at very low p-values (p = 0.0000). All the observations for k1 were similar, with
two exceptions. The F-statistics for k2 were higher (stronger effect), and the effect of load in this case
was slightly higher (F = 70.6) than that of wheat type (67.8).

Figure 8. Influence of initial load on the coefficient k2 of the Peleg and Normand model for different
moisture (a) and wheat type (b), whiskers denote the standard error of the mean.

Table 4. Analysis of variance of the force decay parameter k2.

Effect
Univariate Tests of Significance for k2

SS DF MS F p

Intercept 7925.104 1 7925.104 249,207.8 0.0000
Wheat type 6.472 3 2.157 67.8 0.0000

Moisture 732.497 6 122.083 3838.9 0.0000
Load 6.734 3 2.245 70.6 0.0000

Wheat type ×Moisture 31.723 18 1.762 55.4 0.0000
Wheat type × Load 3.305 9 0.367 11.5 0.0000

Moisture × Load 4.171 18 0.232 7.3 0.0000
Wheat type ×Moisture

× Load 13.557 54 0.251 7.9 0.0000

Error 67.673 2128 0.032

SS—sum of squares, DF—degrees of freedom, MS—mean square, F—F ratio, p—p-value.

The overall effect of the initial load no the coefficients k1 and k2 is presented in Figure 9. The values
of the two constants changed only very little. k1 ranged from 10.04 to 10.73 and k2 from 2.14 to 2.27.
The lowest and most statistically different value of k1 was noted at 50 N, whereas in the range from 20 to
30 N, the means were very close. In turn, the lowest values of k2 were obtained for the 20 N load level.
The homogeneous groups marked in the figure were established by the tree-way ANOVA analysis.
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Figure 9. Influence of initial load on the coefficients k1 (a) and k2 (b) of the Peleg and Normand model;
a–c—homogeneous groups; whiskers denote the standard error of the mean.

Apart from the averages, we analyzed the variability of the individual model coefficients. Their
distributions are presented in Figure 10. In both cases the distributions were similar and not statistically
dependent upon the initial loading. For example, the scale parameter of the exponential distributions
was 0.093–0.099 for k1 and 0.44–0.47 for k2. Independent of the distribution fitting model applied
(normal, lognormal, Weibull, or others) their parameters were very close and independent of the
loading level.

k1 k2

Figure 10. Histograms of the coefficients k1 and k2 of the Peleg and Normand model for different initial
loading levels.
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Finally, the analyzed impact of the initial load on the model parameters can be compared with
the wheat type, which, as observed, was very small or insignificant for higher moisture contents.
The histograms of the parameters k1 and k2 are shown in Figure 11. In the case of k1, the distributions
(medians) were clearly shifted towards higher values for hard wheats, with a slightly larger spreading
(scale factor). However, in the case of k2, the median values for the examined wheats were similar,
with a slightly different scale factor.

k k

Figure 11. Histograms of the coefficients k1 and k2 of the Peleg and Normand model for different
wheat hardness.

4. Discussion

The observed decrease in Y(t) with moisture means that for dry kernels, only a small amount of
the initial force was relaxed, and the residual force established at 300 s was relatively high. In fact,
as moisture content increases, the kernel becomes softer, and consequently, a lower force is required to
maintain a certain deformation level [1]. Water influences the rheological properties of both liquid
and solid foods. It affects the response of solid foods to force [36]. Ozturk and Takhar [37] explained
a decreasing trend in the values of relaxation constants as moisture level increased, with higher
resistance to the relaxation of stresses at lower moisture levels. Samples with higher moisture content
relaxed faster than the ones with lower moisture, as a result of the softening process. In the study,
it was observed that an increase in the moisture content of kernels caused the force to decrease more
quickly. This is due to the increased plasticity of the kernel and energy losses in non-recoverable
deformations [28,38]. In the model of Peleg and Normand, the coefficient k1 represents the reciprocal
of the initial decay rate. This means that a high value of k1 corresponds to a slower rate of force
relaxation in the first few seconds. The coefficient k2 represents the hypothetical value of the asymptotic
normalized force (not relaxed). With an increase in moisture content, the residual force at the end of
relaxation decreased, as did the values of the coefficient. This demonstrates that for moist samples,
much more energy was relaxed and less energy was necessary to keep the deformation at a constant
level. Similar results have also been reported in other research works [28,37].

Generally, well noticeable differences between hard and soft cultivars were observed and
statistically confirmed. All three parameters, Y(t), k1, and k2, were statistically higher for the hard type
endosperm, but the differences could be confirmed only at lower moisture levels and they diminished
with increasing water content in kernels (especially above 16%). The changes in all obtained coefficients
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of Y(t), k1, and k2, for the studied wheat variety were very slight, and no clear tendency was evidenced.
According to Edwards [39], the moisture sensitivity of starch strength, storage protein strength, and/or
the strength of starch/protein adhesion may be responsible for differences in the strength of wheats
with varying moisture contents. Such responses to water may be due to the structure of the endosperm
and strength of the cell wall architecture. Soft and hard wheats exhibit the same trend with moisture
content; however, they may do so at different response rates. A similar trend for soft and hard
wheats was observed in our study, with little difference in rates, mainly for lower moisture contents.
Glenn and Johnston [35] pointed to no significant differences in any of the mechanical properties of
the starch and protein components, either within a variety or among soft, hard, and durum wheat
types, though mean values for each parameter were highest for durum and the lowest soft caryopses.
Many studies have underlined the meaning of the overall porosity of the endosperm structure and
indicated that endosperm strength is unrelated to the protein content [40,41]. Accordingly, endosperm
can be very resistant, either at low protein or high protein content, depending on the adherence
between the protein and starch granules. Also, Haddad et al. [42] stated that relaxation tests make it
possible to relate endosperm behavior to different types listed in materials science. However, their
proposal for wheat classification was based only on the relationship between the rupture energy and
the Young modulus. Following Ponce-Garcia [43] the elastic, viscoelastic, and flow properties allow
the indirect measurement of wheat characteristics related to the chemical composition, including
nongluten components. The elastic behavior of intact kernels was related to the sedimentation volume
and composition of glutenin. He demonstrated that hard wheats showed higher plastic deformation
work than durum wheat kernels, and therefore had higher elastic properties [44]. Some relationships
between wheat hardness and Zeleny index and protein quality were observed in [45]. In our study,
we determined the basic chemical composition of wheats, however any conclusions on their relationship
to measured rheological parameters were not direct or simply not justified. Some generalization based
on wheat hardness may be briefly discussed here; nevertheless, the link between the biochemical
studies and mechanical studies is not established.

Irrespective of the wheat softness, no obvious or very little effect (some interactions were observed)
of the initial load on the model of Peleg and Normand was demonstrated. Strain level is postulated
to be meaningful in relaxation experiments; however, no unique opinion in research literature exists.
Some reports showed that the initial stress can influence the amount of unrelaxed energy [20] and
the relaxation speed [19], which directly relates to the constants of the relaxation models [21–23].
Lewicki and Spiess [20] showed that the proportion of the unrelaxed stress is larger if the developed
stress is higher. Guo et al. [19] stated that higher applied stress can result in higher relaxation speed.
The obtained results confirm those of Bargale and Irudayaraj [23] on the uni-axial compression of
barley kernels, in which the authors reported that the effect of the deformation level on relaxation time
was consistent and did not show a clear trend. Also, according to Faridi and Faubion [24] and Shelef
and Bousso [25], stress relaxation can be fairly independent of the initial stress. An analysis of the
available research results allows one to state that many conclusions are true for specific circumstances
only. These results demonstrate that wheat properties, which may differ very slightly, influence the
relaxation characteristics more significantly than the level of loading applied. This allows a statement
on its little meaning for wheat compression in the range of loads applied in the study. The results
showed that this method could be a useful tool to distinguish among wheat classes, cultivars, and
different moisture levels in the kernels.

To the above-mentioned different conclusions, the general opinion about the limited applicability
of the Peleg and Normand model must be emphasized. To date, relaxation tests have had few
practical applications, however the reasons for this seem to be not in the method itself but in the
dependence of the outcomes on a number of experimental conditions (material properties, load,
speed, rate of deformation, time) and research works, which cannot be easily compared. Moreover,
the presented results underline the meaning of the interactive effect between various measurement
conditions. Hence, the obtained parameters of the Peleg and Normand model must be examined or
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interpreted together with other, often very important, factors. One of these is the time of relaxation
used for the model development. Only a few studies have reported the effect of relaxation time on
the model parameters [13,46]. The dependence of the model parameters on the relaxation time and
varied applicability to differentiate cheese samples was also reported in studies of Bunka et al. [13].
Morales et al. [46] observed that both k1 and k2 changed with relaxation time. The time significantly
influenced the accuracy of both the rate the force decreased at the initial relaxation phase and the value
of residual force. Depending on the relaxation time, the parameters were over or underestimated.
Similar conclusions can be derived from the work of Al Aridhee [47]. He demonstrated very strong
dependences of the both model parameters on the relaxation holding time—k1 significantly and linearly
increased with time, whereas for longer relaxation periods k2 decreased exponentially. For times
approaching zero, k2 increased to infinity. It must be added that the effect of time was quantitatively
and qualitatively comparable to that of moisture contents.

5. Conclusions

The study led to a clear identification of the effect of wheat moisture and confirmed the influence
of the wheat type on the Peleg and Normand model coefficients. The parameters k1 and k2, and
the force decay Y(t), decreased with the increase in water content in the kernels. The relatively fast
decrease in the parameter with moisture rising up to 14% was noticeably slower for higher water levels,
practically no difference at 18% and 20%. This was observed both for soft and hard type wheats.

The constants differed depending on the wheat hardness. The highest values of the force decay
rate were characteristic of hard cultivars. For higher water amounts, the average values for hard
and soft varieties were similar. On the contrary, for low moisture levels, in the 8–12% range, the
differences between the grain types were very clear. This is an interesting and important observation
regarding the possibility of using the relaxation test to distinguish varietal differences. According to
this, too high moisture levels may be the reason for disappearing differences in the values of Peleg and
Normand parameters.

The initial loading level had no effect or only a slight effect on the parameters of the Peleg and
Normand model. The values of all three constants changed only very little. The effect was similar for
all parameters, and none of the three analyzed parameters were influenced more than others. Apart
from the averages, the distributions were very close and independent of the loading level. It must be
added, however, that an interactive influence of moisture, wheat variety, and load level on the Peleg
and Normand constants was statistically confirmed.

The research showed that in comparison to wheat moisture and wheat type, the influence of
initial loading was very weak, ambiguous, or simply not present. Very small differences between the
parameters of the Peleg and Norman model show the very weak influence of the initial load on wheat
relaxation experiments, and the practical application of different loads will probably lead to similar
results. It is reasonable to state that experiments on larger loads than those applied here may lead
to the development and propagation of cracks, making the relaxation tests more difficult to control
and interpret.

The grain protein content and protein quality aspects together with grain hardness explain most
of the variation in wheat behavior. However, endosperm can be very resistant, either at low or
high protein content. Thus, any relationships between wheat chemical composition and measured
rheological parameters are not straightforward, and the link between the biochemical and mechanical
studies has not been established yet.

Attempts to apply the Peleg and Normand model into practice need further study, including the
influence of all relevant factors.
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Abstract: The aim of the study was to build numerical models of cucumbers cv. Śremski with the
use of a 3D scanner and to analyze selected geometric parameters of cucumber fruits based on the
developed models. The basic dimensions of cucumber fruits–length, width and thickness—were
measured with an electronic caliper with an accuracy of d = 0.01 mm, and the surface area and
volume of fruits were determined by 3D scanning. Cucumber fruits were scanned with an accuracy of
d = 0.13 mm. Six models approximating the shape of cucumber fruits were developed with the use of
six geometric figures and their combinations to calculate the surface area and volume of the analyzed
agricultural products were identified. The surface area and volume of cucumber fruits calculated by
3D scanning and mathematical formulas were compared. The surface area calculated with the model
combining two truncated cones and two hemispheres with different diameters, joined base-to-base,
was characterized by the smallest relative error of 3%. Fruit volume should be determined with
the use of mathematical formulas derived for a model composed of an ellipsoid and a spheroid.
The proposed geometric models can be used in research and design.

Keywords: 3D scanner; geometric model; reverse engineering; fruit; cucumber

1. Introduction

Advanced measurement techniques and software supporting complex simulations of selected
technological processes are required to introduce new products and technologies on the market
and to improve product quality. Models of agricultural products should account for the designed
technological processes and should accurately reflect the products’ shape [1]. A 3D model that
accurately describes a product’s geometric and physical parameters can be used in the design process.
A traditional approach to modeling relies on the assumption that agri-food products are homogeneous
and isotropic, and the modeled objects are assigned regular shapes (e.g., cylinder, sphere, cone,
etc.) Computer-Aided Design (CAD) and Computational Fluid Dynamics (CFD) software can be
applied to simulate complex processes that occur during the processing of agri-food products [2].
The development of a model that closely approximates the shape of the original agricultural product
and can be used in computer simulations poses the key challenge in the research and design of food
processing equipment. Numerical modeling based on traditional methods is a laborious and difficult
task, in particular when the studied objects have irregular shape [3]. In the process of measuring
fruits and seeds, many researchers rely solely on image analysis tools and measuring devices such as
calipers and micrometers [4,5]. In the literature, traditional methods have been used to determine the
geometric parameters of soybeans (Glycine max L. Merr.) [6], sunflower seeds (Helianthus annuus L.) [7],
oilseed rape seeds (Brassica napus L.) [8,9], mustard seeds (Sinapis alba) [10] and flax seeds (Linnum
usitatissimum L.) [11]. In small objects such as seeds, only basic dimensions can be measured with a
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caliper or a micrometer. In larger products such as fruits and vegetables, the analyzed parameters can
be measured with a caliper or a micrometer at any point on the object’s surface.

In the literature, traditional and advanced measuring techniques have been deployed to accurately
render the shape of the analyzed products. Erdogdu et al. [12] relied on a machine vision system
designed by Luzuriaga et al. [13] to determine the geometric parameters of shrimp cross-sections
and to develop mathematical models of the thermal processing of shrimp. Crocombe et al. [14]
analyzed the surface of meat pieces by laser scanning to develop a numerical model and simulate
meat refrigeration time. Jancsok et al. [15] used a machine vision system to build numerical models
of pears cv. Konferencja. Borsa et al. [16] performed computed tomography scans and calculated
the radiation dose absorbed by the examined food products. Sabliov et al. [17] proposed an image
analysis method for measuring the volume and surface area of axially symmetric agricultural products.
Zapotoczny [18] developed a test stand for measuring the geometric parameters of cucumber fruits
with the use of digital image analysis. The cited author registered changes in the shape and size
of greenhouse-grown cucumbers during storage. Scheerlinck et al. [19] relied on a machine vision
system to develop a 3D model of strawberries and a thermal system for disinfecting fruit surfaces.
Du and Sun [20] and Zheng et al. [21] developed an image analysis technique for measuring the surface
area and volume of beef loin and beef joints. Kim et al. [22] generated 3D geometric models of food
products with a complex shape with the use of computed tomography. Goni et al. [23] modeled the
geometric properties of the studied objects with the involvement of magnetic resonance imaging.
Siripon et al. [24] analyzed chicken half-carcasses with a 3D scanner (Atos, GOM, Germany) and used
the results to simulate cooking processes. Mieszkalski [25,26] developed computer models of carrots,
apples cv. Jonagored and chicken eggs. The shape of biological objects was described with Bézier
curves. The resulting mathematical models were used to generate 3D figures that accurately rendered
the shape and basic dimensions of the studied products. Balcerzak et al. [27] modeled the geometric
parameters of corn and oat kernels in the 3ds Max environment. Images of kernel cross-sections were
used to acquire geometric data, generate meshes and determine nodal coordinates. Ho Q. T. and
others used multiscale modeling in food engineering. Multiscale models support evaluations of the
phenomena occurring inside agricultural raw materials on a micro and macro scale. The authors relied
on X-ray tomography to generate multiscale models [28]. The volume of agricultural raw materials
can also be determined by water displacement. However, this method cannot be applied to materials
that easily absorb water [29].

The majority of methods require complex and expensive measuring devices and software.
A thorough knowledge of various imaging techniques is required to model irregularly shaped objects.
Models that accurately render the shape of the analyzed products can be developed with the use of a
3D scanner. This technique is considerably simpler, but it is not yet widely used. 3D models can be
used to analyze the shape of whole products or their fragments [30,31].

The dimensions and basic geographic parameters of agricultural materials have been long
determined with the use of simple measuring devices, including analog and digital calipers, micrometers
and dial indicators. The main limitation of conventional measuring techniques is that they investigate
only characteristic points in the examined objects, and the measured values can be used to calculate
selected parameters, such as surface area and volume, with mathematical formulas [29]. In contrast,
indirect methods rely on the acquisition of images of the investigated object and digital image analysis.
The advances made in digital technology and computing power have contributed to the widespread
popularity of indirect measuring methods. Indirect measurements produce linear dimensions as well
as images of the analyzed surfaces. The main advantage of indirect methods is that measurements are
rapid, whereas the main limitation stems from the fact that measurements are performed along the
contours of the acquired image, which are projected onto a plane [9]. A relatively new method has
been proposed for registering the shape of a sample as a cloud of points. The location of every point
in the modeled sample is determined with the use of 3D scanners, which register the position of the
laser beam, a structured light source. The points registered by a 3D scanner support the development
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of a numerical model, which can be used in metrological analyses. The development of a numerical
model with the described method is time-consuming, but the results can be stored in computer
memory [32,33].

The presented methods for measuring the geometric properties of objects produce highly similar
results, provided that the required precision thresholds are met. However, the time and conditions
of measurement can vary. Approximation formulas are widely applied to calculate volume and
area. The main problem is the selection of the optimal model for determining the above parameters
with the required accuracy. The aim of this study was to compare selected geometric parameters of
cucumber fruits acquired from 3D models and models based on basic geometric figures and direct
caliper measurements.

2. Materials and Methods

The experiment was performed on cucumber fruits cv. Śremski stored indoors at a constant
temperature of 18.1 ◦C and 60% humidity. Cucumbers were purchased from the Pozorty Production
and Experimental Station in Olsztyn. Fifty whole cucumber fruits without visible signs of damage
were randomly selected for the experiment. Cucumbers were purchased on five occasions in the
second half of August 2018, and 10 cucumbers were purchased each time. The length, width and
thickness of cucumber fruits were measured with an electronic caliper with an accuracy of d = 0.01 mm.
Each fruit was additionally measured with an electronic caliper at the points presented in Figure 1.
Cucumbers were scanned with the Nextengine 3D scanner with a resolution of 15 points per mm2.
Scanning precision was 0.13 mm. Cucumbers were mounted on a turntable. Individual images were
combined in the ScanStudio HD PRO program [34]. The developed numerical models were used to
determine the surface area and volume of cucumber fruits. The above parameters were measured in
the MeshLab program [35].

 

Figure 1. Shape of a selected cucumber fruit: L—length (mm), W—width (mm), T—thickness (mm),
L1—length of the middle section (mm), W1, W2—width of the terminal section (mm), T1, T2—thickness
of the terminal section (mm).

The measured dimensions were used to build six geometric models whose shape resembled the
shape of cucumber fruits. The surface area and volume of fruits were calculated from the developed
models. Geometric models were built based on basic geometric figures, including an ellipsoid, cylinder,
hemisphere, truncated cone and a combination of selected figures. The analyzed geometric models are
presented in Figure 2.
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Figure 2. Models of cucumber fruits: M1—ellipsoid, M2—spheroid, M3—cylinder, M4—truncated
cone and two hemispheres, M5—cylinder and two hemispheres, M6—two truncated cones and
two hemispheres.

Mathematical formulas were derived for every geometric model and were used to calculate the
surface area and volume of cucumbers [36,37]:
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and where F(Θ,m) and E(Θ,m) are incomplete elliptic integrals of the first and second kind [37].
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cylinder model (M3):
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model combining a truncated cone and two hemispheres (M4)
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model combining a cylinder and two hemispheres (M5)
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model combining two truncated cones and two hemispheres (M6)
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In models M2, M3, M4, M5 and M6, geometric mean diameter was calculated with the
following formulas:

dw =
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(16)
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2
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every cucumber fruit was weighed on the Radwag WAA 100/C/2 electronic scale to the nearest 0.001 g.
The significance of differences between the mean values of the measured parameters was determined
in the Kruskal-Wallis test with multiple comparisons of mean ranks. The aim of the analysis was to
identify homogeneous groups. The results were processed statistically in the Statistica 13.3 PL program
at a significance level of α = 0.05.

3. Results and Discussion

Cucumber fruits (Cucumis sativus L.) cv. Śremski are botanical berries with a more or less elongated
shape, varied size, smooth or spiny skin. Cucumbers are filled with seeds, and their color ranges from
dark green to yellow. At harvest maturity, cucumbers are cylindrical in shape, without a neck, with
a gently tapering end at the flower base and a small seed chamber. The smallest of the examined
cucumbers weighed 43.05 g, and the largest123.70 g. The surface area of cucumbers determined in
the 3D scanner ranged from 74.84 cm2 do 145.38 cm2, with an average of 111.25 cm2. Based on the
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generated 3D images, the volume of cucumbers was determined in the range of 46.65 cm3 to 127.38 cm3,
with an average of 77.26 cm3 (Table 1). Exemplary 3D models of cucumber fruits are presented in
Figures 3 and 4.

Table 1. Geometric parameters of cucumber fruits.

Variable1 Mean Range Standard Deviation

L (mm) 113.14 39.10 9.94
W (mm) 37.23 13.04 3.28
T (mm) 35.47 14.82 3.31

A 3D (mm2) 111.25 70.54 16.12
V 3D (mm3) 77.26 80.73 18.89

3D-3D scan

 
Figure 3. 3D model of a cucumber fruit with a texture overlay.

 

Figure 4. 3D model of a cucumber fruit represented by a triangle mesh.

The mean dimensions, surface area and volume of the analyzed cucumber fruits are presented in
Table 1.

The significance of differences between the mean surface area and mean volume of cucumbers
was determined in the Kruskal-Wallis nonparametric test. The significance of differences between
the parameters acquired by 3D scanning and the parameters calculated with mathematical formulas
is presented in Tables 2 and 3. The mean surface area of cucumber fruits calculated from the 3D
model did not differ significantly from the mean surface area calculated from the spheroid model
(M2—formula 5) and the model combining two truncated cones and two hemispheres with different
diameters (M6—formula 14).

The mean volume of cucumber fruits calculated from the 3D model did not differ significantly from
the mean volume calculated from the ellipsoid model (M1—formula 4), spheroid model (M2—formula
7) and the geometric model combining two truncated cones and two hemispheres with different
diameters (M6—formula 15).
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Table 2. The significance of differences between the mean surface area of cucumber fruits.

Surface Area A (Kruskal-Wallis Test)
H(6, N = 350) = 132.2065; p = 0.000

Probability of Multiple Comparisons

Measurement Method Number of Observations N Rank Sum Mean Rank Mean

3D 50 9288.50 185.77 111.25 bc

M1 50 6939.50 138.79 101.71 a

M2 50 7863.00 157.26 105.93 ab

M3 50 15,564.00 311.28 150.45 d

M4 50 6181.00 123.62 100.17a

M5 50 5737.00 114.74 98.57 a

M6 50 9852.00 197.04 114.06 c

Values marked with the same letters in columns do not differ significantly; a,b,c,d (p ≤ 0.05).

Table 3. The significance of differences between the mean volume of cucumber fruits.

Volume V (Kruskal-Wallis Test)
H(6, N = 350) = 124.2550; p = 0.000

Probability of Multiple Comparisons

Measurement Method Number of Observations N Rank Sum Mean Rank Mean

3D 50 8301.00 166.02 77.26 a

M1 50 8910.00 178.20 79.21 a

M2 50 8982.00 179.64 79.29 a

M3 50 15,085.00 301.70 118.93 c

M4 50 5492.00 109.84 65.85 b

M5 50 5262.00 105.24 65.16 b

M6 50 9393.00 187.86 81.27 a

Values marked with the same letters in columns do not differ significantly; a,b,c (p ≤ 0.05).

The distribution of surface area values computed from the 3D model and the proposed geometric
models is presented in Figure 5. The distribution of volume values computed from the same models is
presented in Figure 6.

 
Figure 5. Parameters of normal distribution of cucumber surface area.
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Figure 6. Parameters of normal distribution of cucumber volume.

If we assume that fruit dimensions acquired from 3D scans are burdened by a small error,
these parameters can be used as a reference to compare the results of caliper measurements and to
describe the shape of cucumber fruits with selected geometric figures. The relative error between the
values acquired from 3D scans and direct measurements was regarded as the error of the method.
The data presented in Figure 7 indicate that the error in direct measurements of cucumber surface
area was smallest for the model combining two truncated cones and two hemispheres with different
diameters (M6) where it did not exceed 3%. The error was estimated at 5% when model M2 and
formula 4 were used. The data presented in Figure 8 indicate that the error in direct measurements of
cucumber volume was smallest for the ellipsoid model (M1), the spheroid model (M2), and the model
combining two truncated cones and two hemispheres with different diameters (M6). The error did not
exceed 6% when ellipsoids were used, and it was estimated at 6% when model M6 was used.

 
Figure 7. Relative error of cucumber surface area determined with geometric models and the 3D model.
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Figure 8. Relative error of cucumber volume determined with geometric models and the 3D model.

The results of this study were compared with the findings of other authors. Zapotoczny (2002)
investigated the geometrical parameters of greenhouse-grown cucumbers under laboratory conditions
with the use of image analysis methods. The cited author analyzed 2D images of 27 greenhouse-grown
cucumbers and determined their average length at 163.17 mm, average width at 32.00 mm, and average
projected area at 51.20 cm2. The multiscale modeling approach deployed by Ho et al. (2013) supports
the description of the phenomena occurring inside agricultural raw materials. Multiscale models
consist of interconnected sub-models that describe the behavior of raw material in different spatial
scales. This approach supports the prediction of processes and phenomena occurring inside raw
materials. However, multiscale modeling is relatively complex, and not widely used. Rahmi and
Ferruh (2009) described the applicability of 3D models for processing agricultural raw materials and
for food production. The presented models were generated based on 3D scans of selected materials,
including chicken egg, pear fruit, strawberry fruit, banana and apple. The authors modeled the cooling
process in pear fruit and compared the results with experimental findings. Cucumber fruits have never
been analyzed in studies on modeling and determination of geometrical parameters of agricultural
raw materials.

4. Conclusions

1. Geometric models and direct measurements of the geometric parameters of agricultural products
facilitate the planning of spraying, sorting and packaging operations. These methods enable
small-scale farmers to easily determine the geometric parameters (volume, surface area) of raw
materials without the use of expensive and sophisticated devices such as 3D scanners. Direct
measurements of the geometric parameters of agricultural raw materials are consistent with
sustainable development principles and can be applied on a large scale.

2. Models where the relative error of measurement does not exceed 5% are recommended when the
surface area of cucumbers is calculated with an electronic caliper and mathematical formulas of
the presented geometric models. The above condition was fulfilled by the spheroid model (M2)
and the model combining two truncated cones and two hemispheres with different diameters
(M6). Relative error was higher in the range of 8% to 12% when the surface area of cucumbers
was determined with the ellipsoid model (M1), the model combining a truncated cone and two
hemispheres (M4) and the model combining a cylinder and two hemispheres (M5). The surface
area of cucumbers should not be calculated with the cylinder model (M3) where relative error
reached 35%.

27



Sustainability 2019, 11, 2798

3. The volume of fruits can be calculated with the use of the ellipsoid model (M1), the spheroid model
(M2) and, similarly to surface area measurements, the model combining two truncated cones
and two hemispheres with different diameters (M6). The relative error of the above geometric
models did not exceed 5.5%. Relative error was higher in the range of 14% to 16% when cucumber
volume was determined with the model combining a truncated cone and two hemispheres (M4)
and the model combining a cylinder and two hemispheres (M5). The relative error of the cylinder
model (M3) was determined at 54%.

4. The significance of differences between the mean values of surface area was determined in the
Kruskal-Wallis test, and no significant differences were observed in models M1, M2, M4 and M5.
However, models M1, M4 and M5 cannot be used to determine the surface area of cucumber fruit
due to high mean relative error at 8.37%, 9.98% and 11.44%, respectively.

5. In the literature, the mathematical formula for calculating the volume of an ellipsoid (M1) is
often used to determine the volume of agricultural products with an ellipsoidal shape. Relative
error is estimated at 3% when the volume of ellipsoidal fruits is calculated with the above
mathematical formula.

6. In the group of the evaluated methods for determining the geometric parameters of agricultural
materials, 3D scanning is the most informative approach. Numerical models support the
determination of a full range of geometric parameters (dimensions, area, volume) of entire objects
and their fragments. The shape of the analyzed object is stored in computer memory as a cloud
of points, and can be used to measure volume without the involvement of displacement methods
where the sample is immersed in liquid. Numerical models can also be archived and used for
future research.

7. The measurable result of the study was the development of models supporting the determination
of the geometric parameters (surface area, volume) of agricultural materials based on their
basic dimensions (length, width, thickness). In most cases, the proposed models support the
determination of the above geometric parameters with a relative error below 5% within a
short period time. Therefore, they can be used in the research and design of new cucumber
processing equipment.

8. Further research should focus on the development of models of agricultural raw materials that
facilitate the determination of geometric parameters for planning and performing of production
processes in agriculture.
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Problemy Inżynierii Rolniczej 2002, 4, 57–64. (In Polish)

19. Scheerlinck, N.; Marquenie, D.; Jancsok, P.T.; Verboven, P.; Moles, C.G.; Banga, J.R.; Nicolai, B.M.
A model-based approach to develop periodic thermal treatments for surface decontamination of strawberries.
Postharvest Biol. Technol. 2004, 34, 39–52. [CrossRef]

20. Du, C.; Sun, D.W. Estimating the surface area and volume of ellipsoidal ham using computer vision. J. Food
Eng. 2006, 73, 260–268. [CrossRef]

21. Zheng, C.; Sun, D.W.; Du, C.J. Estimating shrinkage of large cooked beef joints during air-blast cooling by
computer vision. J. Food Eng. 2006, 72, 56–62. [CrossRef]

22. Kim, J.; Moreira, R.G.; Huang, Y.; Castell-Perez, M.E. 3-D dose distributions for optimum radiation treatment
planning of complex foods. J. Food Eng. 2007, 79, 312–321. [CrossRef]

23. Goni, S.M.; Purlis, E.; Salvadori, V.O. Geometry modeling of food materials from magnetic resonance imaging.
J. Food Eng. 2008, 88, 561–567. [CrossRef]

24. Siripon, K.; Tansakul, A.; Mittal, G.S. Heat transfer modeling of chicken cooking in hot water. Food Res. Int.
2007, 40, 923–930. [CrossRef]

25. Mieszkalski, L. Computer-aiding of mathematical modeling of the carrot (Daucus carota L.) root shape.
Ann. Wars. Univ. Life Sci. SGGW Agric. 2013, 61, 17–23.

26. Mieszkalski, L. Bezier curves in modeling the shapes of biological objects. Ann. Wars. Univ. Life Sci.
SGGW Agric. 2014, 64, 117–128.

27. Balcerzak, K.; Weres, J.; Górna, K.; Idziaszek, P. Modeling of agri-food products on the basis of solid geometry
with examples in AutoDesk 3ds Max and finite element mesh generation. J. Res. Appl. Agric. Eng. 2015, 60,
5–8.

28. Ho, Q.T.; Carmeliet, J.; Datta, A.K.; Defraeye, T.; Delele, M.A.; Herremans, E.; Opara, L.; Ramon, H.;
Tijskens, E.; Sman, R.; et al. Multiscale modeling in food engineering. J. Food Eng. 2013, 114, 279–291.
[CrossRef]

29. Anders, A. Determination of the Geometric Parameters of Seeds with Different Methods; Wydawnictwo Uniwersytetu
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Abstract: A spelt dehuller with an innovative structural design is described in the study. In the
developed solution, spelt kernels are separated by the mechanical impact of friction in a wire mesh
cylinder with 4 × 4 mm openings. The dehuller is powered by a motor with a rotating impeller with
an adjustable blade angle. In the experimental part of the study, spelt kernels are dehulled at five
rotational speeds of the shaft: 160 to 400 rpm at intervals of 60 rpm, and five rotor blade angles:
50◦ to 90◦ at intervals of 10◦. The efficiency of spelt dehulling (removal of glumes and glumelles) is
evaluated based on kernel separation efficiency, husk separation efficiency, and the proportion of
damaged kernels.

Keywords: spelt; threshing; dehuller

1. Introduction

Sustainable agriculture is the production of healthy, high-quality foods in a way that protects the
environment and provides economic benefits to farmers. Spelt as well as emmer and einkorn are ancient wheat
species. Spelt is a relict species that has recently been “rediscovered” and is being widely used in the production
of flour, groats, flakes, pasta, bread, vodka, and beer [1,2]. The growing popularity of spelt on the consumer
market can be attributed to its unique flavor, health-promoting properties, environmental benefits, and high
content of biologically active compounds including essential nutrients. Spelt grain contains high-quality
protein; unsaturated fatty acids; B complex vitamins; PP vitamin (niacin, vitamin B3, and pellagra-preventing
factor); and minerals such as zinc, potassium, calcium, and iron [3–6]. Spelt kernels are enveloped by tough
husks that protect this grain against atmospheric pollution and radiation. Tough husks are difficult to separate,
which poses a considerable problem during threshing and limits the processing suitability of spelt grain.
Spelt is difficult to harvest because grain is not effectively separated from spikelets by combine harvesters.
Spelt spikes are hard, awned or awnless, and nonfree-threshing. Loose spikes have a brittle rachis, which is
broken during threshing into several fragments, and each fragment contains one spikelet. Spikelets typically
have two flowers with two kernels per spikelet, and kernels are tightly enclosed by four glumelles and two
glumes, which makes the species nonfree-threshing. Spelt spikelets rarely contain three kernels. Spelt kernels
are vitreous, white to red in color, with distinctive brush hairs in the apical part [7,8].

The harvested grain cannot be directly used in the food processing industry due to considerable
contamination with chaff. After harvest, spikelets require additional treatment in a process that
is commonly referred to as threshing. The harvested material is a mixture of grain and spikelets.
This mixture has to be separated before threshing, because repeated threshing only increases energy
consumption, contributes to grain damage, and increases grain loss [9].

The popularity of spelt is on the rise in the agricultural sector, in particular in organic farms.
According to Mieczysław Babalski, one of the leading spelt producers in Poland, and Józef Tyburski,
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PhD, spelt can be effectively dehulled in a modified thresher, an abrasive discdehuller, or specialist
equipment manufactured in Western Europe [7,8,10]. Shelling machines and tangential dehullers can
also be used for this purpose [11]. Most commercially available dehulling machines feature a cylindrical
sieve and a rotating impeller with beaters. However, their efficiency is not highly satisfactory because
spelt grain is encased by tightly adhering husks. Dehulling machines are also very expensive, and many
farmers make attempts to build their own dehulling equipment. For instance, Tudor (2012) designed
and built a dehulling machine as part of the Farmer FNE11–731 project [12]. It should also be noted
that the grain and spikelet mixture has to be cleaned several times during supplementary threshing.

Dehulling devices are not highly efficient in separating spelt grain from husks, and they are very
expensive. In Polish farms, modified clover hullers are often used for the supplementary threshing of
spelt. However, spelt grain is not effectively separated by modified clover hullers, and the processed
material requires further cleaning and sorting.

To address these concerns, a spelt dehuller with an innovative structural design is proposed in
this study [13]. In the developed solution, spelt kernels are separated by the mechanical impact of
friction in a wire mesh cylinder with 4 × 4 mm openings. The dehuller is powered by a motor with
a rotating impeller, and the blade angle can be adjusted from 50◦ to 90◦, at intervals of 10◦ [14]. The aim
of the study is to determine the effect of selected parameters (rotor blade angle and rotational speed of
the shaft) on the efficiency of glume and glumelle removal from spelt kernels.

2. Materials and Methods

The experimental material comprised spikelets of spelt cv. Schwabenkorn purchased in an organic farm
in Praslity (54◦01′55” N 20◦21′29” E), municipality of Dobre Miasto, Region of Warmia and Mazury in
Poland. The experimental material (spelt) was purchased from an organic farm (not from a commercial seed
center) immediately after harvest. In order to remove impurities, weeds, and kernels of other cereal species,
the seeds were cleaned using screens/sieves and a pneumatic separator. The percentage share of seeds of the
main species in an average sample of input material (purity of the examined material) was determined at
85%, and its relative moisture content was determined at 11.56 ± 2.00%.

The proposed dehuller (Figure 1) features a wire mesh cylinder with 4 × 4 mm openings (Figure 2)
and an open area factor (as a ratio (percentage) of the area available for the material to pass (openings)
to the total area of the screen) of 0.38. Cylindrical mesh sieves are generally applied in specialist
machines for separating spelt grain from chaff and in modified clover hullers.

The experiment was conducted in two stages. The process of removing husks from spelt kernels
was examined in the first stage, and the separation of grain from threshed spikelets was analyzed in
the second stage.

The following parameters were adopted in the first stage of the experiment:

1. Fixed parameters:

– Width of the grain inlet sz = 10 mm;
– Sample mass mp = 300 g;
– Relative moisture content of the sample—11.56 ± 2.00%;
– Rubber impeller blades (properties T-REX40 red natural rubber (T-Rex Rubber International,

Netherlands): hardness: 40 ± 5◦ ShA, min. 600% elongation at break, tensile strength—
16 MPa, max. abrasion resistance—210 mm3);

(a) Distance between the cylinder and beaters sr = 2 mm.

2. Independent variables:

– Rotor blade angle αw—50◦ ÷ 90◦, at intervals of 10◦;
– Rotational speed of the shaft nw—160 ÷ 400 rpm, at intervals of 60 rpm;

3. Dependent variables:
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– Kernel separation efficiency ηz, %;
– Husk separation efficiency ηp, %;
– Proportion of damaged kernels Uz, %.

4 

5 

1 

3 

6 

7 

2 

Figure 1. Prototype of a spelt dehuller: 1—dehulling chamber, 2—wire mesh cylinder, 3—rotating
impeller, 4—receiving outlet, 5—gearmotor, 6—radial fan, and 7—impeller blades.

 
(a) 

(b) 

Figure 2. Wire mesh cylinder with 4 × 4 mm openings [15]: (a) cylinder view, (b) sieve structure.

Kernel and husk separation efficiency ηand the proportion of damaged kernels Uz were determined
based on the mass of the mixture components separated in each sample in the first stage of the experiment [16].
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In each sample, kernel separation efficiency ηz was calculated with the use of the following formula:

ηz =
Mz

Mc
·100% (1)

where
Mz—mass of separated kernels (g),
Mc—mass share of kernels in a sample (g).
In each sample, husk separation efficiency ηp was calculated with the use of the following formula:

ηp =
Mp

Mm
·100% (2)

where
Mp—husk mass (g),
Mc—mass share of husks in a sample (g).
The proportion of damaged kernels Uz was calculated with the use of the following formula:

Uz =
Mu

Mc
·100% (3)

where
Mu—mass of damaged kernels (g).
In the first stage of the experiment, the dehuller’s operating parameters were set before every

measurement. Spelt spikelets were fed into the hopper, and the dehuller was turned on. Machine
start-up time was around 30 s. The sliding gate in the hopper was opened, and husks were removed
from spikelets by the mechanical impact of friction. The processed material was weighed on a laboratory
scale to the nearest 0.01 g. A preweighed sample of spelt spikelets was always present in the feeder
hopper to ensure the repeatability of measurements.

In the second stage of the experiment, the threshed material was separated into whole kernels,
damaged kernels, spikelets, and husks in a pneumatic separator ([17], Figure 3) and a Fritsch Analysette
3 (Fritsch GmbH, Germany) vibratory sieve shaker. Based on initial measurements, the air flow rate in
the pneumatic separator was set at 7.5 m·s−1. The vibratory sieve shaker consisted of 5 mesh screens
with longitudinal openings (4.0 × 20 mm, 3.5 × 20 mm, 3.0 × 20 mm; 2.5 × 20 mm, and 2.0 × 20 mm).
Processing time was 3 min, and the amplitude of vibration was 0.1 mm. Spelt kernels were considered
damaged when they were broken, cracked, had a interior visible, or had damaged seed coats.
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Figure 3. W.124984 pneumatic separator [15].

In all sub-stages of the experiment, the measurements for each combination of independent
variables were performed in triplicate.

The results of all measurements were processed statistically by correlation analysis and stepwise
multivariate polynomial regression analysis for a second-order polynomial model. Statistical analyses
were conducted in Statistica PL v. 13.1 [18].

3. Results and Discussion

The results of the statistical analysis of the proportion of spelt kernels damaged at different rotor
blade angles and rotational speeds are presented in Table 1.

The results of the multiple regression analysis indicate that the correlation coefficient for the
proportion of spelt kernels damaged during threshing in a wire mesh cylinder with 4 × 4 mm openings
at the tested rotor blade angles and rotational speeds ranged from 0.32 to 0.58. The multiple regression
equations describing the proportion of damaged kernels generally fit the empirical data well, and the
coefficient of determination for the wire mesh cylinder reached 0.70.

The equations describing the percentage of kernels damaged at different rotor blade angles and
rotational speeds are presented graphically in Figure 4. In the wire mesh cylinder with 4 × 4 mm
openings, the proportion of damaged kernels increased with a rise in rotational speed in the following
range of rotor blade angles: αw = 70◦ ÷ 80◦.

In the tested wire mesh cylinder, the efficiency of kernel separation was highly correlated
with rotational speed, and the value of the correlation coefficient was determined at 0.84 (Table 2).
The efficiency of kernel separation was less correlated with the rotor blade angle, and the value of
the correlation coefficient was determined at 0.23. The multiple regression equation describing the
efficiency of kernel separation was characterized by good and very good fit to empirical data. In the
wire mesh cylinder with 4 × 4 mm openings, the coefficient of determination after stepwise elimination
of non-significant variables was determined at 0.88.

The quadratic equation describing kernel separation efficiency at different rotor blade angles
and rotational speeds is presented graphically in Figure 5. In the wire mesh cylinder with 4 × 4 mm
openings, kernel separation efficiency increased with a rise in rotational speed. The rotor blade angle
exerted a smaller and more ambiguous effect on kernel separation efficiency. Kernels were most
efficiently separated at a rotational speed of 400 rpm and a rotor blade angle of 90◦.
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Table 1. A correlation analysis of the proportion of spelt kernels damaged during threshing in a wire
mesh cylinder with 4 × 4 mm openings.

General Data:
Correlation Coefficients are Significant at α < 0.05

N = 25

No. Variable Mean
Standard
Deviation

Coefficient of
Variation (%)

1. Rotor blade angle αw (◦) 70.00 14.43 20.62
2. Rotational speed nw (rpm) 280.00 86.60 30.93
3. Proportion of damaged kernels Uz (%) 4.74 3.96 83.60

Correlation Matrix

αw nw Uz
αw 1 0 0.584
nw 1 0.320
Uz 1

Variable F-Statistic
Coefficient of

Determination R2

Standard
Error of the

Estimate
t-Statistic

Free term

8.81 0.70 2.44

−3.18
αw 3.76
α2

w −3.84
nw −0.30
n2

w −0.04
αw·nw 1.14

Quadratic equation for two independent variables:
Uz = 1.601419·αw − 0.011224·α2

w − 0.016039·nw − 0.000003·n2
w + 0.000465·αw·nw − 54.454576

Stepwise regression did not decrease the degree of the polynomial function for two independent variables

Figure 4. Proportion of kernels damaged at different rotor blade angles αw and rotational speeds nw in
a wire mesh cylinder with 4 × 4 mm openings.
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Table 2. A correlation analysis of kernel separation efficiency during threshing in a wire mesh cylinder
with 4 × 4 mm openings.

General Data:
Correlation Coefficients are Significant at α < 0.05

N = 25

No. Variable Mean
Standard
Deviation

Coefficient of
Variation (%)

1. Rotor blade angle αw (◦) 70.00 14.43 20.62
2. Rotational speed nw (rpm) 280.00 86.60 30.93
3. Kernel separation efficiency ηz (%) 52.14 8.58 16.46

Correlation Matrix

αw nw ηz
αw 1 0 0.226
nw 1 0.845
ηz 1

Variable F-Statistic
Coefficient of

Determination R2

Standard
Error of the

Estimate
t-Statistic

Free term

53.77 0.88 3.11

5.65
αw −4.41
α2

w 4.68
nw 11.41

Quadratic equation for two independent variables:
ηz = −2.3039·αw + 0.0174·α2

w + 0.0837·nw + 101.1434

Figure 5. Kernel separation efficiency at different rotor blade angles αw and rotational speeds nw in
a wire mesh cylinder with 4 × 4 mm openings.

Husk separation efficiency was measured at different rotor blade angles and rotational speeds;
the results were processed statistically and are presented in Table 3. In the wire mesh cylinder with
4 × 4 mm openings, the correlation coefficient between husk separation efficiency and rotor blade
angle was determined at 0.67, and the correlation coefficient between husk separation efficiency and
rotational speed was determined at 0.54. The multiple regression equation describing husk separation
efficiency was characterized by a very good fit to empirical data. The value of the coefficient of
determination for the tested mesh cylinder was 0.89.
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Table 3. A correlation analysis of husk separation efficiency during threshing in a wire mesh cylinder
with 4 × 4 mm openings.

General Data:
Correlation Coefficients are Significant at α < 0.05

N = 25

No. Variable Mean
Standard
Deviation

Coefficient of
Variation (%)

1. Rotor blade angle αw (◦) 70.00 14.43 20.62
2. Rotational speed nw (rpm) 280.00 86.60 30.93
3. Husk separation efficiency ηp (%) 42.42 9.52 22.45

Correlation Matrix

αw nw ηp
αw 1 0 0.673
nw 1 0.541
ηp 1

Variable F-Statistic
Coefficient of

Determination R2

Standard
Error of the

Estimate
t-Statistic

Free term

54.86 0.89 3.42

5.85
αw −4.95
α2

w 5.36
αw·nw. 7.20

Quadratic equation for two independent variables:
ηp = −2.8529·αw + 0.0219·α2

w + 0.0008·αw·nw + 114.3675

The quadratic equation describing husk separation efficiency at different rotor blade angles and
rotational speeds is presented graphically in Figure 6. In the wire mesh cylinder with 4 × 4 mm openings,
husks were most effectively separated at the rotational speed of 400 rpm and the rotor blade angle of 90◦.

Figure 6. Husk separation efficiency at different rotor blade angles αw and rotational speeds nw in
a wire mesh cylinder with 4 × 4 mm openings.
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4. Conclusions

In the proposed spelt dehuller with an adjustable blade angle, where spelt kernels were separated
by the mechanical impact of friction in a wire mesh cylinder with 4 × 4 mm openings, the highest
proportion of damaged kernels Uz (13.77%) was noted at a rotational speed of 400 rpm and a rotor
blade angle of 80◦. Kernel separation efficiency ηz was highest (68.72%) at a rotational speed of 400
rpm and a rotor blade angle of 50◦. Husk separation efficiency ηp was highest (60.53%) at a rotational
speed of 400 rpm and a rotor blade angle of 90◦.

The proportion of damaged kernels, kernel separation efficiency, and husk separation efficiency
in the proposed spelt dehuller can be described by linear equations or stepwise regression for
a second-order polynomial model with the elimination of non-significant variables, where the rotor
blade angle and rotational speed are the independent variables. The multiple regression equations for
the separation process in a wire mesh cylinder with 4 × 4 mm openings were characterized by good
and very good fit to empirical data. The values of the coefficient of determination R2 ranged from
approximately 0.70 to 0.90.

It can be concluded that the dehulling efficiency of spelt is significantly influenced by both tested
variables, i.e., the rotational speed of the impeller nw and the rotor blade angle αw.

Grain processing is particularly important in the case of spelt, which has high nutritional value
and can be used in the food industry, thus contributing to the development of sustainable agriculture
and the extensive use of agricultural resources.
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Abstract: It is possible to use the aboveground parts of barley, which are cultivated as a forecrop.
They are often simply composted or dried for bedding. It is worth trying other more effective
methods of processing aboveground biomass. The aim of this study was to preliminary investigate
the possibility of using young barley leaves and shoots for the production of green juice with potential
health properties. The material was collected at days 7, 14, 21, and 28 after plant emergence. The
length and strength of the shoots were measured and the pressing yield was calculated. The pH
value and the content of protein, chlorides, and reducing sugars were also determined. The juice was
additionally subjected to pasteurisation and freezing, and changes in pH and chlorophyll content
occurring during storage were determined. The pressing yield of young barley leaves and shoots
was estimated to be between 69% and 73%. The product was characterised by a high content of
total protein (34.45%–51.81%d.w.) and chlorophylls (6.62 mg·g−1). The chlorophyll content declined
during barley juice storage. Pasteurisation of the juice from young barley leaves does not induce
statistically significant changes in the pH of the juice, but reduces the chlorophyll content. Our results
revealed that the most effective way to preserve the green juice is by freezing. This process does not
induce changes in juice acidity and only slightly reduces the chlorophyll content during storage of
the product.

Keywords: juice; barley; pressing; protein; chlorophylls; green food

1. Introduction

In order to improve the soil quality and protect it from weeds and, consequently, obtain a better
crop of the cultivated plant, producers often use forecrop cultivation. Depending on what kind of
plant will be grown, an appropriate forecrop will be selected. For cereals, the best options are root
crops (mainly potatoes), legumes, or rapeseed. However, when growing vegetables, such as tomatoes,
carrots, or white cabbage, it is better to use a cereal forecrop, and rye, wheat, or barley can be used [1].
These cereals can be used via two techniques. The first method involves ploughing whole plants and
using them as a fertilizer. Plants that are a forecrop can also be cut. Then, only roots and postharvest
residues are ploughed. In the case of the latter method, it is possible to continue using the green parts
of the plants, which are often simply composted or dried for bedding.

Recently, products from young barley leaves and shoots have gained popularity. They are
available in a variety of forms, i.e., juice, tablets, or powder. Young parts of plants are a source
of phenolic acids and many vitamins, e.g., C, E, and B group vitamins. Additionally, barley grass
contains substantial amounts of carotenoids, folic acid, calcium, iron, magnesium, potassium, zinc,
and copper. Importantly, products obtained from cereal leaves and shoots can be used as supplements
in a high-protein diet. Barley grass contains approximately 30% of protein in dry matter [2–4]. The
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chemical index of nutritional value (Chemical Score, CS) is 41.44% (Methionine) [5]. Barley shoots and
leaves are also a source of chlorides. Naturally occurring chlorides exert a beneficial effect on organism
function. Chloride ions participate in the regulation of water, as well as electrolyte metabolism and
maintaining acid–base balance [6].

One of the most important active compounds in “green food” is chlorophyll. Seed plants contain
type A and B chlorophylls, which differ according to the type of substituent on the second pyrrole ring.
However, these pigments are unstable. Many factors, e.g., UV radiation or pH and temperature changes,
cause chlorophyll degradation in food products. Chlorophylls are a valuable source of magnesium;
they can also improve metabolism and eliminate unpleasant mouth odours. Additionally, they have
antibacterial and anti-inflammatory properties, remove toxins from the liver and blood [7–11], and
even act as a haemoglobin substitute [12].

The consumption of green juices has therapeutic properties: it exerts an antidiabetic effect, regulates
blood pressure, strengthens immunity, protects the liver, and has anti-acne and antidepressant activities.
It also improves the function of the digestive tract and prevents hypoxia, cardiovascular diseases,
fatigue, and constipation. Additionally, it alleviates atopic dermatitis and has anti-inflammatory,
antioxidant, and anticancer effects [4]. Kubatka et al. [13] have demonstrated positive changes in
tumour cells in rats treated with juice from young barley leaves. A significantly more pronounced
effect of the therapeutic treatment was observed in a study group receiving a diet supplemented with
the juice. It has also been confirmed that supplementation of the diet with barley leaf powder can
relieve the clinical symptoms of diabetes [14]. Additionally, barley grass contains substantial amounts
of dietary fibre (mainly an insoluble fraction), which has a positive effect on metabolism through
regulating the appetite and, thus preventing the development of overweight. Son et al. [3] recommend
enrichment of the diets of young children using valuable nutrients from young barley leaves.

Products from young barley leaves have been used in East Asia for a long time. Currently, they
are available in supermarkets, as well as online, in the United States and many European countries.
The increase in consumer awareness has contributed to an appreciation of the health benefits of
“green food” [8]. A number of products based on young cereal leaves are recommended as dietary
supplements and, hence, are currently being manufactured to be purchased in pharmacies.

There is a paucity of scientific publications confirming the health-promoting properties of the
juice from young barley leaves. There are also no preliminary investigations describing the impact of
production and processing on the quality of green juices. Furthermore, the relationship between the
date of raw material harvesting and the pressing process, as well as the content of nutrients—including
proteins—in the juice, has not yet been analysed. Another unexplored area is the changes occurring
in the chlorophyll content of barley juice, depending on the thermal treatment. Knowledge of these
relationships has great practical significance as it provides information on methods for the acquisition
of a product with a high nutritional value and, at the same time, ensures the longest possible growth
period for the plant (and, thus, the greatest mass of roots to be used as forecrop).

The aim of this work was to preliminary examine the efficiency of the process of pressing green
juice from young barley leaves and shoots and to determine the chemical composition of the product
obtained. An additional goal of the research was to compare the effect of preservation methods like
pasteurization and freezing on the chlorophyll content and pH of barley juice.

2. Materials and Methods

2.1. Research Material

Barley grain cv. Kangoo was used for the investigations. The seeds, weighing 5 kg, were sown
under laboratory conditions (Figure 1). No fertilisation was applied during the cultivation. The
material was collected at days 7, 14, 21, and 28 after plant emergence. The crop area was divided into
four parts, and these four parts were then divided again into 12 smaller ones. Three parts from the
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whole field were chosen at random for each series of investigation (different harvest time: 7, 14, 21,
and 28 days). Each sample of shoots and leaves of young barley for juice production weighed 200 g.

 
Figure 1. Cultivation of barley.

2.2. Measurement of Physical Properties

Samples without mechanical damage were selected for determination of the length and strength of
the barley. The length of five barley shoots was measured with the use of a calliper to the nearest 0.01 mm.
The shoot strength was determined by applying a uniaxial tensile test to the leaves. The test was carried
out using a Zwick/Roell Z0.5 materials testing machine (Zwick.Roell AG, BT1-FR0.5TN.D14, Ulm,
Germany) equipped with a measuring head at a maximum force of 50 N (travel speed = 50 mm·min−1).
Tensile strength was applied to the material until rupture. TestXpert II software (Zwick/Roell AG, Ulm,
Germany) was used to assess the force required for destruction of the barley grass.

2.3. Pressing

The juice was squeezed from barley grass (with a weight of 200 g for each repetition) using a press
designed for pressing green plant leaves, i.e., Manual Juicer BL-30 (BioChef, Byron Bay, NS, Australia).

The pressing efficiency was calculated using the following equation:

Wj(%) =
Mj

Mi
·100 (1)

where:
Wj—pressing yield, %;
Mj—mass of juice after pressing, kg;
Mi—mass of input material, kg.

2.4. Preserving Juice

The juice obtained in the first harvest term (at seven days after plant emergence) was additionally
subjected to pasteurisation for 10 min at 75 ◦C and freezing. Immediately after the thermal treatment,
the product was cooled (in a blast chiller–freezer) to 3 ◦C. The other batch of juice was blast-frozen to a
temperature of −18 ◦C. The material was stored under appropriate conditions, i.e., 4 ◦C in the case
of the unprocessed (UJ) and pasteurised (PJ) juice and −18 ◦C in the case of the frozen juice (FJ). The
study material was analysed after three (UJ and PJ) and seven (UJ, PJ, and FJ) storage days.
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2.5. Determination of pH

Juice samples were placed in 50 mL beakers and the pH was recorded with a pH meter (model
780, Metrohm AG, Herisau Switzerland).

2.6. Measurement of Total Protein Content

The determinations were carried out using the Kjeldahl method and a Foss Kjeltec 8400 automatic
distiller (Foss Anatytical AB, Höganӓs, Sweden). The total protein content was calculated using a
6.25 conversion factor.

2.7. Determination of the Chloride Content

The chloride content was determined with the Mohr method using a TitraLab AT1000 Series
automatic titrator (HACH Company, Willstӓtterstraße, Germany). The solution was titrated with a
0.1 N silver nitrate solution. The chloride content was given as g in 100 gf.j. (of fresh juice).

2.8. Determination of the Content of Reducing Sugars

The Lane–Eynon method was used to determine the content of reducing sugars. The material was
extracted and deproteinised. The content of reducing sugars was determined in the obtained liquid by
direct hot titration of a specific copper salt with the analysed sugar solution (against methylene blue as
an indicator of the end of the reaction) [15,16].

2.9. Determination of Dry Matter Content

The moisture content of the research material was measured by drying 3 g of juice at 105 ◦C for 3
h. The measurements were carried out in triplicate.

2.10. Measurement of Chlorophyll Content

The juice was analysed for the content of chlorophylls A and B. The pigments were extracted
with methyl alcohol. The chlorophyll content was measured using a UV–vis Helios Omega 3
spectrophotometer (Thermo Scientific, England). The measurement consisted of the determination of
the absorbance (A) at different wavelengths (λ): 650 and 665 nm [17]. Next, the content of chlorophylls
A and B and the total chlorophyll content were calculated with Equations (2)–(4):

Chlorophyll A content (Cchl(a)):

Cchl(a) = 16.5·A(665) − 8.3·A(650) (2)

Chlorophyll B content (Cchl(b)):

Cchl(b) = 33.8·A(650) − 12.5·A(665) (3)

Total chlorophyll content (C):

C = 4.0·A(665) + 25.5·A(650) (4)

where:
A(650) = absorbance at a 650 nm wavelength;
A(665) = absorbance at a 665 nm wavelength.
The chlorophyll content was calculated in mg·g−1, taking into account the sample weight.

2.11. Statistical Analysis

The data were analysed statistically. A significance level ofα= 0.05 was assumed for inference. The
analysis was carried out using ANOVA (StatSoft Polska, Poland) with post hoc tests for homogeneous
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groups based on Tukey’s test. These groups comprised means between which no statistically significant
difference was found at the assumed significance level, α.

The determinations were carried out in triplicate, except for leaf length and strength tests, which
were repeated five times.

3. Results and Discussion

3.1. Characterisation of the Physical Traits of the Raw Material

Changes in the length of the barley shoots relative to the harvest date are shown in Table 1.

Table 1. Properties of the raw material relative to the harvest time of barley leaf harvesting.

Harvest Time (Day) 7 14 21 28 p-Value

Length of leaves (mm) 9.08 ± 1.14 a 15.48 ± 1.26 b 17.58 ± 1.44 bc 19.53 ± 1.35 c <0.0001
Strength of leaves (N) 3.75 ± 0.25 a 3.27 ± 0.45 ab 3.20 ± 0.39 ab 3.01 ± 0.69 b 0.0144

a,b,c,d Means in the same line denoted by different letters were significantly different. The results are expressed as
mean ± SD (n = 5).

The largest gain in the length of barley shoots was noted within seven days after emergence. In
the following days, the rate of shoot growth declined. There were no statistically significant differences
in the length of shoots between the material harvested at day 21 and day 28 after emergence. The
length of shoots collected on day 21 and day 28 was 17.58 and 19.53 cm, respectively. The height of the
plants was characteristic of unfertilised crops [18–20].

The strength of the barley shoots decreased over time. However, there were only significant
changes in the tensile strength of the shoots in the material collected on day 28 of growth (in comparison
to the material collected on day 7). Changes in the strength of cereal shoots are associated with the
chemical composition, which is modified during plant growth [18].

3.2. The Pressing Efficiency

The effect of the harvest date on the pressing yield is shown in Figure 2.

Figure 2. Pressing yield of the barley shoot and leaf juice relative to the harvest date.
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The pressing yield ranged from 69.04% to 73.26%. It was obtained from 137 to 146 mL of
juice (depending on the time of harvest). The highest value was noted during the processing of
material harvested on cultivation day 21. The longer period of cultivation was associated with a
statistically significant drop in the pressing yield. The pressing yield of barley leaves collected on
day 28 was estimated at 69.4%. These results are consistent with data obtained by other authors.
Paulíčková et al. [2] reported a pressing yield of 68% in a study that involved the extraction of juice
from barley shoots. The decline in the pressing yield accompanying the longer harvesting period is
probably caused by changes in the chemical composition, which lead to an increase in the fibre content.

3.3. Juice Acidity

Irrespective of the harvest date, the juice from the leaves and shoots of young barley had an acidic
reaction (changes in pH are shown in Figure 3), shown by the significant decrease in pH values over
time. The pH of the products pressed from leaves and shoots collected on day 7–28 ranged from 5.71
to 5.95. These values are similar to the pH of vegetable juices such as carrot or beetroot juice [21–23].

Figure 3. Impact of barley shoot harvesting time on juice pH.

The pH values of the juice from young barley leaves did not change significantly during storage
(Figure 4). The statistical analysis only revealed significant differences in the pH value in the case
of juice refrigerated for seven days. The pasteurisation and freezing processes did not change this
parameter significantly. Juice acidity has an important effect on pigments and other ingredients (e.g.,
chlorophyll, carotenoids, anthocyanins, myoglobin, etc.) responsible for the colour of fruits, vegetables,
and meat [21,24–26].
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Figure 4. Impact of the conditions and length of storage on barley juice pH. (CP—control probe for
fresh juice, UJ—unprocessed juice, PJ—pasteurised juice, FJ—frozen juice; 3rd day—after three storage
days, 7th day—after seven storage days).

3.4. Total Protein Content

Protein content was expressed as a percentage of dry matter, which was 4.71% on average.
Changes in the protein content of the analysed juices are shown in Figure 5. The total protein content in
the juice increased along with the barley harvest date. The differences in the protein content between
the harvest dates were statistically significant. The highest protein content, i.e., 51%, was determined
in samples collected on day 21. The statistical analysis revealed that the content of this component in
the juice produced after the next harvest (day 28) was significantly lower (42.68%). As demonstrated
by Paulíčková et al. [2], the total amino acid content in juice from barley leaves and shoots decreased
over time. The highest protein content recorded for the Malz cultivar (collected in phase I—DC 29) was
30.44%d.m. However, it should be noted that the authors collected the raw material at a later stage of
barley growth. Therefore, these results may explain the lower protein content in the juice from barley
leaves and shoots harvested on day 28 of growth (in comparison with the material obtained on day 21).

%
d.
m
.)

Figure 5. Changes in the protein content in barley shoot juice relative to the harvest date.
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3.5. Chloride Content

The changes in chloride content in the analysed juices are shown in Figure 6. The chloride
content in the juices was positively correlated with the length of barley growth. The statistical analysis
demonstrated statistically significant differences in this parameter between the harvest dates. The
chloride content ranged from 0.021 to 0.117 g·100 g f.j.

−1 for juice pressed from barley leaves and shoots
collected on days 7–28. The increase in the chloride content was clearly correlated with a decrease in
the pH of the juice. Park et al. [27] also showed that the amount of chlorides in the aboveground parts
of plants may depend on the type of fertilization used.

Figure 6. Changes in the chloride content in barley shoot juice relative to the harvest date.

3.6. Content of Reducing Sugars

Changes in the content of reducing sugars are shown in Figure 7. Their highest content was
determined in the juice from barley leaves and shoots collected on day 21 of growth (8.20 g·100 gd.m.

−1).
The differences in the value of this parameter between products obtained from shoots collected on
days 14 and 28 were not statistically significant. The statistical analysis confirmed the lower content of
reducing sugars only for juice made from raw material collected on day 7. The study conducted by
Paulíčková et al. [2] showed that the content of simple sugars varied, depending on the plant growth
phase. Other factors that significantly determined the changes in the analysed parameter include
the conditions of the soil and the variety of barley. Paulíčková et al. [2] demonstrated that the sugar
content in most barley varieties steadily decreased throughout the growing season.

48



Sustainability 2019, 11, 3960

Figure 7. Changes in the content of reducing sugars in barley shoot juice, depending on the harvest date.

3.7. Chlorophyll Content

The chlorophyll content in the barley juice and the impact of the thermal treatment methods on
changes in this parameter are shown in Table 2. The content of chlorophyll A and B and the total
chlorophyll content changed significantly during storage. The highest determined content of total
chlorophylls, i.e., 6.62 mg/g, was found in fresh juice. The chlorophyll contents in fresh raw material
obtained by other authors ranged from 10.15 to 19.62 mg/g [28,29]. After seven days of storage, the
total chlorophyll content was reduced by 37.9% (UJ), 42.12% (PJ), and 2.43% (FJ), in comparison with
the untreated juice. It can thus be concluded from the present investigations that chlorophyll A is
more sensitive to heat than chlorophyll B. Similar findings were reported by Weemaes et al. [30], who
analysed the kinetics of chlorophyll degradation in thermally treated broccoli juice.

Table 2. Changes in the chlorophyll content in juice from young barley leaves during storage in various
conditions (p < 0.0001).

Type of Heat
Treatment/Ti-Me of Storage

Fresh
(Control Probe)

Unprocessed (UJ) Pasteurised (PJ)
Frozen (FJ)

3rd Day 7th Day 3rd Day 7th Day

Chlorophyll A (mg·g−1) 4.80 ± 0.01 a 4.15 ± 0.02c 2.99 ± 0.01 e 3.80 ± 0.00 d 2.83 ± 0.015 f 4.66 ± 0.01 b

Chlorophyll B (mg·g−1) 1.53 ± 0.00 a 1.51 ± 0.00 bc 0.85 ± 0.01 d 1.50 ± 0.00 c 0.83 ± 0.00 e 1.51 ± 0.00 b

Total chlorophylls (mg·g−1) 6.62 ± 0.01 a 6.02 ± 0.04 c 4.11 ± 0.04 e 5.72 ± 0.02 d 3.83 ± 0.007 f 6.46 ± 0.04 b

a,b,c,d,e,f Means in the same line denoted by different letters were significantly different. The results are expressed as
mean ± SD (n = 3).

The process of freezing had the lowest effect on changes in the content of chlorophyll A and total
chlorophylls. By contrast, in the case of chlorophyll B, the least significant changes were noted for the
unpasteurised product refrigerated for one day and in the case of the frozen juice stored for seven
days. Paulíčková et al. [2] also confirmed the significant effect of thermal treatment of barley leaf juice
(freezing, drying, and freeze-drying) on changes in the nutrient content. The analysis of their results
also allows for the conclusion that freezing exerts the weakest effect on the quality of the product.
Koca et al. [25] demonstrated a faster rate of degradation of chlorophylls at a lower pH value (from 5.5
to 7.5). Hence, the significantly lower chlorophyll content of juice stored for seven days may be caused
by, e.g., changes in the pH of the product.
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4. Conclusions

The present investigations confirm the potential benefits of consuming green juice from young
barley shoots and leaves as part of a daily diet. The product obtained from the material harvested after
7, 14, 21, and 28 days of growth contains many valuable nutrients, e.g., a high level of total protein
(with CS = 41.44 Meth). Additionally, high pressing yields of approximately 70% can be achieved.

The study has demonstrated that barley leaves and shoots harvested on day 21 of plant growth
are the best raw material for the production of juice. The process of pressing material collected at this
time exhibits the highest efficiency, and the juice contains the highest levels of protein and reducing
sugars, as well as a high chloride content.

The most effective way to preserve the juice from young barley leaves is freezing. This process
does not induce changes in juice acidity and only slightly reduces the content of chlorophylls A and B
during storage of the product. Pasteurisation of the juice significantly reduces the chlorophyll content,
but does not induce statistically significant changes in the pH of the juice.

The reported results are a preliminary study on the topic. However, it is necessary to continue
research to determine the impact of other factors (e.g., barley varieties, growing conditions) on the
quality of juices from young barley shoots and leaves. It is also possible scale-up the experiment using
a higher number of samples, filed conditions, etc.

In addition, this way of using shoots and leaves of young barley will have economic importance.
The costs of obtaining raw materials for juice production will be reduced. The use of shoots and
leaves of young barley, which is grown as a forecrop, for the production of green juices, may have a
beneficial effect on the development of sustainable crop production. This will allow more efficient use
of the plants.
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Abstract: In the era of sustainable agriculture, the issue of proper and precise implementation of
agrotechnical operations, without harmful effects on the natural environment, begins to play an
important role. Statistical tools also become important, for example, when assessing the malfunction
of plant cultivation equipment. The study presents a comparison of six nonparametric bootstrap
methods used for construction of confidence intervals for the expected value of an average diameter
of droplet stains following the spraying process. The simulation tests were carried out based on
experiment with nozzle sprayer Lechler 110-03 using two spray nozzles: a new one and an old one.
It was assumed that the distribution of the droplet stain size was consistent with the lognormal
distribution. The paper considers the influence of the sample size, mean value and standard deviation
of the droplet stain diameter on the interval range as well as on the estimated coverage probabilities of
the confidence intervals. It was shown that in general these methods can be applied for this purpose.
For the double bootstrap method and the studentized method, the empirical confidence levels of the
constructed intervals turned out to be less distinct than the assumed level but the lengths of these
intervals were greater than the lengths of intervals obtained using the other four methods.

Keywords: bootstrap methods; confidence intervals; lognormal distribution; sprayer; droplet
diameters; sustainable agriculture

1. Introduction

Sustainable agriculture aims to promote a sustainable farming system that relies on the rational
use of natural resources, which allows reducing the negative impact of agriculture on the environment
and prevents the loss of organic matter in the soil. It is part of a larger movement towards sustainable
development, which suggests that natural resources are limited, recognizes the constraints of economic
growth and encourages equality in resource allocation. Sustainable agricultural development has been
proposed as one of the alternatives to reverse the spiral of resource degradation and poverty. The goal
of sustainable agriculture is to protect natural resources [1,2]. Sustainable development is one of the
principles on which the European Union (EU) policy should be based, including the EU’s common
agricultural policy. The common agricultural policy is the main institutional structure and the main
factor of reforms affecting the development of sustainable agriculture [3].

Spraying is the basic and the most widely used treatment in plant protection but improperly
preformed or defective technical equipment may degrade the quality of agricultural raw materials and
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pose a threat to humans and the environment. Recently, plant protection has been severely criticized
for creating environmental and human hazards. The use of pesticides, in addition to unquestionable
effectiveness, has serious disadvantages. Creation of resistant biotypes, which are difficult to combat
later, can be another possible threat. In addition, chemicals change crop biochemistry, pollute the
environment and often destroy natural enemies who would limit the host population [4].

However, the use of herbicides, despite many controversies, is one of the basic methods
of protecting plants against weeds in modern agriculture. The use of plant protection products
(generally known as pesticides or agrochemicals) makes it possible to increase food production by
destroying weeds and pests that attack crops. As a result, productivity per hectare increases and also
reduces losses during transport and storage of food [5]. In addition, the use of pesticides gives the
farmer the opportunity to intervene quickly when the crop is directly threatened by diseases and
pests. This is especially important in the case of mass and sudden outbreaks of pests. Some chemicals,
for example, seed mortars, have a preventive effect. In turn, granulated pesticides introduced into
the soil and taken up by plant roots operate for the whole period or a significant part of the growing
season [6].

The effect of herbicides depends on both the technical and technological processes that make up
the spraying procedure, as well as the behaviour of the active substance on the sprayed surface of the
plants and inside them. These processes include the production of spray liquid droplets (atomization),
transfer from the atomizer to the plant surface, droplet retention on plants, formation of sediments
on the leaf surface after evaporation of water from the spray liquid, up-taking of the active substance
(absorption) and its translocation and metabolism [7].

A number of technological, technical and climatic factors influence the quality of the sprayer
work. The most important of them include the type of machine, choice of nozzles, spray parameters,
temperature and humidity as well as compliance with the instructions of producers of plant agents [8].
It should be noted that the nozzle wear degree has a decisive influence on spray quality. Application of
excessive numbers of droplets on the protected surface causes their merging, which worsens the
quality of spraying. Gravity makes droplets on the surface of plants penetrate the soil and reach
groundwater [5,9]. Besides, if nozzles generate very small droplets, they are drifted away by wind or
the liquid evaporates before falling on protected plants.

In spraying operations, it is important that as much of the spray liquid as possible settles on
the surface of the plant. This is the basic condition for achieving high effectiveness of the procedure,
as well as reducing losses that burden the environment. Liquid settlement on plants depends mainly
on the development phase of the plant, crop density, dose, type of usable liquid and operation of the
spraying apparatus [10]. It was stated that in the total spray liquid expenditure balance (during wheat
spraying) 52.4% were losses in the air (as a result of drift and evaporation) and as a result of falling on
the soil, while 47.6% sprayed liquid stopped on the plants [11]. These are significant losses that can
cause environmental pollution.

A uniform distribution of the spray liquid has a significant influence on the environmental impact
of agrochemicals. Uneven application means that a more larger dose of the agent is applied over a
large field area than it results from actual needs. It is not only a waste but it also carries the risk of the
accumulation of residues of plant protection agents in agricultural raw materials [12].

For these reasons, statistical analysis of the droplet stains after the spraying process is important
for adjustment of the operating parameters of the sprayer. One of the statistical methods that can
be used is the analysis of the droplet stain distribution, especially point or interval estimation of
the parameters of their distribution. Naturally occurring droplets are usually irregular in shape and
different in size. This resulted in the introduction of different mean droplet diameter definitions along
with statistical description of the droplet size distribution (linear, surface and volume (Sauter)).

The conducted research regarding the estimation of droplet size and quantity involves the
division into raindrops and droplets following the spraying process, where various types of probability
distribution can be applied to describe each of the two cases presented above. As regards empirical
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data obtained for raindrops, the following distributions are used most frequently—exponential [13],
gamma [14–16], Gauss [17], lognormal [18,19], Weibull [20,21] and Poisson [22]. The gamma
distribution is used to describe the droplet size distribution following the spraying process [23].
Equivalently, the following distributions are also used for the same type of data—upper truncated
lognormal [24,25], Rosin–Rammler and Nukiyama–Tanasawa [26] and Weibull [18,27]. The lognormal
distributions with the upper truncation [15,23] are applicable for the distribution of droplet diameters
because the measured droplet diameters are in a certain interval ranging from zero to a definite upper
limit, which in an extreme case can be a maximum measured droplet size.

A number of parametric and non-parametric methods have been designed for interval estimation
of the expected value of a random variable with a lognormal distribution. A few such procedures
were described and compared in Reference [28], including the Cox method for a large sample size
presented in Reference [29], a conservative method described in Reference [30] and a parametric
bootstrap method [31]. Based on numerical results, it was demonstrated [28] that all these procedures,
with the exception of the Cox method, are too conservative or too liberal disregarding the sample size.
Therefore, the methods of construction confidence intervals presented above are not satisfactory for
small sample sizes. This problem was solved in Reference [32], where the method was developed
for construction of exact confidence intervals for small sample sizes using the idea of a generalized
p-value and generalized confidence intervals.

The bootstrap method was designed by Bradley Efron [23,24,26,33]. The group of bootstrap
methods includes parametric and non-parametric methods, including inter alia—the basic,
percentile, bias-corrected, bias-corrected and accelerated, studentized and double bootstrap methods.
These methods differ as regards the selection of appropriate quantiles of the distribution of the
estimators from bootstrap samples. Bootstrap is a relatively new method but in the computer era
it is frequently used for obtaining confidence intervals and test hypotheses in situations when the
sample sizes are small, the distribution of estimators is unknown or when the fulfilment of relevant
assumptions is doubtful. The statistical research carried out in Reference [27], showed that the
information on the asymmetry of the probability distribution of a random variable or initial estimation
of the asymmetry coefficient can be helpful while determining the sample size both in bootstrap tests
and classical significance tests.

The aim of this study was to investigating the possibility of using various bootstrap methods to
generate confidence intervals to assess the average droplet trace diameter, which can be characterized
by an asymmetric probability distribution set close to the lognormal one. The simulations were limited
to the ranges of droplet trace sizes obtained in experimental experiments using the Lechler 110-03
sprayer. The usefulness of particular methods is indicated depending on the size of the random sample
and the different degree of variability of the obtained droplet trace sizes. The tests carried out are
aimed at determining the methods of assessing the degree of wear of the sprayer nozzle.

2. Materials and Methods

2.1. Material

The analysis carried out in the research concerns the estimation of the mean value of droplet stain
diameters following the spraying process carried out in an experimental study on a Lechler 110-03
spray nozzle type. The nominal flow rate for this type of the spray nozzle is 1.17 L · min−1. The spray
boom shift during spraying was 9 km · h−1 (2.5 m · s−1) and the pressure was 5 bar (0.5 MPa). After the
droplets applied on each piece of foil dried, scans of 5 × 5 cm images were obtained. The scanner
resolution during scanning was 300 dpi. The size of droplet stains and the number of droplets was
calculated using the computer software Image Pro+ by Media Cybernetics. The new spray nozzle and
older one were examined for comparison in a research experiment. The older nozzle was obtained as a
result of laboratory wearing using Kaolin KOM water slime from SURMIN-KAOLIN. The slime was
produced by adding 9.1 kg of kaolin to 150 L of water [34]. After reaching 10% wearing, the liquid
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outflow rate was measured at 1.29 L · min−1. In Figure 1 examples of scans obtained from the spraying
process using new spray nozzle (a) and older one (b) are shown.

Figure 1. Example scans of droplet stains from: (a) new spray nozzle (b) spray nozzle in longer use.

2.2. Mathematical Background

The density function f (x) of the lognormal distribution for the diameter size of the splashed
droplets following the spraying process is given by:

f (x) =
1

xσ
√

2π
exp

(
− (log(x)− μ)2

2σ2

)
, (1)

where:
x ∈ (0,+∞) – droplet diameter [μm],
μ ∈< 0,+∞) – expected value of variable ln(X), location parameter,
σ > 0 – standard deviation, scale parameter,
log(·) – natural logarithm.
Y = log(X) ∼ N(μ, σ).

The parameters of the lognormal distribution turn out to be the functions of both parameters
μ and σ2 and this dependence poses difficulties in obtaining exact and optimal tests and confidence
intervals. In particular, the expected value of lognormal random variable X depends on μ and σ2:

E(X) = E(exp(Y)) = exp
(

μ +
1
2

σ2
)

. (2)

The overlapping of droplet stains following the spraying process is an additional difficulty in
using these stains to estimate the distribution of the spraying parameters. The poor accuracy in point
estimation of the mean value and standard deviation has an impact on the interval estimation of
these parameters. Taking into account the above difficulties, six non-parametric bootstrap methods
were used to construct the confidence intervals—basic, percentile, bias-corrected, bias-corrected and
accelerated, studentized and double bootstrap methods.

During the research work, the sensitivity of the lengths and coverage of intervals constructed
using the discussed bootstrap methods were compared, given the changes in the sample sizes and
changes in the values of standard deviation. The consistency of empirical coverages was also compared
with the assumed confidence level.

Let x = (x1, x2, . . . , xn) denote an n-element random sample, whereas R(x, F) is some statistics
determined on the sample space with distribution F, θ is the unknown parameter and σ is the standard
deviation of this parameter. The bootstrap sample is an n-element realization of the variable X,
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x∗ = (x∗1 , x∗2 , . . . , x∗n) and its elements are selected at random with replacement from sample x. In order
to obtain bootstrap samples, independent B-fold (B ≥ 1000) generation of n-element data sequences
x∗ = (x∗1 , x∗2 , . . . , x∗n) is carried out. These data sequences are used to determine the estimator θ̂ of the θ

parameter. As a result, B-element sequence of estimators θ̂∗j = R
(

x∗j
)

, j = 1, 2, . . . , n is obtained. Out

of the sequence of estimators θ̂∗j , the quantiles of a fixed rank are calculated, which are then used to
obtain the confidence interval for parameter θ = R(x).

In the simplest basic method (B), the (1 − α)% confidence interval for parameter θ is obtained
according to the formula: (

2θ̂ − θ̂∗
(1− α

2 )
, 2θ̂ − θ̂∗

( α
2 )

)
, (3)

where:
θ̂∗(α) denotes αth quantile from the sequence of values θ̂∗j ,

θ̂ denotes the estimator from the original sample x = (x1, x2, . . . , xn).

The percentile (P), bias-corrected (BC) and bias-corrected and accelerated (BCa) methods
confidence intervals do not use estimator θ̂ but are calculated exclusively based on quantiles of
a relevant rank from the sequence of estimators:

(
θ̂∗(αL)

, θ̂∗(αU)

)
, (4)

where the ranks αL and αU of appropriate percentiles can be calculated according obtained sequence
of estimators θ̂∗j = R

(
x∗j
)

, j = 1, 2, . . . , n depending on selected method.
The bootstrap method with bias correction [35] contributes to improvement of the precision of the

percentile method in the case when the median of estimator values for all bootstrap samples is not
equal to the value of the estimator for the original sample. This method adds two steps after estimation
of the distribution of the considered parameter for bootstrap samples:

- calculation of the fraction k of bootstrap samples for which the estimator value of the parameter is
lower than the estimator calculated on the basis of the original sample,

- calculation of interval bounds regarding the calculated fraction of samples in order to correct
the bias.

Similar to the previous method, the bias-corrected and accelerated bootstrap method (BCa) [24,35]
takes into account the fact that estimators of the parameter for bootstrap samples can be biased and the
impact of individual values in a sample on the value of the estimator is considered as well. When the
distribution is skewed, some adjustment needs to be made and BCa method gives such a possibility.

The ranks αL and αU of percentiles in BCa method depend on two constants a and z0 called the
acceleration and bias correction coefficient. The standard error of θ̂ is stabilized by coefficient a and z0

measures the median bias of θ̂∗. This results in faster convergence of the estimator confidence limit
into its exact value than in the case of the quantile method. Thus, the probability of coverage for the
BCa method is closer to the nominal probability than in the percentile method.

There are different ways to determine the value of coefficient a. One of them uses the jackknife
method [24], which explores the impact of n individual elements of a sample by using n special sample
size n − 1. Each of the n new samples is obtained through deleting each time only one element from
the original sample. Based on such samples, n estimators of the θ parameter are calculated.

In the studentized method, sometimes referred to as the bootstrap-t method, the appropriate
statistic quantiles are used in the following form:

t∗ = θ̂∗ − θ̂

σ̂
(
θ̂∗
) , (5)
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where σ̂
(
θ̂∗
)

is the estimator of the standard error of the estimator θ̂∗ determined based on the
bootstrap sample x∗ = (x∗1 , x∗2 , . . . , x∗n).

The double bootstrap method is a modification of the previous method [36], where the standard
error σ

(
θ̂∗
)

of θ̂∗ is estimated on bases of additional B1 bootstrap samples x∗∗ = (x∗∗1 , x∗∗2 , . . . , x∗∗n )

generated from the x∗ sample, where θ̄∗∗ = 1
B1

∑B1
i=1 θ̂∗∗i .

This section outlines the six bootstrap methods, which were used in this study. More details and
appropriate mathematical formulas of individual methods can be found in numerous studies available
in the cited literature.

2.3. Computer Simulations

On the basis of the experimental tests, the ranges of the average diameters of droplet traces
obtained in the spraying process using the tested nozzles were estimated. The determined ranges
of means as well as standard deviations obtained for the droplet stains were used as the basis for
conducting computer simulations using the six bootstrap methods described in the previous section.
The simulations were carried out taking into account different sample sizes (10–600 elements). For each
combination of two values of the analyzed mean and standard deviation, ten thousand samples were
generated consisting of equal elements each, which were used for generating bootstrap samples.
For each random sample x, the total of B = 2000 bootstrap samples were generated, based on which
the relevant percentiles were estimated. In the case of a double bootstrap, the standard deviation was
estimated based on B1 = 250 samples. For each generated sample, all six types of confidence intervals
were calculated and the assumed confidence level was α = 0.05. Computer simulations were carried
out using software MATLAB R2014a by employing our own code and embedded procedures on the
computer with the operating system Windows 10 Professional equipped with an Intel Xeon E5-2609
2.40 GHz processor.

3. Results

The analysis took into account the mean values and standard deviation values estimated on the
basis of the measurements performed with the Lechler 110-03 sprayer. The first step involved testing
the consistency of the distribution of size of droplets stain diameters from the measurements with the
lognormal distribution and determining its parameters.

The considered sample scans, which were previously presented on Figure 1, resulted in a highly
asymmetrical distribution of droplet stain diameters. The distribution of droplet diameters obtained
while spraying using a new and old nozzle are presented in Table 1. The drops traces were divided
into 5 size classes—0–150 μm, 150–250 μm, 250–350 μm, 350–450 μm and above 450 μm. The estimates
were obtained using computer software Image Pro+ by Media Cybernetics. The table includes the
number of objects assigned to classes, the percentage of objects, the percentage of surface covered
and the average drop values and standard deviations in each class. The data compiled in Table 1 show
a strongly asymmetrical distribution.

In addition, to determine the approximate parameters of the droplet size distribution, a division
into a larger number of size classes was made (Figure 2). For both nozzles (new and old), using
the MatLab function fitnlm, parameters of log-normal distribution were determined, which are best
fitted to the obtained histograms for selected droplet size classes. For the new nozzle, the average is
μx = 160.3 μm and the standard deviation σx = 65.8 μm, while for the older nozzle the average is
μx = 186.7 μm and the standard deviation σx = 81.2 μm.

Due to the overlapping of droplet stains following the spraying process and the difficulties in
construction of the confidence intervals for the expected value of the lognormal distribution, we
chose the bootstrap methods [24]. As already mentioned, the confidence intervals, constructed using
the discussed bootstrap methods were compared in terms of the sensitivity of their lengths and
probabilities of the expected value coverage to changes in sample sizes and in values of standard
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deviation. The consistency of empirical coverage probabilities with the assumed confidence level was
also compared.

Table 1. Droplet traces size distribution in an example datasets.

Stain Class No. Objects % Objects % Area Diameter Mean Diameter Std

New nozzle
<150 μm 511 62.01 43.96 123.89 19.19
150–250 μm 242 29.37 36.72 184.29 22.61
250–350 μm 61 7.40 15.95 293.17 52.33
350–450 μm 9 1.09 3.17 382.51 69.80
>450 μm 1 0.12 0.19 471.00 0.00

Older nozzle
<150 μm 323 51.43 37.49 132.34 14.37
150–250 μm 204 32.48 35.71 196.42 15.69
250–350 μm 80 12.74 19.09 295.28 24.28
350–450 μm 12 1.91 3.69 412.07 39.19
>450 μm 9 1.43 4.01 521.74 47.16

Figure 2. Histograms of the droplet stain diameters from the experiment and fitted lognormal
distribution for new and older nozzles.

The analysis took into account the mean values and standard deviation values estimated based
on the measurements performed with the Lechler 110-03 sprayer. In order to generate samples from
the lognormal distribution for the population mean, the range from 90 μm to 210 μm was taken with
a step of ten units, whereas for the standard deviation the range was from 30 μm to 180 μm with a
step of ten units. For each combination of two values of the analyzed mean and standard deviation,
ten thousand samples were generated consisting of thirty elements each, which were random samples
used for generating bootstrap samples. For each random sample x, the total of B = 2000 bootstrap
samples were generated, based on which the relevant percentiles were estimated. In the case of a
double bootstrap, the standard deviation was estimated based on B1 = 250 samples. The values of
B and B1 were determined according to Reference [36]. For each generated sample, all six types of
confidence intervals were calculated and the assumed confidence level was α = 0.05.

The largest differences between the results obtained by different methods occurred for small
samples. Figure 3 presents numerical results of the coverage of the calculated confidence intervals
for the assumed 95% confidence levels using the six bootstrap methods with division to the selected
lengths of the mean value and standard deviation value (μx, σx) of variable X. In a majority of cases,
all the considered methods give the coverage probabilities lower than the assumed level of 95% for
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sample sizes of 30. The confidence intervals constructed with the studentized and double bootstrap
methods give the coverage probabilities not greater than 94% for each considered value of the mean;
noteworthy, the variation of the feature may be high and, in a particular case, the variation coefficient
may even be equal to 80%. The other four methods allow obtaining coverage probabilities not greater
than 93%; however, only for the variation coefficient not higher than 34% (Figure 3).

Figure 3. Coverage probabilities of the mean value by confidence intervals constructed by the six types
of bootstrap methods (n = 30).

In order to study the impact of the sample size on the lengths of confidence intervals for the
examined bootstrap methods, the sample sizes considered in the simulations were 10, 20, 30, 50, 80,
100, 150, 200, 400 and 600. Since the interval lengths for larger sample sizes overlap, the figure presents
only the lengths for the smaller sample sizes (up to 100 elements). The samples were generated from
a population for which the mean value was 160 μm and the standard deviation ranged from 40 to
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120 μm. For each of the sizes, five thousand samples were generated and the length of the confidence
interval calculated with the six studied methods was estimated based on each sample. The lengths
of the intervals obtained were averaged for each method separately. From the graph presented in
Figure 4 (for the standard deviation of 80 μm, close to the sample obtained from the experiment), it is
evident that the intervals for the studentized and double bootstrap methods are wider, compared with
the basic, percentile, bias correction and accelerated methods. Concurrently, it can be noted that the
lengths of the confidence intervals for the four methods mentioned above are fairly equal (Figure 4).

Figure 4. Changes in the length of confidence intervals constructed using nonparametric bootstrap
methods depending on the sample size; μx = 160 μm, σx = 65 μm (B—basic, P—percentile, C—bias
corrected, A—accelerated, S—studentized, D—double bootstrap).

The four methods—namely, basic, percentile, bias correction and accelerated methods—give
intervals characterized by similar length but different from the results obtained using the studentized
and double bootstrap methods, which are mutually comparable (Hall, 1992). Hence, the graph shows
the comparison of the lengths of the confidence intervals only for two methods—the percentile and
double bootstrap methods (Figure 4). For small sample sizes and large standard deviation, the lengths
of the intervals obtained using the double bootstrap method are even approximately 3 times longer than
those obtained using the percentile method. For larger sample sizes, these differences are less visible.

In the study of the influence of the sample size on the coverage probabilities of confidence
intervals, obtained in particular for the smaller sample sizes, the follwing sample sizes were included
in the simulation—10, 20, 30, 50, 80, 100, 150, 200, 400 and 600 (Figure 5). For each sample size, five
thousand samples were generated from the same population as previously (mean value 160 μm and
standard deviation from 40 to 120 μm) and the percentage of covering of the assumed value of 160
was checked.

The intervals obtained using the analyzed methods give a similar covering of the true value of
the population mean only for samples with a size of at least 100–200 elements. For smaller sample
sizes, we obtained a clear division of the discussed methods into three groups. Given the interval
lenghts discussed above, the covering is closest to the assumed confidence level for the studentized and
double bootstrap intervals, followed by the bias correction, percentile, accelerated and basic methods.
According to the considered criterion, the worst covering is provided by the basic method (Figure 6).
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Figure 5. Changes in the lengths of confidence intervals constructed using nonparametric bootstrap
methods (percentile and double bootstrap) depending on the sample size and different values of
standard deviation; μx = 160μm.

Figure 6. Changes in the empirical confidence level of intervals obtained using the nonparametric
bootstrap methods depending on the sample size; μx = 160 μm, σx = 65 μm (B—basic, P—percentile,
C—bias corrected, A—accelerated, S—studentized, D—double bootstrap).

The graph presented in Figure 7 and Table 2 show the influence of the standard deviation on the
coverage of confidence intervals. As in the case of the comparison of the interval lengths, the graph
shows a comparison of only the percentile method and the double bootstrap method (Figure 7, Table 2).
The difference between the coverages of the intervals obtained using these methods are visible mainly
for small sample sizes.
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Figure 7. Changes in the empirical confidence level of intervals constructed using nonparametric
bootstrap methods (percentile and double bootstrap) depending on the sample size and different
values of standard deviation; μx = 160 μm.

Table 2. Coverage probabilities of the expected value by confidence intervals constructed using
nonparametric bootstrap methods depending the sample size and different values of standard deviation,
μx = 160 μm.

Sample Size Standard Deviation B P BC BCa S D

10 40 0.897 0.897 0.895 0.895 0.947 0.946
80 0.843 0.859 0.861 0.865 0.932 0.932

120 0.789 0.821 0.828 0.847 0.921 0.922
20 40 0.918 0.919 0.919 0.917 0.946 0.948

80 0.881 0.895 0.899 0.901 0.937 0.938
120 0.838 0.864 0.870 0.882 0.924 0.924

30 40 0.928 0.932 0.933 0.934 0.950 0.949
80 0.898 0.911 0.913 0.917 0.941 0.942

120 0.869 0.892 0.897 0.905 0.934 0.934
50 40 0.935 0.935 0.936 0.939 0.947 0.947

80 0.919 0.925 0.926 0.928 0.943 0.944
120 0.883 0.902 0.907 0.914 0.932 0.933

80 40 0.944 0.945 0.946 0.946 0.950 0.952
80 0.925 0.934 0.935 0.931 0.942 0.944

120 0.895 0.907 0.908 0.910 0.926 0.925
100 40 0.943 0.940 0.941 0.941 0.944 0.945

80 0.930 0.938 0.937 0.935 0.944 0.944
120 0.905 0.917 0.919 0.920 0.934 0.936

150 40 0.948 0.949 0.948 0.948 0.952 0.953
80 0.931 0.937 0.937 0.937 0.942 0.943

120 0.921 0.930 0.932 0.932 0.942 0.943
200 40 0.941 0.941 0.940 0.941 0.945 0.946

80 0.943 0.946 0.947 0.946 0.950 0.951
120 0.928 0.939 0.941 0.939 0.948 0.949

400 40 0.947 0.946 0.946 0.945 0.947 0.947
80 0.942 0.946 0.946 0.946 0.946 0.948

120 0.936 0.940 0.939 0.941 0.944 0.946
600 40 0.949 0.951 0.949 0.949 0.952 0.952

80 0.946 0.946 0.946 0.946 0.948 0.949
120 0.940 0.942 0.941 0.939 0.942 0.944

4. Discussion

Agricultural ecosystems have been designed to provide food, fibre and fuel. Ecosystem services
such as nutrient recirculation, pollination and water flow are often referred to as endangered
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resources in modern societies. Agricultural systems can therefore be seen as heterogeneous but nested
socio-ecological systems requiring an institutional environment [3].

Man-made climate change has created major challenges to achieve sustainable agriculture by
depleting ecological and natural resources. Existing climate change has an impact on water resources.
Some countries are already experiencing severe water scarcity or are reaching their limits [37]. The most
promising strategy for achieving sustainable development is to replace hazardous agrochemicals with
environmentally friendly preparations from symbiotic microorganisms that could provide protection
against biotic and abiotic substances [38].

The main conflict in the pursuit of sustainable development is between economic maximization
of growth and environmental protection [39]. On a global scale, agriculture is one of the main sources
of degradation of ecosystem services. Also in Europe, most of today’s agriculture has a severe negative
impact on ecosystems, for example contributing to global carbon cycle disorders, loss of biodiversity
and increasing eutrophication. The transition to more sustainable agriculture is necessary to avoid
further degradation of ecosystems [3]. The presented assessments of various authors regarding
the impact of pesticide use on the natural environment, agricultural production and human health
indicate that an important element is proper plant protection technique and compliance with spraying
parameters. These parameters can have a significant impact on the quality of the plant protection
treatment and the state of the environment.

To reduce the harmful effects of plant protection agents on the environment, we should aim to
reduce herbicide doses. In Reference [40], authors based on their own research, say that the dose
can be reduced from 12.5% to 50%. In their view, this does not significantly reduce crop yield, while
maintaining the required herbicidal effectiveness. The use of herbicides in reduced doses brings the
best results in spring cereals, because weeds in these crops are in the early stages of development
and thus are easier to eliminate. Very good results can be obtained in plantations with low weed
intensity and in the case of controlling species sensitive to a given herbicide. The weaker effect of
reduced doses is obtained in winter cereals and especially barley. This fact is caused by the fact that
weeds are more advanced in development. Producers of plant protection products are also trying
to reduce the content of the active substance, contributing to the reduction of production costs and
demonstrating their concern for the state of the environment [8].

Another way to protect the environment is to reduce the number of treatments through the
combined use of agrochemicals. Appropriate mixtures of plant protection products give the possibility
of wider protection of cereals and affect the increase of yields. The effectiveness of mixtures often does
not differ from the effectiveness of preparations used separately and in some cases is even greater.
It should be remembered that only well-tested and tested combinations of preparations can be used
together [41].

It was therefore considered that it would be more reasonable to systematically implement an
integrated model for controlling harmful organisms than to use only chemical methods. The idea of
sustainable development combines economic growth with environmental protection and the global
balance of ecosystems. According to this concept, the increase in agricultural production can only
occur through the increase of resource productivity and thus the introduction of technologies that
simultaneously protect resources and maintain their high quality for future generations. The need
to develop environmentally friendly agriculture is increasingly accepted in Poland. An important
element of it is the change of some agrotechnical methods due to the need to protect ground and
surface waters. Restricting the use of chemicals is justified because they cause a number of negative
effects [42]—they contribute to the emergence of pesticide-resistant breeds of pests, diseases and
weeds, destroy beneficial organisms by reducing their numbers and can even lead to their complete
elimination from ecosystems, reduce the value of the environment by contaminating soil, surface and
groundwater, lead to a decrease in the nutritional value of plant and animal products as a result of
persistence of their residues or metabolites, negatively affect human health.
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Ensuring the quality of spraying is a key process in plant protection, which is to ensure high
yields while minimizing the adverse impact on the environment [43]. Proper spraying of field crops is
influenced by many factors that can be grouped into three categories—1. Equipment and techniques
used; 2. Spray quality. 3. Operator skills [44]. All leading atomizer manufacturers offer “low-drift”
nozzles that produce droplets less prone to drift [44]. Currently produced atomizers and in particular
Venturi nozzles, are designed to produce larger diameter droplets. These designs were created because
droplets with a smaller diameter (<200μm) are more likely to drift [45]. The quality of the plant
protection treatment is influenced by the height of the boom position above the sprayed surface [45].

One of the methods used for improvement of the properties of liquids used for plant protection is
usage of adjuvants. They improve spraying efficiency by equalizing droplet size and reducing wind
drift. They reduce the level of the surface tension of liquid, so they enable coverage more surface of
the leaf blade and at the same time they increase absorbing properties of plants. An additional benefit
of adjuvants is availability of combining various types of plant protection agents and their use during
one treatment [46].

According to Directive 2009/128/EC of the European Parliament establishing a framework for
the sustainable use of pesticides, ways to reduce the impact of pesticides on the environment are
determined and thus also maintaining the safety of field crops. Particularly great importance is
attached to the precise use of pesticides on protected plants. An important issue is the application of
the pesticide in such a way that it is effective in use and at the same time safe for the environment.
The safety of pesticide use in agriculture depends on the techniques used. At present, great importance
is attached to eliminating drift of liquid used during plant protection treatment. The quality of the plant
protection treatment depends, among others on atomizer type, working pressure and working speed.
The type of atomizer used and the operating pressure determine the droplet size produced by the
atomizer. Sprayers wear out during operation and the parameters of their work change. These changes
are expressed by the increase in the flow rate of the liquid as well as the spectrum of droplets produced
(VMD) [46].

The research topics discussed in the papers make it important to determine the most precise
determination of the distribution of droplets generated by sprayers. Because the statistical probability
distribution for droplet trace diameters is not fully specified, as presented in the introduction, computer
methods become helpful when analysing these problems. Their example are the bootstrap methods,
which allows, for example, to generate confidence intervals for a specific parameter or statistics. As the
simulation studies show, they do not always give the right results. Results are influenced by among
others size of the random sample or too large variability of the examined feature. However, simulation
studies have shown that under certain conditions, these methods give reliable results and allow
the study properties of variables with asymmetrical statistical distributions, which is confirmed by
Reference [27].

Despite some advantages, bootstrap confidence intervals may be heavily distorted and therefore
may be misleading. This problem is especially noticeable for simple bootstrap methods and small
samples. This is confirmed by the results of other authors who also received inaccurate estimates of
confidence intervals in their studies [47]. In addition, bootstrap methods are time consuming, and not
always more complex methods give better results, and significantly increase the cost of calculations [48].
Despite these drawbacks, bootstrap methods are a powerful tool for creating confidence intervals.
They do not need sophisticated mathematical models and are often used in the absence of information
about statistical distributions of the studied features. In addition, for samples of over 200 elements,
all examined bootstrap methods give similar results, so in such cases the percentile method seems
sufficient. It is the least time-consuming than other more advanced bootstrap methods. For smaller
samples studentized and double bootstrap gives more proper estimates.

The applied method of assessing the size of sprayed droplets obtained from sprayers by means
of measuring the size of traces left on the surface is burdened with a certain error. Some drops fall
in the same place or close to each other, as a result of which some traces are enlarged compared to
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real ones. For larger drops, the most commonly left traces do not have a circular shape, which causes
additional inaccuracies in the estimation of the size of traces left by the computer image analysis
program. However, this method, apart from determining the droplet size distribution, also allows the
surface coverage of falling drops to be assessed.

In future research, the authors intend to focus on further analysis of spray droplet distribution
using more accurate droplet size measurement methods (using in-flight laser measurement).
Additionally, the use of the bootstrap method to estimate other parameters of the droplet size
distribution obtained from the sprayer will allow for a more precise assessment of sprayer nozzle wear
and unevenness of the generated droplets.

5. Conclusions

The comparison of the empirical probabilities of coverage of the expected value by the examined
six bootstrap confidence intervals used for estimation of the mean droplet stain diameter following the
spraying process performed with the Lechler 110-03 sprayer nozzle leads to the following conclusions:

- The size distribution of traces of droplets obtained from sprayers is asymmetrical, similar to the
log-normal distribution.

- The six bootstrap methods compared give confidence intervals that in general do not hold the
assumed confidence level especially for small samples.

- The bootstrap methods are generally useful for constructing confidence intervals for the expected
value of droplet diameter but not all methods always give confidence intervals that in general
hold the assumed confidence level.

- The simulation studies conducted here can be used in practice with the interval estimation of the
expected value of droplet stain diameters. An adequate method should be selected depending
on the sample size, in particular in the case of smaller sizes (below 100) and depending on the
variability of data.

- The studentized and double bootstrap methods allow obtaining less distinct coverage than the
assumed confidence level, compared with the other four methods.

- For small sample sizes, the lengths of the confidence intervals obtained using the studentized and
double bootstrap methods are similar, greater than the intervals from the other four methods.

- Although the confidence intervals obtained by the studentized and double bootstrap methods
maintain the assumed coverage level, however, for small samples the estimated confidence
intervals are too wide, which makes it impossible to use them in practice. It is recommended to
use samples with at least 100-200 elements for usefull confidence intervals.

- The coverage of intervals obtained using the studentized and double bootstrap methods is
less sensitive to the variability of the feature, compared with the basic and percentile methods.
For small sample sizes, a confidence level of 93% or more can be obtained if the coefficient of
variation does not exceed certain values. For example, if the sample size is ca. 30 elements,
the standard deviation of the sample cannot be higher than 22%–33%, 25%–36%, 25%–34%,
23%–33%, 109%–123% and 110%–123% of the sample mean for the basic, percentile, bias-corrected,
bias-corrected and accelerated, studentized and double bootstrap methods, respectively.

- Determining the confidence interval for the expected value of droplet size using bootstrap methods
requires knowledge of the exact diameters of individual traces, that is, using image analysis or
another measurement method, such as laser droplet size measurement. However, the method
presented in this work allows the analysis of surface coverage.
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Abstract: The purpose of the article is to identify and estimate the dependency model for the extreme
prices of agricultural products listed on the Chicago Mercantile Exchange. The article presents the
results of the first stage of research covering the time interval 1975–2010. The selected products are:
Corn, soybean and wheat. The analysis of the dependency between extreme price values on the
selected futures was based on the estimation of five models of two-dimensional extreme value copulas,
namely, the Galambos copula, the Gumbel copula, the Husler–Reiss copula, the Tawn asymmetric
copula and the t-EV copula. The next stage of the analysis was to test whether the structure of
the dependency described with the estimated copulas is a sufficient approximation of reality, and
whether it is suitable for modeling empirical data. The quality of matching the estimated copulas to
empirical data of return rates of agricultural products was assessed. For this purpose, the Kendall
coefficient was calculated, and the methodology of the empirical combining function was used. The
conducted research allowed for the determination of the conduct for this kind of phenomena as it
is crucial in the process of investing in derivatives markets. The analyzed phenomena are highly
dependent on e.g., financial crises, war, or market speculation but also on drought, fires, rainfall, or
even crop oversupply. The conducted analysis is of key importance in terms of balancing agricultural
production on a global scale. It should be emphasized that conducting market analysis of agricultural
products at the Chicago Mercantile Exchange in the context of competition with the agricultural
market of the European Union is of significant importance.

Keywords: agricultural product; price; modeling; management

1. Introduction

Sustainable agricultural production is crucial for balancing the needs of current and future
populations. The benefits of modern agriculture are significant, allowing food production go
hand in hand with an increase in the population [1,2]. Cooperation between business and the
agricultural production circles are of particular interest at both the national and international level [3,4].
Demographic forecasts indicate that by 2050, the world’s population will reach 9.7 billion. This will lead
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to an increase in demand for food, further aggravating environmental problems related to intensive
agricultural production. For this reason, one of the main challenges is to achieve global food security
and sustainable agriculture. While food security aims at ensuring sustainable and healthy food supply
over time, sustainable agriculture plays a key role in maintaining resilient agro-ecosystems [5]. The
above-mentioned concept of sustainable farming is fostered by ecological farming. Its development is
accompanied by a high growth rate of the organic food market and a significant growth of sales of
organic food. Even with strict adherence to production practices and increasing their availability, most
consumers still are unaware of organic production methods. The customers’ awareness of organic
products does not necessarily translate into real consumption [6,7].

According to the United States Department of Agriculture (USDA), the projected global wheat
trade in the 2019/2020 season is expected to increase by 6.7 million tonnes, i.e., by 4% and reach
184.6 million tonnes in the case of larger export deliveries and lower expected export prices.

The global perspective of the feed grain market in the 2019/2020 season relates to record production
and consumption, as well as lower final inventories. Global production of corn is projected to increase,
mostly in the USA, South Africa, Russia, Canada, India, and Brazil, compensating for slightly lower
crops in China and Ukraine. The global use of corn is expected to increase by 1%, while global corn
imports are expected to increase by 2%. Global soy production in the 2018/2019 season increased in
relation to the May forecast by 0.7 million tonnes, reaching 355.2 million tonnes [8–11].

In the decision-making processes, as well as in many scientific disciplines, the study of the
dependency of extreme values is of great importance. In many situations, their proper identification
enables avoiding wrong investment decisions. Studying the dependency between extreme prices of
agricultural products is of key importance in the process of analyzing the structure of dependency. This
is especially true when it is important to model the dependency between maintaining the maximum
and minimum values of the analyzed observations. Dependencies for extremely small or extremely
large values may have different characteristics than those determined based on the entire sample. The
reason for fluctuations in the prices of agricultural products are, e.g., financial crises, wars, market
speculation, but also droughts, fires, rains, or even crop oversupply. For this reason, the difference in
price behavior during periods of extreme change, i.e., unusual and rarely observable market events
require careful monitoring because it can lead to above-average losses or profits in the process of
investing on derivatives markets.

A very useful tool in the process of modeling dependencies between extreme values of time series
is the functions of relations of extreme values, also called extreme value copulas. Their main advantage
is the possibility of analyzing above-average losses or profits in the field of finance, insurance, but also
in the case of examining futures for agricultural products.

One of the first applications of the theory of extreme value based on a two-dimensional copula
appeared in the subject literature in 1964 in the study of Gumbel and Goldstein [12]. These copulas
were also used in many other fields of science, e.g., in the process of analyzing the return rates of
exchange rates [13], the study of capital markets characterized by high volatility [14], in the portfolio
analysis and portfolio risk estimation [15] or in the field of insurance [16], and in hydrology [17].

Extreme value copulas were created as possible limit copulas in relation to the maximum i.i.d.
(independent and identically distributed) distribution, i.e., a distribution in which all random variables
are independent and have the same distribution of probability. Since two-dimensional copulas were
used in the empirical part of this article, the basic definitions and conclusions regarding extreme
value copulas presented below will be demonstrated for the two-dimensional case. More detailed
information on extreme value copulas, together with an extension for a multidimensional case can be
found, e.g., in a monograph by R.B. Nelsen [18], a monograph by H. Joe [19], books by J. Segers [20]
and G. Gudendorf and J. Segers [21], or in the following papers: C. Genest and J. Seger [22], M. Ribatet
and M. Sedki [23].

As a supplier of raw food materials, the agricultural market is of strategic importance from the
point of view of food security. Therefore, it is so important to strive towards risk-reducing solutions,
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including models, and inference based on the statistical analyzes, as exemplified by those proposed by
the authors.

In order to tackle the growing challenges of sustainable agricultural production, a better
understanding of complex agricultural ecosystems is needed. This can be done using modern
digital technologies that constantly monitor the physical environment, producing large amounts of data
at an unprecedented rate. The analysis of the big data will enable farmers and enterprises to leverage
its value and improve their efficiency. Although the analysis of large data sets leads to progress in
various industries, it is not yet widely used in agriculture [24,25].

2. Materials and Methods

The source of data used for the analysis in the empirical part of the paper is the Chicago Mercantile
Exchange. The choice of this exchange was motivated by its importance in the international market
of agricultural products. The research sample was created using daily quotations of nominal prices
of futures for three agricultural products, i.e., corn, wheat and soybean. The value of the contract is
expressed in the price of a bushel, the transaction unit of a commodity in US dollars. The data includes
the closing price of the contract with the shortest expiration date, so that a series of quotations could be
treated as a forward price with the shortest possible execution time. The choice of products was dictated
by the importance of trading on the futures market and the availability of appropriately long time
series. Empirical data come from the years 1975–2010. A single time series includes 9070 observations.
They have been checked for possible discontinuities and errors. In order to minimize the impact of
arbitrary interference on the obtained results, no procedures have been applied to correct or supplement
empirical data. The selected combining function is one, for which the distance from the empirical
combining function is the smallest.

2.1. Theoretical Models of Extreme Value Copulas, the Inference Functions for Margins (IFM) Estimation
Method, and the Empirical Combining Function Method

The notion of the linkage function, also often called the copula function, appeared first in subject
literature in 1959 in the work of A. Sklar [26]. However, it was not until the 1990s and the monograph
of H. Joe [19] and R.B. Nelsen [18] that these functions have gained immense popularity, mainly due to
the presentation of their broad practical application in dependence modeling. In the general, and at
the same time the simplest view, the copula is a function that allows distinguishing the component
describing only the structure of dependence from the cumulative distribution function of the total
distribution of a random vector. In other words, it can be said that the copula functions are functions
that combine a multidimensional cumulative distribution function of a random variable with its
one-dimensional limit cumulative distribution function [19–26].

Among the copula functions, one can distinguish their particularly important class, namely, the
copula of extreme values [27–33]. The use of two-dimensional extreme value copulas in empirical
studies has been greatly simplified by using the representation introduced into the subject literature
by J. Pickands in 1981 [34]. This issue was also an essential element of research conducted in 1977 by
A.A. Balkema and S.I. Resnick [35] and L. de Haan and S. I. Resnick [36]. Observations of the extremes
were classified in accordance with the Extreme Value Theory (EVT), which is used to describe the
behavior of limit properties of extreme values. It consists of analyzing the tails of distributions, which
constitute only a small part of the entire distribution examined. Its purpose is not to describe the usual
behavior of stochastic phenomena, but the unusual and rarely observed events. The Extreme Value
Theory is widely used wherever modeling relationships between the behaviors of the maximum and
minimum values of the analyzed observations is particularly important [37–39]. The classic approach
for modeling extreme values is based on the block maxima model. This method is used for a large
number of observations that have been selected from a large sample. Modeling the behavior of the
extreme values of independent random variables with an identical probability distribution is in fact
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using the maxima or minima of the observations in fixed time blocks. These blocks are designated by
means of separate time intervals of equal length, most often months, quarters or years [30].

The next part of this article will present extreme values copulas used in empirical research.

2.1.1. Theory of Extreme Copulas

Among the copula functions, one can distinguish a particularly important class, i.e., the extreme
value copula. A copula is a function that allows to distinguish a component describing only the
structure of dependence from a total random vector distribution. In other words, the copula functions
are functions that combine a multidimensional cumulative distribution of a random variable with its
one-dimensional limit distributors [40].

The definition of a copula for a two-dimensional case is as follows:
A two-dimensional copula (2-copula) is each function C : [0, 1]2 → [0, 1] that meets the

following conditions:
For each u1, u2 ∈ [0, 1] there is:

C(u1, 0) = C(0, u2) = 0 (1)

1. For each u1, u2 ∈ [0, 1] there is:

C(u1, 1) = u1 and C(1, u2) = u2 (2)

2. For each u1, u2, v1, v2 ∈ [0, 1], such that u1 ≤ u2 and v1 ≤ v2 , there is:

C(u2, v2) −C(u2, v1) −C(u1, v2) + C(u1, v1) ≥ 0 (3)

For basic information in terms of modeling the price dependence of futures on agricultural products
listed on the Chicago Mercantile Exchange using the copula function, let (X1, Y1), (X2, Y2), . . . , (Xn, Yn)

be independent pairs of random variables with the same distributions and common copula C.
Moreover, let C(n) be a copula with respect to the maximum components, namely Xn = max{Xi},
Yn = max{Yi}, i = 1, . . . , n. From Sklar’s theorem [26], it follows that C(n)(u, v) = Cn

(
u

1
n , v

1
n
)

for every

u, v ∈ [0, 1] The limit of the sequence
{
C(n)

}
naturally leads to the concept of an extreme value copula.

Therefore, the copula CE is called an extreme value copula if there is a copula C, such that:

∀u, v ∈ [0, 1] CE(u, v) = lim
n→∞Cn

(
u

1
n , v

1
n

)
(4)

2.1.2. Galambos’ Copula

This copula was introduced to subject literature in 1975 by J. Galambos [41]. It is an example of a
symmetrical copula, described with the formula below:

CGa
θ (u, v; θ) = uv exp

{[
(− ln u)−θ + (− ln v)−θ

]− 1/θ
}

(5)

where θ > 0.
The dependence function of the discussed copula is presented using the following formula:

AGa(t) = 1−
(
t−θ + (1− t)−θ

)− 1/θ
(6)
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2.1.3. The Gumbel Copula

This copula was introduced to literature in 1960 by E.J. Gumbel and is also called the
Gumbel–Hougaard copula [42]. It is described by the following formula:

CGu
θ (u, v; θ) = exp

{
−
[
(− ln u)θ + (− ln v)θ

]1/θ}
(7)

where θ ≥ 1.
The independence function is described by the formula:

AGu(t) =
(
tθ + (1− t)θ

)1/θ
(8)

It can be observed that for θ→∞ there is an excellent dependence, while independence occurs
in the case of θ = 1.

2.1.4. The Husler–Reiss Copula

The name of the copula comes from its authors, who presented it for the first time in a paper in
1989 [43]. The Husler–Reiss copula is defined by the following formula:

CHR
θ (u, v; θ) = exp

{
−ũΦ

[
1
θ
+

1
2
θ ln
(

ũ
ṽ

)]
− ṽΦ

[
1
θ
+

1
2
θ ln
(

ṽ
ũ

)]}
(9)

wherein θ ≥ 0, ũ = − ln u, ṽ = − ln v. On the other hand, Φ is a cumulative distribution function of a
standardized normal distribution.

The dependence function of the discussed copula is determined by the formula:

AHR(t) = tΦ
[
θ−1 +

1
2
θ ln
( t

1− t

)]
+ (1− t)Φ

[
θ−1 − 1

2
θ ln
( t

1− t

)]
(10)

while the parameter θ for the Husler–Reiss copula measures the degree of dependence. This means
that starting from θ = ∞, one is dealing with independence until the situation in which θ = 0, which
brings total dependence.

2.1.5. Tawn Copula

Introduced in the subject literature in 1988 by J. Tawn, this copula is an asymmetric extension of
the Gumbel cupola [44]. The model of the discussed copula is presented below:

CTa
θ (u, v; θ) = uv exp

{
θ
(ln u)(ln v)
ln u + ln v

}
(11)

where 0 ≤ θ ≤ 1.
In turn, the independence function of the Tawn copula is given by the formula:

ATa(t) = θt2 − θt + 1 (12)

2.1.6. The t-EV Copula

This copula is known as the t-Student extreme copula. For a two-dimensional case, the λ degrees
of freedom and the correlation coefficient ρ ∈ (−1, 1), the t-EV copula is determined by the following
formula:

CtEV
λ,ρ (u, v; ρ) = exp

{
Tλ+1

[
−ρ
θ
+

1
θ

( ln u
ln v

)1/λ]
ln u + Tλ+1

[
−ρ
θ
+

1
θ

( ln u
ln v

)1/λ]
ln v
}

(13)
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where Tλ is a cumulative t-Student distribution function with λ degrees of freedom, while the parameter
θ depends on the value of the correlation coefficient ρ and the degrees of freedom λ, and is described

by the equation: θ2 =
1−ρ2

λ+1 [40].
The function of t-Student extreme dependence copula is presented using the following formula:

AtEV
λ,ρ (t) = tTλ+1

⎛⎜⎜⎜⎜⎜⎜⎜⎝
(

t
1−t

)1/λ − ρ√
1− ρ2

√
1 + λ

⎞⎟⎟⎟⎟⎟⎟⎟⎠+ (1− t)Tλ+1

⎛⎜⎜⎜⎜⎜⎜⎜⎝
(

1−t
t

)1/λ − ρ√
1− ρ2

√
1 + λ

⎞⎟⎟⎟⎟⎟⎟⎟⎠ (14)

Estimation of five models of two-dimensional extreme value copulas was carried out based on the
two-stage method of maximum likelihood, i.e., the IFM method. It is the inference function method
for limit distributions, also called the two-stage maximum likelihood estimation method due to the
two-stage estimation process. It was proposed for the first time in the works of H. Joe and J.J. Xu [27]
and H. Joe [19]. The authors suggested to divide the set of estimated parameters into two subsets, so
as to first estimate the parameters associated with the limit distributions, and then find the estimator
responsible for the combined distribution, i.e., the copula. The empirical combining function method
is used to assess the quality of matching the parameters of the extreme value copula [35–37]. The
principle of selecting an appropriate combining function boils down to selecting the best function
from the finite set of candidates, which is a subset of the set of all possible combining functions. There
are various ways to define the empirical combining function. In this paper, a practical formula based
on the values of the combining function defined on the grid will be used [45]. Since the price series
of financial instruments belong to the group of non-stationary processes, daily constant return rates
were determined based on the price series to conduct statistical analysis between the prices of the
agricultural products. The use of logarithmic return rates is meaningful for the properties of the
data series under investigation. As one of the Box–Cox transformations, logarithmation is known to
stabilize the variance of the series [38].

Rt = ln
(

Xt

Xt−1

)
(15)

where Xt is the value of the futures on the day t.
Based on the daily closing prices, the logarithmic return rates for individual agricultural products

were calculated, in accordance with the formula presented above.

2.1.7. The Empirical Combining Function Method

This method is used to assess the quality of matching the parameters of the extreme value
copula, based on the empirical link function [39–44]. Let the theoretical structure of the dependence
be described by the combining function Cθ, dependent on the value of the parameter θ. It is then
assumed that the null hypothesis H0 means that the structure of the dependence is determined using
the combining function Cθ, against the alternative hypothesis H1, which is a negation of hypothesis
H0. The principle of selecting the appropriate combining function comes down to selecting the best
function from the finite set of candidates C, which is a subset of the set of all possible combining
functions. The combining function selected from the set C is that for which the distance from the
empirical copula is the smallest. There are various ways to define the empirical copula. In this work a
practical formula was used, based on the values of the combining function defined on the following
grid:

L =

{(
i
m

,
j

m

)
: i, j = 0, 1, . . . , m

}
(16)

The empirical values of the combining function at the points of the L-grid are determined by the
following formula:

Cm

(
i
m

,
j

m

)
=

1
m

m∑
k=1

1(Rk ≤ i)1(Sk ≤ j) (17)
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where Ri, Si are ranks of variables X and Y.
On the other hand, the distance measured between the combining functions is based on the

standard L2, and in the discrete version takes the form:

dL(Cm, C) =

√√√ m∑
i=1

m∑
j=1

(
Cm

(
i
m

,
j

m

)
−C
(

i
m

,
j

m

))2
(18)

where:
Cm—empirical copula,
C—function of the copula from the distinguished set of copulas C.

2.1.8. Kendall’s Correlation Coefficient

Empirical studies often use rank-based correlation coefficients. One of the most popular is the
Kendall rank correlation coefficient. It is usually used when there are restrictions related to the use
of Pearson’s linear correlation coefficient. Its advantage is that, as a representative of the measure
of compatibility, it does not depend on limit distributions. Although the limit distributions and
the correlation matrix do not determine the form of the combined distribution, similar to the linear
correlation coefficient, for any continuous edge distributions, a combined distribution with a given
rank correlation coefficient can still be constructed from the entire range [−1; 1].

In order to define the Kendall rank correlation coefficient, a less formal definition of compatibility
should first be introduced, as follows [46].

Two different realizations (x1, y1) and (x2, y2) of the random vector (X, Y) are compatible if

(x1 − x2)(y1 − y2) > 0 (i.e., x1 > x2 and y1 > y2, or x1 < x2 and y1 < y2)

and non-compatible, if

(x1 − x2)(y1 − y2) < 0 (i.e., x1 > x2 and y1 < y2 or x1 < x2 and y1 > y2)

Let (X1, Y1) and (X2, Y2) be independent random vectors with identical distribution. Kendall’s
correlation coefficient τ is defined as follows:

τ(X1, Y1) = P[(X1 −X2)(Y1 −Y2) > 0] − P[(X1 −X2)(Y1 −Y2) < 0] (19)

Using the above terminology, it can be concluded that the Kendall’s coefficient for the vector
(X1, Y1) is the probability of compatible realizations of the random vector (X1, Y1) minus the likelihood
of realizing the non-compatible of the vector.

However, if
{
(x1, y1), . . . , (xn, yn)

}
is an n-element sample of a vector (X, Y) of continuous random

variables, then there are
(

n
2

)
=

n(n−1)
2 different pairs (xi, yi) and

(
xj, yj

)
that are compatible or

inconsistent. The Kendall factor τ for the sample version, which is designated to be distinguished from
the theoretical coefficient through τ̂, can be calculated based on the following formula:

τ̂ =
c− d
c + d

(20)

where c is the number of compliant pairs, and d the number of incompatible pairs.

3. Results

Sustainability is a human-centered concept that comprises multiple aspects and objectives of
different interest groups. It is not readily measurable, except as a compromise between different parts
of society, of which some may try to represent future generations of mankind [47]. In order to analyze
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the dependence of extreme price values on selected futures listed on the Chicago Mercantile Exchange,
five selected models of two-dimensional extreme values copulas defined in the previous chapter, were
used. As said before, the following copulas were used in empirical research: the Gumbel copula, the
Galambos copula, the Husler–Reiss copula, the t-EV copula and the Tawn asymmetric copula. The
estimation of parameters of selected extreme values copulas was carried out based on the two-stage
maximum likelihood estimation method, i.e., the IFM method for two different limit distributions,
namely, for the normal distribution and the t-Student distribution. The selection of distributions was
motivated by the results recommending their use, presented widely in the subject literature [48–52].
Results for each of the three agricultural product pairs in question are presented in Tables 1 and 2.
In addition to the values of the estimated parameters and their average estimation errors given in
brackets, the likelihood function (LLF) values can also be found there. In addition, the extreme t
-Student dome has an additional parameter λ, responsible for the number of degrees of freedom, the
estimations of which are also included in the tables.

Table 1. Results of the estimation of the parameters of extreme values copulas with the normal
limit distribution.

Copula Parameter Maize-Soy LLF Corn-Wheat LLF Soybean-Wheat LLF

Galambos θ
0.897 ***
(0.013) 1831 0.674 ***

(0.011) 1031 0.571 ***
(0.010) 693.3

Gumbel θ
1.628 ***
(0.013) 1871 1.411 ***

(0.011) 1050 1.316 ***
(0.010) 710.2

Hüsler–Reiss θ
1.268 ***
(0.018) 1711 1.039 ***

(0.012) 981.9 0.924 ***
(0.011) 660.9

Tawn θ
0.928 ***
(0.009) 1883 0.758 ***

(0.013) 1033 0.633 ***
(0.015) 686.4

t-EV
ρ

0.786 ***
(0.012) 1885

0.672 ***
(0.018) 1053

0.589 ***
(0.016) 711.8

λ
4.000 **
(1.876)

4.000 **
(1.882)

4.000 **
(1.843)

* significance at the level of 10%, ** significance at the level of 5%, *** significance at the level of 1%. Source:
[own study].

Table 2. Results of the estimation of the parameters of extreme values copulas with t-Student
limit distribution.

Copula Parameter Corn–Soybean LLF Corn–Wheat LLF Soybean–Wheat LLF

Galambos θ
0.895 ***
(0.013) 1824 0.673 ***

(0.011) 1028 0.570 ***
(0.010) 691.9

Gumbel θ
1.626 ***
(0.013) 1864 1.411 ***

(0.011) 1047 1.315 **
(0.010) 708.9

Hüsler-Reiss θ
1.267 ***
(0.018) 1706 1.038 ***

(0.012) 977.1 0.923 ***
(0.011) 658.8

Tawn θ
0.927 ***
(0.009) 1875 0.757 ***

(0.013) 1032 0.633 ***
(0.015) 685.5

t-EV
ρ

0.785 ***
(0.012) 1878

0.671 ***
(0.018) 1051

0.588 ***
(0.016) 710.9

λ
4.000 **
(1.876)

4.000 **
(1.882)

4.000 **
(1.843)

* significance at the level of 10%, ** significance at the level of 5%, *** significance at the level of 1%. Source:
[own study].

The picture emerging from the analysis of the results presented in Tables 1 and 2 shows that very
similar results have been obtained irrespective of the adopted limit distribution. The copula, which best
describes the relationship between the extreme values of all researched agricultural product pairs, is the
extreme t-Student copula. When comparing the obtained logarithm values of the likelihood function
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for individual copulas, it can also be observed that the Tawn copula may be useful for describing
the relationship between extreme observations for the corn–soybean pair. A minor difference in the
logarithm values of the credibility function between the t-EV copula and the Tawn copula, may suggest
that the pair corn–soybean is characterized by a small degree of asymmetry, with more observations
deviating in plus.

On the other hand, for pairs of agricultural products—corn–wheat and soybean–wheat—the
second copula of extreme values, which may be helpful to describe the studied dependencies, with
small differences in the value of the credibility function, turned out to be the Gumbel copula. Please
note that in the case of an extreme values Gumbel copula, the parameter θ takes on values greater than
or equal to 1; the higher the value of this parameter, the stronger the dependence of maximum losses
between the analyzed observations. The results given in Tables 1 and 2 indicate a minor correlation
between the extreme observations of the researched pairs of return rates of agricultural products quoted
on the Chicago Mercantile Exchange. This means that unlike stock exchange indices for which, as it
is well known and documented in extensive empirical studies, the occurrence of extremely negative
return rates is much more likely than of extremely high rates. In the case of futures, one is not dealing
with such strong dependence. The obtained results may rather point to a possible symmetry or very
minor asymmetry in the tails of the return rates for the analyzed agricultural product pairs.

The next stage of the analysis was to test whether the structure of the relationship described with
the estimated extreme values copulas is a sufficient approximation of reality, and whether it is suitable
for modeling empirical data. In order to assess the quality of matching the estimated copulas to the
empirical data on return rates of agricultural products, the methodology presented [37–44] was used.
It says that one of the methods of checking the quality of matching the copula parameters is to compare
the coefficients implied by the selected copula with empirical Kendall coefficients τ̂. Estimation of the
Kendall coefficient τ was obtained for all extreme copulas using a simulation method. The results are
presented in Tables 3 and 4. On the other hand, Table 5 contains the values of the Kendall correlation
coefficient τ̂ calculated for the sample version. All estimated correlations are positive and statistically
significant. Regardless of the pair of agricultural products, the strongest dependence is demonstrated
by the pair corn–soy, while the weakest dependence is characterized by the pair soybean–wheat.
Estimates of the Kendall coefficient for all extreme value copulas were obtained using the simulation
method. The results are presented in Tables 3 and 4. Table 5, in turn, contains the values of the Kendall
correlation coefficient calculated for the sample version.

Table 3. Values of Kendall’s tau coefficient in the case of normal limit distribution.

Type of Copula Corn–Soybean Corn–Wheat Soybean–Wheat

The Galambos’ copula 0.382 0.289 0.236
The Gumbel copula 0.386 0.291 0.240
The Husler–Reiss copula 0.357 0.271 0.223
The Tawn copula 0.387 0.290 0.239
The t-EV copula 0.390 0.293 0.242

Source: [own study].

Table 4. Values of Kendall’s tau coefficient in the case of t-Student distribution.

Type of Copula Corn–Soybean Corn–Wheat Soybean–Wheat

The Galambos’ copula 0.381 0.288 0.235
The Gumbel copula 0.385 0.291 0.239
The Husler-Reiss copula 0.356 0.270 0.222
The Tawn copula 0.386 0.289 0.239
The t-EV copula 0.388 0.293 0.241

Source: [own study].
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Table 5. Sample Kendall correlation coefficients between the daily return rates of the surveyed
agricultural products.

Corn Soybean Wheat

Corn 1.000 0.417 0.332
Soybean 1.000 0.270
Wheat 1.000

Source: [own study].

The comparison of the empirical values of Kendall coefficients with the corresponding theoretical
values demonstrates that for all three pairs of agricultural products, for both applied limit distributions,
the best studied extreme dependences is described by the t-EV copula. In the case of the pair
corn–soybean, the Tawn asymmetrical copula may also be helpful, while for the pairs corn–wheat
and soybean–wheat, the Gumbel copula may also be useful. Please also note the Tawn copula, as the
Kendall tau coefficient for this copula is quite satisfactory, and compared to the best-rated extreme
t-Student copula, the differences are minimal.

An alternative method used to assess the quality of matching the parameters of the extreme value
copula, is based on an empirical combining function. In order to choose the best copula function,
the estimated parameters of the extreme value combining function were compared to the empirical
combining function defined for the grid for m = 303. The selection of this particular grid size is a
natural reference to the analyzed time series, which 303 sub-periods correspond to the subsequent
months. The tables below demonstrate the distances of the estimated extreme value copulas from the
empirical combining functions, depending on the selected limit distribution.

Analysis of the results listed in Tables 6 and 7 confirms the results obtained to assess the goodness
of the adjustment of the extreme value copulas obtained with a methodology using the Kendall
coefficient τ. The minor difference between the distances from the empirical joining function for
the Tawn copula and the t-Student extreme copula proves that both functions may prove equally
useful to describe the relationship between extreme values of all researched agricultural product pairs,
regardless of the adopted limit distribution. In order to capture the dependence between extreme
observations for the pair corn–soybean, the t-EV copula is the best, but the Gumbel copula may turn
out equally important. On the other hand, for the pair corn–wheat and soybean–wheat, the Tawn
copula seems the most accurate, while the t-EV copula ranks second. However, the differences are
minor and they result from the selection of the size of the grid.

Table 6. Values of distance from the empirical combining function for selected extreme value copulas
for normal limit distribution.

Corn–Soybean Corn–Wheat Soybean–Wheat

The Galambos’ copula 0.221 0.211 0.188
The Gumbel copula 0.209 0.197 0.174
The Husler–Reiss copula 0.285 0.252 0.219
The Tawn copula 0.218 0.180 0.163
The t-EV copula 0.203 0.195 0.174

Source: [own study].

Table 7. Values of distance from the empirical combining function for selected extreme value copulas
for t-Student limit distribution.

Corn–Soybean Corn–Wheat Soybean–Wheat

The Galambos’ copula 0.222 0.211 0.188
The Gumbel copula 0.210 0.197 0.174
The Husler–Reiss copula 0.286 0.252 0.219
The Tawn copula 0.218 0.179 0.162
The t-EV copula 0.203 0.195 0.173

Source: [own study].
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4. Conclusions

Sustainable agriculture is a key issue for environmentally friendly agriculture: Effective,
economically viable and socially desirable. In addition, conservation of resources, environmental
protection and agricultural stewardship, i.e., all requirements of sustainability, will increase and not
reduce global food production. Other issues, such as the links between sustainable agriculture and the
rest of the food and agri-food industry, as well as the consequences of sustainable development for
rural communities and society as a whole, have not yet been finally resolved [53].

The empirical results demonstrated that the extreme values copula, which best describes the
dependence between the extreme values of all researched pairs of agricultural products, irrespective of
the limit distribution adopted, is the extreme t-Student, a.k.a. the t-EV copula. Moreover, in the case of
the pair corn–soybean, the Tawn copula may be useful, and for corn–wheat and soybean–wheat, the
Gumbel copula. The obtained results were confirmed by the assessment of the goodness of matching
the parameters of the extreme value copulas. It can be observed that the results obtained in order to
check the goodness of matching the estimated copula to empirical data of return rates of agricultural
products reflect the results obtained in the estimation process. The final conclusion is that the return
rate of the analyzed agricultural product pairs may be characterized by a minor degree of asymmetry,
with the right tail being particularly heavy, which means higher probability of extreme observations
than in the case of normal distribution.

The economic determinants of agricultural production have become the main reason for both
producers and agri-food processors to search for exchange-based instruments to reduce the risk
associated with adverse changes in product prices. A tool that is perfectly suited for this purpose
is futures, which allow transferring the risk relatively cheaply to third parties. Thanks to their
effectiveness, futures markets started to increase their turnover steadily. Participation of entities
operating on the agricultural products market became common in countries with advanced stock
exchange systems, at the same time becoming an irreplaceable link of production, processing, and
trade in the agri-food industry. Analyzing agricultural markets is particularly important in terms of the
need for ideation and creation of key development strategies for the agricultural sector, both at global
and EU level, including the coordinated goals of the Common Agricultural Policy (CAP) [54–57].

In conclusion, our review highlights the vast possibilities of analyzing large data sets in agriculture
towards optimizing management decisions based on statistical modeling. It demonstrates that the
availability, techniques, and methods for analyzing large data sets, as well as the growing openness
of large data sources, will encourage more academic research, public sector initiatives, and business
ventures in the agricultural sector. This practice is still at an early stage of development and many
barriers have to be overcome.

In practice, the results allow for rationalization of decisions of companies interested in intervention
on the futures market for agricultural products, because investing there not only reduces the risk of
financial losses, but also generates a high return rate.

The use of these models allows the simulation of the possible behavior of prices of agricultural
products, including identification of extreme deviations. This allows programming decisions regarding
possible public intervention in agricultural markets. In extraordinary situations—force majeure,
weather anomalies, natural disasters—decision modeling can be used to assess the scale of damage for
the agricultural market, and also to develop plans for the protection of agricultural producers within
the framework of policies such as the CAP. As a consequence, they allow for securing food resources
on deficit markets, e.g., with respect to geographical location.
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Abstract: Biochar was reported to improve the chemical and physical properties of soil. The use of
biochar as a soil amendment have been found to improve the soil structure, increase the porosity,
decrease bulk density, as well increase aggregation and water retention. Knowing that springtails
(Collembola) are closely related to soil properties, the effect of biochar on morphological diversity
of these organisms was evaluated. The main concept was the classification of springtails to the
life-form groups and estimation of QBS-c index (biological quality index based on Collembola species).
We conducted the field experiment where biochar was used as soil amendment in oilseed rape and
maize crops. Wood-chip biochar from low-temperature (300 ◦C) flash pyrolysis was free from PAH
(polycyclic aromatic hydrocarbon) and other toxic components. Results showed that all springtail
life-form groups (epedaphic, hemiedaphic, and euedaphic) were positively affected after biochar
application. The QBS-c index, which relates to springtails’ adaptation to living in the soil, was higher
in treatments where biochar was applied. We can recommend the use of Collembola’s morphological
diversity as a good tool for the bioindication of soil health.

Keywords: biochar; biological soil quality; Collembola life-form groups; QBS-c index

1. Introduction

One of the major threats to global agriculture is soil degradation, including decreased fertility and
increased erosion [1]. The common problem is acidification and soil organic matter depletion, which
decreases soil aggregate stability [2]. Therefore, the development of methods is needed to sustain
soil resources by different remediation strategies. The application of organic materials like manure,
compost, and biomass waste seems very promising, but a lot of attention has been paid to stable
forms of organic carbon like biochars [3,4]. The main feature of biochar is the porous carbonaceous
structure, which can contain amounts of extractable humic-like and fluvic-like substances [5]. Biochar
was reported to improve the chemical and physical properties of soil [6]. The use of biochar as a soil
amendment has been found to improve the soil structure, increase the porosity, decrease bulk density,
as well increase aggregation and water retention [7–9]. On the other hand, the main concerns with
respect to biochar use as a soil amendment is its potential contamination with heavy metals (HMs) and
polycyclic aromatic hydrocarbons (PAHs) [10].

Sustainability 2019, 11, 5126; doi:10.3390/su11185126 www.mdpi.com/journal/sustainability85
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Springtails (Hexapoda: Collembola) are a key group of soil arthropods with densities often
reaching thousands of individuals per square meter [11,12]. They contribute mainly in substrate
decomposition and nutrient cycling [12,13]. Moreover, these organisms are sensitive to environmental
changes in soil and are therefore often used as indicators of soil quality [14]. For bioindication,
Collembola species diversity is used [15,16]. The disadvantage of this method is the difficulty in the
determination to the species level. An alternative could be the QBS-c index (biological quality index
based on Collembola), which responds to the morphological diversity of springtails [17]. Using this
index, each individual is evaluated in terms of different morphological traits, e.g., for antennal length,
size of furca, presence of ocelli pigmentation, and the presence of hairs and/or scales along the body.
The principle of this index is that the presence of individuals with better adaptation to live in soil
(with reduced appendages or less pigmented) indicates better soil quality [17,18]. Also, on the basis
of morphological traits, springtails can be divided into three main life-forms [19]. First, epedaphic
Collembola are adapted to live on the soil surface. The major features of this group are a pigmented
body, well developed eyes and appendages, as well a fast dispersal ability. In contrast to them, soil
dwelling species (euedaphic), with a relatively small, less pigmented body and reduced eyes. Their
dispersal ability is limited. Species showing adaptations between epedaphic and euedaphic species are
classified as belonging to the hemiedaphic group [20]. The vertical stratification of springtails reflects
their function in the ecosystem. For instance, only epedaphic springtails contribute in the early stages
of organic matter decomposition [19]. Ponge et al. [21] suggested that Collembola living in the soil
characterized by limited active dispersal, may suffer more from land use intensification, than species
living on the soil surface. In contrast, Ellers et al. [22] showed stronger effects of intensive land use on
epedaphic than on euedaphic Collembola. The majority of studies on biochar effect on springtails were
conducted in laboratory conditions on one model species [23–25]. Considering the impact of biochar
under field conditions some experiments have been made also on nematodes [26] and earthworms [27].

The potential of biochar for pH and nutrient availability changes or improvement of some physical
properties like porosity, water retention, or temperature and impact on soil microbial life, are well
documented [28–30]. Therefore, springtails can be affected directly by the changes in soil chemical
properties [31,32] or indirectly from biochar-induced changes in microorganisms’ biomass [33]. It has
been reported that many Collembola species feed on bacteria or fungi [34,35]. Biochar particles might
be considered analogous to soil aggregates in that their large internal surface areas and pores could be
important for biological processes [36].

Within the presented study we aimed to estimate the effect of biochar on the morphological
diversity of Collembola species and evaluate its potential for field application.

It was hypothesized that:

1. Biochar will increase the soil biological quality mainly through improvement of the physical and
chemical soil properties.

2. From the analyzed life-form groups of springtails, the response of euedaphic assemblages will be
most distinct after biochar amendment. On the other hand, springtails living on the soil surface
and in the litter layer (epigeic and hemiedaphic) will be more sensitive to cover plants.

3. The QBS-c index will show higher values in crops where biochar was applied.

2. Materials and Methods

2.1. Experimental Design

The field experiment was set up in mid-April 2014 in the south of Poland (50.5740 N, 17.8908 E)
and continued until October 2016. The soil type was poor (sandy and weakly acidic) agricultural
soil [37]. The climate of the area is moderately warm with an average annual temperature of 8.4 ◦C
and an average annual rainfall of 611 mm. The biochar effect on soil dwelling springtails was explored
in two crops (oilseed rape and maize) compared to control (two crops with no biochar application).
Within each treatment (plot), three replicates (subplots) were established. The area of each subplot
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was 3 × 3 m. The research area was previously (before 2014) used as conventionally agricultural field.
The forecrop was maize. Biochar was applied up to a depth of 30 cm at a rate of 50 t/ha and was
mixed by ploughing. No chemical protection was applied before or during experiment period. Weeds
were removed manually upon occurrence. Weeds were harvested manually a few times during the
vegetation season. The maize variety in two years of the study was P8745 (FAO 250, Pioneer Company)
and oilseed rape variety Monolit. The only fertilizer used in oilseed rape was ammonium sulfate 34%
in a dose of 300 kg/ha, and in maize ammonium phosphate (Polydap) in a dose of 25 kg/ha. The same
amount of fertilizers was applied in biochar and control treatments.

2.2. Biochar Characteristic and Soil Properties

The biochar used in the experiment was industrial produced by Fluid S.A. Company (Poland).
It was produced in the low-temperature flash pyrolysis (300 ◦C) of pine and spruce wood chips.
Its heating value was 25 MJ/kg. During the experiment selected properties of biochar (pH, organic
carbon content, cation exchange capacity, heavy metal content and total PAH’s) were analyzed
according to International Biochar Initiative (IBI) Standard Product Definition and Product Testing
Guidelines [38]. The particle size fraction of biochar applied on the field was more than 2 mm (sieve
method).

The tested biochar was alkaline (pH 8.2) and had 52.3% of carbon (Table 1). The surface area of the
tested biochar was low (only 16.5 m2/g) and cation exchange capacity was also lower—39.5 cmol/kg,
compared with biochars produced at higher temperatures and from other feedstock, like wheat straw,
giant miscanthus, rice husk, or sewage sludge [39,40]. It was free from polycyclic aromatic hydrocarbon
and the concentration of all tested toxic compounds was very low or even under the level of detection,
passing fixed recommendations for acceptable levels [38].

Table 1. The chemical characteristic of biochar properties used in the experiment (sourced from
Gruss et al. [41]).

Parameter Value

pH H2O 8.2

CEC (cmol/kg) 16.8

Carbon content (% of DM) 52.3

H/Corg ratio 0.026

Pb (g/t DM) 1.57

Mn (g/t DM) 29.7

Cu (g/t DM) 0.50

Hg (g/t DM) 0.32

Zn (g/t DM) 13.04

For physicochemical analysis, soil samples were collected twice a year from topsoil, before each
crop in rotation in five replicates from each plot. The pH, total organic carbon, CEC, exchangeable
acidity, and water properties were measured. Soil was classified as Cambisol [38], with a typical
sandy loam texture with the addition of medium fine gravel. Application of biochar significantly
increased CEC values in both trials, due to the increase of exchangeable Ca2+, Mg2+, and H+ + Al3+
(exchangeable acidity) in the soil sorption complex and total organic carbon in biochar trials (Table 2).
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Table 2. Soil properties after biochar application in oilseed rape and maize (sourced from
Gruss et al. [41]).

Parameter
Oilseed Rape Maize

Biochar Control Biochar Control

Corg (%) 0.94 0.92 0.94 0.78

pH H2O 6.88 7.26 6.49 7.22

Na+ (cmol/kg) 0.20 * 0.12 0.12 0.18

Mg2+ (cmol/kg) 3.14 1.13 2.76 0.86

K+ (cmol/kg) 0.30 0.19 0.34 0.31

Ca2+ (cmol/kg) 5.12 2.29 5.72 2.28

CEC (cmol/kg) 8.76 3.74 8.98 4.73

* The values in bold font differ significantly between treatments.

2.3. Collembola Studies

Soil samples for Collembola analysis were taken three times during each of the vegetation season
(from May to July) in 2015 and 2016. The growth stages according to the BBCH (growth stages of
plants) scale [42] in the sampling dates were: maize: 10–15, 32–37, and 61–67; oilseed rape: 60–69,
72–79, and 83–89. On each date, 12 samples were taken from each subplot (36 samples from one plot),
and transported to the laboratory. The samples were taken with the use of a soil sampler (diameter
5 cm and depth 10 cm). The volume of one sample was 196 cm2. Collembola were extracted over 24 h
from the soil samples with the use of Tullgren funnels modified by Murphy [43]. After the extraction
the springtails were kept in 75% ethyl alcohol.

Springtails from each sample were counted and identified to the species or genus. Each individual
was placed on permanent microscope slide and determined to the species level with the use of following
keys [44–46]. Springtails were classified to three life-form groups (euedaphic, hemiedaphic and epigeic)
according to Karaban [20]. Epedaphic forms have strong pigmentation, fully developed furca and
other appendages, and pigmented eyes (8 + 8). Hemiedaphic have reduced body pigmentation, eye
numbers, and a reduced furca. Euedaphic forms are characterized by an unpigmented body (or eyes’
pigmentation) with eyes and furca not developed. The QBS-c (biological quality index based on
Collembola species) is calculated as the sum of EMI values in each sample (Table 3). The springtails
species were evaluated for seven morphometric traits according to the scale. The results were the sums
of scores (EMI) obtained for each trait. Species which are well adopted to live in soil obtain more EMI
scores in comparison to those with adaptation to live on the soil layer [17].

88



Sustainability 2019, 11, 5126

T
a

b
le

3
.

D
es

cr
ip

ti
on

of
th

e
C

ol
le

m
bo

la
sp

ec
ie

s
id

en
ti

fie
d

in
th

e
ex

pe
ri

m
en

ti
nc

lu
di

ng
th

ei
r

m
or

ph
ol

og
ic

al
de

sc
ri

pt
io

n.

S
p

e
ci

e
s

A
b

b
r.

o
n

th
e

C
C

A
B

ip
lo

t
L

if
e
-f

o
rm

G
ro

u
p

S
iz

e
*

P
ig

m
e
n

ta
ti

o
n

S
tr

u
ct

u
re

s
o

n
C

u
ti

cl
e

O
ce

ll
i

A
n

te
n

n
a
e

L
e
g

s
F

u
rc

u
la

E
M

I
S

co
re

s
(Q

B
S

-c
)

Bo
ur

ie
tie

lla
ho

rt
en

si
s

(F
it

ch
)

Bo
u_

ho
r

Ep
ed

ap
hi

c
4

0
1

0
0

0
0

5
Br

ac
hy

st
om

el
la

pa
rv

ul
a

(S
ch

aff
er

)
Br

a_
pa

r
H

em
ie

da
ph

ic
4

0
1

0
3

0
3

14
C

ap
ra

in
ea

m
ar

gi
na

ta
(S

ch
oe

tt
)

C
ap

_m
ar

Ep
ed

ap
hi

c
4

0
0

0
0

0
0

4
D

es
or

ia
m

ul
tis

et
is

(C
ar

pe
nt

er
&

Ph
ill

ip
s)

D
es

_m
ul

Ep
ed

ap
hi

c
4

3
0

0
0

0
0

7
D

es
or

ia
tig

ri
na

(N
ic

ol
et

)
D

es
_t

ig
H

em
ie

da
ph

ic
4

6
0

0
0

0
0

10
Fo

ls
om

ia
se

xu
ol

at
a

(T
ul

lb
er

g)
Fo

l_
se

x
H

em
ie

da
ph

ic
4

6
3

6
2

2
2

25
Fo

ls
om

id
es

an
gu

la
ri

s
(A

xe
ls

on
)

Fo
l_

an
g

H
em

ie
da

ph
ic

4
6

3
6

3
2

3
27

Fo
ls

om
id

es
pa

rv
ul

us
(S

ta
ch

)
Fo

l_
pa

r
H

em
ie

da
ph

ic
4

6
3

3
3

3
3

25
Fr

ie
se

a
m

ir
ab

ili
s

(T
ul

lb
er

g)
Fr

i_
m

ir
H

em
ie

da
ph

ic
4

3
1

0
2

2
2

14
H

yp
og

as
tr

ur
a

sp
p.

H
op

og
as

t
H

em
ie

da
ph

ic
4

0
3

0
2

2
2

13
Is

ot
om

a
an

gl
ic

an
a

(L
ub

bo
ck

)
Is

o_
an

g
Ep

ed
ap

hi
c

4
3

1
0

0
0

0
8

Is
ot

om
a

an
te

nn
al

is
(B

ag
na

ll)
Is

o_
an

t
Ep

ed
ap

hi
c

4
1

0
0

0
0

0
5

Is
ot

om
a

vi
ri

di
s

(B
ou

rl
et

)
Is

o_
vi

r
Ep

ed
ap

hi
c

4
3

0
0

0
0

0
7

Is
ot

om
ie

lla
m

in
or

(S
ch

ae
ff

er
)

Is
o_

m
in

H
em

ie
da

ph
ic

4
6

3
3

3
3

3
25

Is
ot

om
od

es
pr

od
uc

tu
s

(A
xe

ls
on

)
Is

o_
pr

o
H

em
ie

da
ph

ic
4

6
3

6
2

3
2

26
Is

ot
om

ur
us

pa
lu

st
ri

s
(M

ue
lle

r)
Is

o_
pa

l
Ep

ed
ap

hi
c

4
1

0
0

0
0

0
5

Is
ot

om
ut

us
ga

lli
cu

s
(C

ar
ap

el
li

et
al

.)
Is

o_
ga

l
Ep

ed
ap

hi
c

4
1

0
0

0
0

0
5

Le
pi

do
cy

rt
us

vi
ol

ac
eu

s
(F

ou
rc

ro
y)

Le
p_

vi
o

Ep
ed

ap
hi

c
4

0
0

0
0

0
0

4
M

es
ap

ho
ru

ra
sp

p.
M

es
ap

ho
r

Eu
ed

ap
hi

c
4

6
3

6
3

3
6

31
Pa

ri
so

to
m

a
no

ta
bi

lis
(S

ch
ae
ff

er
)

Pa
r_

no
t

H
em

ie
da

ph
ic

4
6

1
3

0
2

0
16

Pr
oi

so
to

m
a

m
in

im
a

(A
bs

ol
on

)
Pr

o_
m

in
i

H
em

ie
da

ph
ic

4
3

1
3

2
2

2
17

Pr
oi

so
to

m
a

m
in

ut
a

(T
ul

lb
er

g)
Pr

o_
m

in
u

H
em

ie
da

ph
ic

4
3

1
0

2
2

2
14

Pr
oi

so
to

m
a

te
ne

lla
(R

eu
te

r)
Pr

o_
te

n
H

em
ie

da
ph

ic
4

3
1

0
2

2
2

14
Pr

ot
ap

ho
ru

ra
sp

p.
Pr

ot
ap

ho
Eu

ed
ap

hi
c

4
6

3
6

3
3

6
31

Ps
eu

do
si

nn
el

a
se

xo
cu

la
ta

(S
ch

ot
t)

Ps
e_

se
x

H
em

ie
da

ph
ic

4
6

1
3

0
0

0
14

Sm
in

th
ur

id
es

pa
rv

ul
us

(K
ra

us
ba

ue
r)

Sm
i_

pa
r

Ep
ed

ap
hi

c
4

0
0

0
0

0
0

4
Sm

in
th

ur
in

us
al

pi
nu

s
(G

is
in

)
Sm

i_
al

p
Ep

ed
ap

hi
c

4
0

1
0

2
0

0
7

Sp
ha

er
id

ia
pu

m
ili

s
(K

ra
us

ba
ue

r)
Sp

h_
pu

m
Ep

ed
ap

hi
c

4
0

0
0

0
0

0
4

St
en

ac
id

ia
vi

ol
ac

ea
(R

eu
te

r)
St

e_
vi

o
Ep

ed
ap

hi
c

4
0

0
0

0
0

0
4

St
en

ap
ho

ru
ra

sp
p.

St
en

ap
ho

Eu
ed

ap
hi

c
4

6
3

6
3

3
6

31

*
Si

ze
:>

3
m

m
=

0;
2–

3
m

m
=

2;
<

2
m

m
=

4.

89



Sustainability 2019, 11, 5126

Pigmentation: Fully pigmented=0; only strips on the body = 1; r = Reduced to appendages = 3;
none = 6.

Structures on cuticle: Well developed chaeta or scales, present trichobothria = 0; relatively low
number of structures on cuticle=1; Reduced number of chaetae, presence of PSO (pseudocelli) on
cuticle = 3; Low number of chaeteae, other structures present only in selected parts of the body = 6.

Number of ocelli in the eye spot: 8 + 8 = 0; 6 + 6 = 2; form 5 + 5 to 1 + 1 = 3; absence of ocelli = 6.
Antennae: antennae longer than the head = 0; antennae more or less the same length as the

head = 2; antennae shorter than the head = 3; antennae much shorter than the head = 6.
Legs: Well developed = 0, Medium developed = 2; Short = 3; Reduced or with reduced claw and

mucro =6.
Furcula: Well developed = 0; Medium developed = 2; Short with reduced number of chaetae = 3;

the absence of mucro and modification of manubrium = 5; Furcula reduced in residual form = 6.

2.4. Data Analysis

The effect on springtails life-form groups and QBS-c index was analyzed with the mixed model in
SAS University Edition (proc Mixed). In the analysis, the effect of crop and treatment, as well their
interaction, were included. The year and term of the study were the random factors. The abundance
of springtails per sample was relatively low (with the number of individuals of 10.5 per sample).
Therefore, the abundance of springtails was calculated for 1 m2, knowing that the area of one sample
was 0.000785 m2 (5 cm diameter).

The springtails abundance as well morphometric trails in relation to experimental treatments was
analyzed using canonical correspondence analysis (CCA) in Canoco, Version 4.5 (Ithaca, New York,
USA). Significance of the first canonical axis and all axes together was calculated with Monte Carlo Test.

3. Results

The abundance of Collembola per m2 and the QBS-c index differed significantly between all tested
factors (Table 4). Generally, the most abundant group was epedaphic, then hemiedaphic, and the
least, euedaphic Collembola (Figure 1). Within the epedaphic and hemiedaphic groups, both the plant
(p < 0.0001) and biochar (p = 0.0009, 0.0058) significantly differed with respect to springtails abundance.
Springtails were significantly more abundant in oilseed rape in comparison to maize crop. At the same
time more Collembola were found in biochar, but only in oilseed rape. The abundance of euedaphic
Collembola differed between biochar and control plots (p = 0.003). In both crops, significantly more
individuals were found in biochar treated soil.

Table 4. Results of repeated ANOVA (GML, p ≤ 0.05) considering effects on treatment, plant and year,
and its interactive effects on Collembola life-form groups and QBS-c index.

Dependent Variable
Treatment Plant Treatment × Plant

F * p F * p F p

Epedaphic 11.10 0.0009 20.53 <0.0001 12.43 0.0004
Hemiedaphic 7.65 0.0058 22.04 <0.0001 11.53 0.0007

Euedaphic 13.09 0.0003 0.04 0.8501 2.15 0.1425
QBS-c 6.16 0.01132 4.77 0.0292 0.02 0.8943

* F = ratio of two different measure of variance for the data.
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(a) (b) (c) 

Figure 1. Effect of crop and biochar application on different Collembola life-form groups. Note: (a),
(b), (c); indicate significant differences (p ≤ 0.05) between biochar and control; A, B indicate significant
differences (p ≤ 0.05) between plants; the results of repeated ANOVA used for data analysis are given
in the Table 4.

Considering the QBS-c index, it was significantly higher in oilseed rape crop in comparison to
maize (Figure 2) (p = 0.0292). In both plants, the index was significantly higher in treatments, where
biochar was applied (p = 0.01132). As shown by the life-form groups, significantly higher QBS-c index
was found in oilseed rape only.

 
Figure 2. Effect of crop and biochar application on the QBS-c index. Note: (a), (b), (c); indicate
significant differences (p ≤ 0.05) between biochar and control; A, B indicate significant differences
(p ≤ 0.05) between plants; the results of repeated ANOVA used for data analysis are given in the Table 4.

The morphometric traits used for the calculation of QBS-C index were correlated with experimental
treatments (Figure 3). The significance of the first canonical axis (CCA1), as well all axes together was
p = 0.002 (Table 5). Biochar (in oilseed rape) was positively correlated with reduced legs, antennae
and furcula, as well absence of specific structures on cuticle. In maize, where biochar was applied,
springtails were characterized by a reduced number of ocelli. Size and pigmentation were positively
correlated with oilseed rape and maize, both without biochar.
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Figure 3. Canonical correspondence analysis (CCA) biplot on Collembola morphomentric traits in
relation to experimental treatments. Notes: The morphometric traits are described in more detail in
Table 1.

Table 5. Results of Canonical correspondence analysis (CCA) of Collembola morphometric traits
correlated with experimental treatments.

CCA Axes 1 2 3 4

Eigenvalues 0.013 0.002 0.000 0.103

Morphometric traits-environment correlations 0.013 0.002 0.000 0.103

Significance of the first canonical axis F = 26.362, p = 0.002

Significance of all canonical axes F = 10.296, p = 0.002

The eigenvalues of the first two CCA axes were 0.0102 and 0.041, respectively (Table 6). Both the
first canonical axis (CCA1), as well all axes were significant (p = 0.002, Monte Carlo test). As shown
on the CCA biplot (Figure 4), the Collembola community was affected more by crop than by biochar.
There was only minor effect of biochar in oilseed. In maize the group of species related to the control
site (e.g., Desoria tigrina and Pseusinella sexoculata) differed from the species which preferred biochar
(e.g., Stenaphorura spp., Isotoma antenalis). Considering life-form groups, most of the hemiedaphic
species were found in the oilseed crops to oil seed (with similar effect for biochar and control).
The epedaphic species were frequently found in all of the treatments, while euedaphic mostly in maize
with biochar.

Table 6. Results of Canonical correspondence analysis (CCA) of Collembola species in relation to
experimental treatment.

CCA Axes 1 2 3 4

Eigenvalues 0.102 0.041 0.013 0.476

Species-environment correlations 0.563 0.388 0.270 0.000

Significance of the first canonical axis F = 7.754, p = 0.002

Significance of all canonical axes F = 4.016, p = 0.002

92



Sustainability 2019, 11, 5126

Pro_mini

Des_tig

Bou_hor

Mesaphor

Bra_par

Stenapho
Sph_pum

Protapho

Ste_vio

Des_mul

Pro_minu

Smi_par

Iso_ang

Iso_ant

Pse_sex

Par_not

Cap_mar

Lep_vio

Iso_pal

Fri_mir

Iso_pro

Iso_gal

Fol_sex

Hypogast
Fol_ang

Smi_alp

Pro_ten

Iso_vir

Fol_par

Iso_min

Figure 4. Canonical correspondence analysis (CCA) biplot on Collembola species in relations to the crop
and biochar application. * Designation of the life-form groups: epedaphic, hemiedaphic, euedaphic.
Note: the detailed description of the species is included in Table 1.

4. Discussion

The low temperature pine/wood chip biochar used in the experiment is characterized by the
high carbon content but low surface area, and ability for nutrient storage, therefore the effect of its
application to soil had little effect on soil properties. Tested pined wood biochar, was free from PAH
and the concentration of all tested toxic compounds was very low or even under the level of detection.
The release of toxic compounds like PAH’s and heavy metals after biochar application seems to be
crucial for survival and reproduction of soil fauna [47,48]. Some of the soil properties were improved,
like total organic carbon content (only in maize trials) or CEC, as reported by other authors [49–53].
The liming effect, which is mostly expected [54,55], when biochar is applied to soil was not determined
in our experimental trials.

Our estimations showed a higher QBS-c index value and higher individual number of particular
life-form groups in biochar amended soils, confirming the hypothesis of soil biological properties
improvement. We state that the positive response of Collembola to biochar addition was the result of
improved soil properties. Some authors have found that soil mesofauna abundances are closely related
to soil conditions, especially soil pH and organic matter content [56,57]. To compare, the significant
increase of fungivorous nematodes was found after biochar application in the rates from 12 to 48 t/ha [26].
In contrast, no response of soil faunal feeding activity to biochar addition was found in the rates range
from 0 to 30 t/ha [58]. Also, Castracani et al. [59] did not find any interaction between biochar and the
abundance of epigeic macroarthropods in the rate of 14 t/ha.

The response of euedaphic springtails was predicted to be most distinct after biochar amendment.
This would result from low dispersal ability and living in deeper soil layers [60]. Therefore, euedaphic
springtails would be more sensitive to changes in the soil environment [61]. In our experiment the
abundance of euedaphic springtails was relatively low compared to hemiedaphic and epedaphic
groups. However, in both analyzed crops, its number increased after biochar application. Considering
the two other groups living on upper soil layers, the effect was significant only for oilseed.
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The main concept of the QBS-c index is that soil quality is positively correlated with the number
of Collembola species that are well adapted to soil habitats [17]. Otherwise, numerous occurrences of
euedaphic forms of springtails in a given habitat can indicate the better biological quality of the soil [43].
Based on the results, we can agree with the hypothesis that the QBS-c index will have higher values
in crops where biochar was applied. For instance, in the study of Twardowski et al. [61], the QBS-c
showed higher soil quality in the potato crop rotation in comparison to monoculture. Jacomini et al. [62]
found decreased QBS-c index values in degraded soils. To confirm our last hypothesis, two springtails
life-form groups (epigeic and hemiedaphic) differed significantly between crops. More springtails were
found in oilseed rape in comparison to maize crop. Considering that maize and oilseed rape are plants
which differ in their development, this should also affect organisms living on the soil surface. Similarly,
Op Akkerhuis [63] found differences in mesofauna abundance between crops, i.e., specifically the
mesofauna groups were much more abundant in cereals than in root and tuber crops. We state also
that cover plant might modify the effect of biochar on soil fauna.

5. Conclusions

The main findings of the present study are that:

(1) Crop affected more Collembola community than the biochar application. More springtails
occurred in oilseed rape.

(2) In each of the life-form groups, biochar caused a significant increase in individual number of
Collembola in comparison to the no-biochar treatment. The effect was significant mainly for the
oilseed rape crop.

(3) The QBS-C index (biological quality index based on Collembola species) was higher in treatments
where biochar was applied.

(4) Collembola related to biochar were characterized by reduced appendages and the absence of
specific structures on the cuticle, what indicates better adaptation to live in soil.

To conclude, biochar was found to increase springtails abundance and diversity in field conditions.
A greater occurrence of species better adopted to life in the soil with biochar use indicated better soil
quality. Thus, we can recommend the use of the morphological diversity of Collembola as a good tool
for the bioindication of soil health.
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Abstract: The purpose of the study was to establish whether UV-C radiation applied to potato
tubers prior to their storage affected their natural losses over a long period of time. A custom-built
UV-C radiation stand constructed for the purpose of this experiment was equipped with a UV-C
NBV15 radiator generating a 253.7 nm long wave with power density of 80 to 100 μW·cm−2. Three
varieties of edible medium late potatoes, Jelly, Syrena, and Fianna, were the objects of the research.
The measurement of tightly controlled storage conditions was carried out over three seasons between
2016/2017 and 2018/2019, in a professional agricultural cold store with automated adjustment of
interior microclimate parameters. The obtained data were processed using the variance analysis
(α = 0.05). There was a statistically significant reduction in transpiration- and respiration-caused
losses in the UV-C radiated potato tubers in comparison to those of the control sample. Additionally,
the Jelly variety reacted to UV-C radiation demonstrating a reduction in sprout weight.

Keywords: potato; tuber; storage losses; UV-C

1. Introduction

The biological effects of UV-C (ultraviolet light) on the preservation of fresh fruits and vegetables
is well researched. Treatment with UV-C radiation is one of the methods used to reduce the number
of pathogens on the surface of fresh fruits and vegetables [1]. It can be an alternative to other
traditional methods, such as disinfectants (chlorine, chlorine dioxide, bromine, iodine, trisodium
phosphate, sodium chlorite, sodium hypochlorite, quaternary ammonium compounds, acids, hydrogen
peroxide, ozone, permanganate salts) [2–5], modified atmosphere packaging [6–11], low temperature
storage [11–13], or the use of edible films [14–18]. The alternative methods mentioned above are selective
in reducing the number of pathogens on the surface of fresh fruits and vegetables, whereas the UV-C
is a nonselective method. UV-C has a germicidal effect, but it is strongly dependent on the natural
resistance of the microorganisms to UV-C [19], and the surface topography on which the microorganisms
are attached [20]. By delaying the ripening process, the UV-C treatment extends the shelf life of fruits
and vegetables [21–24]. A number of studies showed that UV light can be used to control the fungal
decay of citrus fruits [25], kumquats [26], carrots [27,28], apples [29], strawberries [30–33], sweet
cherries [30], mandarins [34], bell peppers [35], mangos [36,37], blueberries [38], grapes [39], and
persimmon fruits [40]. Recent publications also describe similar effects on potatoes. Pristijono et al. [41]
describe their preliminary research on the effect of UV-C irradiation on the sprouting of stored potatoes.
Rocha et al. [42] present the use of UV-C radiation and fluorescent light to control postharvest soft rot
in potato seed tubers. According to Stevens et al. [43] irradiation of potato tubers (Ipomea batatas L.)
with UV-C increases their resistance to rot caused by Fusarium solani fungi.
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Long-term storage of potato tuber crop is associated with quantitative changes involving, inter
alia, reduction of the original weight of tubers due to respiration, transpiration, and sprouting.
These processes, termed tuber weight losses, are unavoidable, but their extent can be minimized.
Respiration, transpiration, and sprouting processes are mainly determined by the temperature and
relative humidity of air during storage. Meteorological conditions during the vegetation season,
genetic characteristics of varieties, and mechanical damage to tubers caused during harvesting and
post-harvest treatment may also be responsible for natural losses of the potato tubers [44–49]. Several
researchers [50–52] recommend using physical methods to improve crop condition during the storage
alongside the biological and chemical methods of protection. Various systems using the UV-C light
exposure have appeared in the literature for crops other than potatoes [53,54]. Zhu et al. [53] evaluated
the effect of three UV-C wavelengths (222, 254, and 282 nm) on degradation of the mycotoxin patulin
introduced into apple juice and apple cider. Falguera et al. [54] investigated the influence of ultraviolet
irradiation (UV) on some quality attributes (color, pH, soluble solids content, formol index, total
phenolics, sugars, and vitamin C) and enzymatic activities (polyphenol oxidase, peroxidase, and
pectinolytic enzymes) of fresh apple juice. Another pilot experiment carried out by Jakubowski [55]
analyzed the effect of UV-C radiation on the possible reduction of storage losses caused by transpiration
and respiration of potato tubers of the following varieties: Lord, Vineta, Owacja, Ditta, Finezja, and
Tajfun. It was assumed that ultraviolet radiation in the C band (253.7 nm) applied to potato tubers
before storage would cause a reduction of pests present on the potato periderm. This would indirectly
cut down the overall storage losses. It was also assumed that following the exposure of potato tubers
to UV-C radiation, the population of pathogens typically present during storage processes would also
be limited. This, in turn, could lead to a more effective repair of the periderm damage caused by
mechanical harvesting, transport, and initial crop storage. In order to verify the research hypothesis,
the tubers of selected varieties were initially mechanically damaged under laboratory conditions, so
that the continuity of periderm was broken. An MTS Insight 2 strength testing machine (a device
allowing for damage of the potato tuber pulp so that the shape and size of the damage are identical in
the tested material regardless of the size, weight, or mechanical properties of the tuber) was used to
damage the tubers. The results of the pilot research proved a reduction in the natural loss of potato
compared to the control sample across all the used varieties. For Vineta and Ditta, these differences
were statistically significant (α = 0.05). The experiment described above was conducted over a 5-month
storage period, and the tuber weight loss (represented by very early, early, and medium-early varieties)
was analyzed only before and after the storage time. It is therefore reasonable to measure the reaction of
stored potato tubers to UV-C radiation in subsequent stages during their storage, focusing on the losses
caused by respiration and transpiration (particularly after a period of physiological dormancy when
the sprouting process begins, which is accompanied by an increased transpiration process).

The purpose of this project was to determine the impact of pre-storage UV-C irradiation of potato
tubers on potato tuber natural losses measured over a long period of storage.

2. Materials and Methods

2.1. Potato Tubers

The medium-late varieties of edible potatoes used in the research were Jelly, Syrena, and Fianna.
Each tuber went through an identical annual agrotechnical procedure. The tubers for analysis, under
the stage of full technical maturity and mechanically undamaged, were randomly selected from
the crop commercial fraction (Φ = 35–55 mm). The selection of tubers size was necessary to provide
uniform UV-C exposure doses in the research procedure. When determining the minimum sample
size, the t-test was applied for a single sample (at population mean and standard deviation values from
pilot studies), the test target power was assumed to be equal 0.9, and the probability of a type I error
α = 0.05. Each experiment combination involved three replications (with 30 pcs for single replication).
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The scope of the research encompassed the measurements of tuber weight losses arising from
the processes of respiration, transpiration, and sprouting. The tuber weight was determined before
storage (M0), during the initial storage period corresponding to the cooling stage (M1), during
the proper storage period (M2), during the first signs of sprouting (M3), and immediately after
the storage process (M4). The tuber weight losses were calculated as the difference between M0 and
Mn, n = 1–4. Immediately after the storage process, the potato tuber sprout weight and number (Mk,
Lk) were also determined.

2.2. Period of Trials and Conditions

Accurate storage experiments were carried out over three seasons between 2016/2017 and 2018/2019
in a professional agricultural cold store with automated adjustment of interior microclimate parameters.
After the crop was harvested in the second to third decades of September, the selected tubers underwent
weight examination and ultraviolet irradiation in the C band. Then, they were placed in a cold store for
initial storage. To standardize the conditions of heat and mass exchange with the environment while
storing and to minimize the impact of possible temperature and humidity differentiation, the tubers
were stored in wooden cases in single layers and the free spaces between the cases were of similar size.
Initial storage lasted for approximately 10 days at a temperature of 15 ◦C and a relative humidity of
90%–95%. After this period, the storage temperature was gradually reduced to 7 ◦C. This process took
approximately 14 days. The air relative humidity during this period amounted to 92%–95%. From
the second to third decades of October to the first decade of March, tubers were stored at a temperature
of approximately 7 ◦C and a relative humidity of 92%–95%. At 10 days before the expected end of
the storage period, mid-March, the temperature in the cold chamber was increased to 10 ◦C.

2.3. Equipment

Potato tuber weight and sprout weight were determined using the AS310.R2 analytical scale
(d = 0.1 mg) with the RS232 interface. Potato tubers underwent ultraviolet irradiation (Figure 1) in the C
band for 900 s at a constant height of the UV-C radiator (0.7 m) above the surface of the rollers rotating
at a constant speed of 25 rpm (exposure time and working parameters of the station were selected based
on the results of pilot studies [55]). In order to expose potato tubers to UV-C, the custom-built stand
illustrated in Figure 1 was used. A UV-C NBV15 radiator was used (light wave length 253.7 nm, power
15 W, and power density from 80 to 100 μW·cm−2), equipped with a precise timer (AURATON 100).
The lifetime of the NBV15 radiator applied in the research, guaranteeing stability of its operational
parameters (UV-C radiation intensity of 0.9 W·m−2 at a distance of 1 m from the radiator), is 8000 h.
The radiator is equipped with a reflector made of high quality aluminum with a high reflection
coefficient (similar to the coefficient of a mirror). The potato tuber radiation stand is equipped with
a system of exchangeable, parallel, and sliding rollers acting as the bottom of the chamber. The rollers,
with a diameter of 45 to 55 mm, are installed on a rail, and the distances between them range from
15 to 25 mm. They are driven electrically, with rotational speed control ranging from 20 to 35 rpm.
The speed range was selected so that the potato tubers placed on the rollers were set in rotation, but
at the same time they were not displaced along the chamber, which allowed for equal irradiation of
the entire surface of the potato tubers. The presented test stand, together with the technology allowing
for limitation of storage losses of potato tubers, was submitted as an invention to the Patent Office
of the Republic of Poland (P.419392, P.425887: More details about patents are mentioned below in
the Patents section).
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(a) (b) 

Figure 1. Stand for potato tubers UV-C radiation: (a) stand layout, (b) view of rotating rollers.
L: 1: chamber housing, 2: device frame, 3: rotating rollers, 4: mechanism for gradeless regulation
of roller rotation speed with the device switch, 5: engine, 6: engine cooling system, 7: radiator
frame, 8: height-adjustable foot (screw mechanism for leveling the device), 9: radiator frame guide,
10: gradeless UV-C radiator control above the bottom of the chamber (rollers), 11: UV-C radiators.

2.4. Statistical Analysis

The analysis of variance, preceded by the test regarding the distribution normality in the samples
(Kolmogorov–Smirnov test) and the variance homogeneity test (Levene’s test), was carried out. The zero
hypothesis was verified based on the F-Snedecor test. When examining tuber weight data, the variance
was analyzed for arrangements with repeated measurements (with Mauchley sphericity test), and for
sprouting data, the variance was analyzed for main effects. Due to the biological nature of the examined
object, a possibility of a lack of parity in the samples was assumed a priori. Differences between
statistically significant averages were examined using the Spjotvoll–Stoline multiple comparison test
(generalization of the Tukey procedure for samples with different N). Groups of homogeneous variables
were set. In the analysis of data presented in graphical form (Figures 2–4), the Student’s t-test was
used for related variables. The obtained results were analyzed at the significance level α = 0.05 using
the STATISTICA 13.3 package.

3. Results

The results of the experiment are presented in Tables 1–3 and in Figures 2–4. Test results from
Kolmogorov–Smirnov, Levene, and Mauchley tests allowed for the variance analysis presented in
the methodology. The variance analysis proved a significant effect of potato tuber UV-C irradiation
before storage on weight loss after storage (predictor: “UV-C exposition {3}”, received values:
F = 6.868; p = 0.0089) (Table 1). The variance analysis for arrangements with repeated measurements
proved a significant impact of repeated measurement (time: measurement in subsequent storage
stages; predictor: “Time {4}”, received values: F = 4498.591; p = 0.0000) and its interaction with
other qualitative predictors (predictor: “Time {4} x Variety {2} x UV-C exposition {3}”; received
values: F = 2.329; p = 0.0301) (Table 1). In all the experiment variants, smaller natural losses of
potato tuber weight (caused by transpiration and respiration) were observed for the UV-C radiated
tubers in comparison to the control sample (Figure 2). Multiple comparisons of average pairs and
homogeneous-variables groups determined on this basis (Table 2) showed significant differences
in the size of potato tuber natural weight loss (caused by transpiration and respiration) between
subsequent storage stages. However, in stages I-III no differences resulting from the variety nor UV-C
radiation were shown (letters “a”, “b”, “c”: no statistical differences) (Figure 2). Significant differences
in the size of potato tuber natural weight loss (caused by transpiration and respiration) were observed
in stage IV for the Jelly variety (3.787 g·g−1 for sample Jelly+UV-C and 4.308 g·g−1 for control sample;
letters “d” and “e”) (Table 2). The variance analysis for the impact of the year of the experiment, variety,
and UV-C radiation on the weight and number of potato tuber sprouts after the storage period proved
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a significant impact (Table 3) on the last two quality predictors and their interactions on dependent
variables (predictors: Variety {2} x UV-C exposition {3}; F = 5.20; p = 0.0004).

Table 1. Results of the analysis of variance for repeated measurements: Impact of the year of testing,
variety, and UV-C irradiation on potato tuber weight loss in individual storage periods.

Qualitive Predictor
and Interaction

Sum of
Square

Degrees of
Freedom

Mean
Square

Value of
F-Snedecor test

Probability
Test

Free Word 38815.53 1 38815.53 5391.355 0.0000

Year {1} 4.98 2 2.49 0.346 0.7078

Variety {2} 22.46 2 11.23 1.560 0.2104

UV-C exposition {3} 49.45 1 49.45 6.868 0.0089

{1}x{2} 55.41 4 13.85 1.924 0.1039

{1}x{3} 11.46 2 5.73 0.796 0.4513

{2}x{3} 12.18 2 6.09 0.846 0.4293

{1}x{2}x{3} 37.48 4 9.37 1.301 0.2673

Error 11533.74 1602 7.20

Time {4} 8273.54 3 2757.85 4498.591 0.0000

{4}x{1} 0.80 6 0.13 0.217 0.9717

{4}x{2} 6.28 6 1.05 1.706 0.1152

{4}x{3} 23.42 3 7.81 12.732 0.0000

{4}x{1}x{2} 12.45 12 1.04 1.692 0.0618

{4}x{1}x{2}x{3} 1.83 6 0.31 0.498 0.8102

{4}x{2}x{3} 8.57 6 1.43 2.329 0.0301

{4}x{1}x{2}x{3} 13.60 12 1.13 1.849 0.0357

Error 2946.30 4806 0.61

Figure 2. Effect of UV-C irradiation on weight loss (resulting from transpiration and respiration) of
potato tubers in individual storage periods (error =mean value +/− 95% of confidence interval).
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Table 2. Effect of variety and UV-C irradiation on weight loss (resulting from transpiration and
respiration) of potato tubers in individual storage periods.

Variety Exposition Time Loses (g·g−1)
Homogeneous Groups

1 2 3 4 5 6

Fianna UV-C I 0.887 ****

Jelly UV-C I 0.927 ****

Fianna control I 0.948 ****

Syrena UV-C I 0.961 ****

Jelly control I 0.977 ****

Syrena control I 1.012 ****

Fianna UV-C II 1.785 ****

Jelly UV-C II 1.849 ****

Fianna control II 1.964 ****

Jelly control II 1.974 ****

Syrena UV-C II 1.991 ****

Syrena control II 1.992 ****

Fianna UV-C III 2.741 ****

Jelly UV-C III 2.804 ****

Fianna control III 2.863 ****

Syrena UV-C III 2.968 ****

Syrena control III 2.998 ****

Jelly control III 3.172 ****

Fianna UV-C IV 3.649 ****

Jelly UV-C IV 3.787 **** ****

Syrena UV-C IV 3.971 **** **** ****

Fianna control IV 4.088 **** **** ****

Syrena control IV 4.120 **** ****

Jelly control IV 4.308 ****

(****) Arrangement of homogeneous groups (Spjotvoll–Stoline test).

Table 3. Impact of the year of experiment, variety, and UV-C irradiation on weight and number of
potato tuber sprouts after storage.

Qualitive Predictor and
Interaction

Value of F-Snedecor Test Probability Test

Free Word 10787.16 0.0000

Year {1} 0.22 0.9276

Variety {2} 12.58 0.0000

UV-C exposition {3} 10.11 0.0001

{1}x{2} 1.43 0.1767

{1}x{3} 1.72 0.1420

{2}x{3} 5.20 0.0004

{1}x{2}x{3} 1.82 0.0680
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Figure 3. Effect of potato tuber UV-C irradiation on sprout weight after storage (statistically significant
difference for the Jelly variety), (error =mean value +/− 95% of confidence interval).

 

Figure 4. Effect of potato tuber UV-C irradiation on number of sprouts after storage (statistically
insignificant differences), (error =mean value +/− 95% of confidence interval).
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4. Discussion

The results of the conducted experiment, in which the reduction of natural losses measured after
6.5 months of storage is achieved by means of the UV-C irradiation of potato tubers before storage,
were expected to be similar to the results obtained for early and medium-early varieties (Vineta and
Ditta) and described by Jakubowski [55]. The tests carried out in this research and the results obtained
allowed for a description of the phenomenon causing reduction of natural losses and a determination
of the stage of potato storage in which the physical factor, in the form of UV-C radiation, significantly
affects the tubers under exposure. The results of the experiment prove that the effects of UV-C on stored
potato tubers occur in the final stage (IV) of their storage (Table 2), which corresponds to the phase of
tubers awakening and beginning their sprouting. In stage IV of storage, all the tested varieties reacted
to UV-C, demonstrating the reduction in natural losses in comparison to the control, and for the Jelly
variety, these differences were statistically significant (F = 2.329; p = 0.0301). The reduction in the weight
loss of the pre-treated tubers during storage could occur through changes in the epi- and cuticular wax
morphology. Some information on this aspect of treatment are presented in other research, such as
Charles et al. [56,57]. Sprouting of the tubers indicates the break of dormancy. Oxidative atmospheres,
such as chlorine atmospheres, are known to control sprouting [58].

The analyzed potato tubers reacted to UV-C radiation demonstrating the reduction in sprout
weight by 80 g·g−1, on average, for all the varieties, which amounts to approximately 14.2% compared
to the control. For Jelly tubers, these differences were statistically significant (difference of 194 g·g−1,
which is approximately 39% compared to the control) (Figure 3). The tubers of Jelly and Fiana varieties
subjected to UV-C irradiation were also characterized by a lower number of sprouts compared to
the tubers not being under exposure, by 0.11 and 0.05 pcs, respectively. A higher number of sprouts
resulting from UV-C irradiation was noted for the tubers of Syrena variety, by 0.07 pcs compared to
the control (Figure 4). The results of the experiment suggest that UV-C, in addition to neutralizing pests
in areas of damaged potato periderm [55], may act as a sprouting inhibitor, which reduces respiration
and, more particularly, transpiration. The obtained results also allow for the conclusion that UV-C
does not interfere with the process of tuber transpiration and respiration at earlier stages (I-III) of
storage. The inhibitory effect of ultraviolet in the C band may result from the fact that the effect of
253.7 nm wave on a biological object may lead to damaging its DNA chains, and at the same time UV
is absorbed by DNA, RNA [59–63], protein, free purine, and pyrimidine bases, acting mutagenetically
and inhibiting cell division in the irradiated organism [64–66]. The preliminary tests carried out
by Pristijono et al. [41] on freshly harvested potatoes (Solanum tuberosum ’Innovator’) that were
exposed to UV-C light revealed that UV-C irradiation significantly affected the number of sprouts.
UV-C irradiation also affected the sprout length since irradiated potatoes had significantly shorter
sprouts than those of untreated potatoes. Despite the fact that storage conditions were different in this
experiment (storage in air 20°C), the authors [41] conclude that these results indicate promise for UV-C
as a potential postharvest treatment to reduce the incidence of sprouting in potato tubers.

5. Conclusions

1. A significant impact of potato tuber UV-C irradiation on the size of natural losses was observed.
2. A reduction in potato tuber weight loss caused by transpiration and respiration was shown in

comparison to the control sample.
3. Jelly variety reacted to UV-C radiation, demonstrating the reduction in the sprout weight.
4. The result of the experiment indicates that the proposed physical UV-C method can be applied in

practice and can be used as a way of reducing the natural defects of stored potato tubers.

6. Patents

Jakubowski T. Patent: The method and device for increasing the storage life of
potato tubers with the participation of radiation UV-C (in Polish; Sposób i urządzenie do
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zwiększania trwałości przechowalniczej bulw ziemniaczanych przy udziale promieniowania UV-C:
P.419392, data zgłoszenia 07-11-2016).

Jakubowski T., Sobol Z. Patent: The method for modifying the color of potato products and a device
to modify the color of potato products (in Polish; Sposób modyfikowania barwy wyrobów z ziemniaków
i urządzenie do modyfikowania barwy wyrobów z ziemniaków: P.425887, data zgłoszenia 11-06-2018).
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Abstract: Plant-based foods should be fresh, safe, and natural, with nutritional value and processed in
sustainable ways. Among all consumed vegetables, Brassica vegetables are considered to be the most
important ones. As they are eaten in large quantities and frequently, they may constitute an important
source of nutrients and bioactive compounds in a daily diet. This work is aimed at assessing the
effect of technological processing (blanching and traditional cooking in water and in a convection
steam oven) as well as the method of frozen storage (in PE-LD zipper bags and vacuum packing)
on the content of selected components in purple cauliflower. The material was examined for the
content of dry matter, vitamin C, total polyphenols, anthocyanins, thiocyanates, nitrates, and nitrites,
as well as antioxidant activity. All technological processes caused significant changes in the contents
of examined nutritive and non-nutritive compounds as well as in antioxidant activity or the level of
selected chemical pollutions. A trend was also observed towards lower constituents’ losses as a result
of convection steaming, compared to traditional cooking in water. Moreover, the reduction in the
content of examined compounds was smaller in vacuum-packed and frozen-stored vegetables then in
those stored in zipper PE-LD bags.

Keywords: nutritional value; brassica vegetables; antioxidative properties; quality of food; nitrates
and nitrites; frozen storage; processing of vegetables

1. Introduction

Sustainable food consumption is a significant aspect of sustainable development. Throughout
the last two decades, Brassica crops were of intense interest to many researchers due to their health
benefits [1]. Numerous epidemiological and pharmacological works showed a significant role of a diet
abundant in Brassica vegetables, which may protect against many chronic diseases, including type II
diabetes, cardiovascular disease, age-related macular degeneration, dementia, immune dysfunction,
obesity, and some kinds of cancers [2,3]. Cauliflower (Brassica oleracea var. botrytis) belongs to the very
popular Brassica species and is broadly used as a dish or an ingredient of soups or salads. It is rich in
vitamins B1, B2, B3, B5, B6, folic acid and C, E, K, as well as omega-3 fatty acids, dietary fiber, potassium,
phosphorus, magnesium manganese, and iron. Chemical components contents in Brassica vegetables
vary among cultivars, which is especially relevant to cauliflower because, in addition to the large group
of white-curded cultivars, breeding techniques have resulted in commercially available genotypes
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forming green, purple, and orange curds, with enhanced synthesis of chlorophylls, anthocyanins,
and carotenoids, respectively. Cauliflower genotypes show differences in the content of bioactive
compounds, as well as in the chemical composition [4–6]. In addition, this vegetable contains also a lot
of valuable and healthy plant’s metabolites, including flavonoids, terpenes, S-methylcysteine sulfoxide,
sulfur-containing glucosinolates, coumarins, and other minor compounds. These compounds of
cauliflower, and other Brassica vegetables, were found to be effective in the protection of some kinds of
cancer as cancer-fighting components [4,7,8]. The number of studies has suggested protective effects of
these compounds on human health. Brassica species are commonly present in a diet as additives to
meat dishes and other products rich in fat, which constituents favour cell transformation and cancer
growth [9]. Therefore, some of Brassica crops are classified as functional foods [7].

Thermal treatment of different types of food products leads to various physical, chemical and
biological changes occurring in nutrients as well as non-nutrient compounds. In vegetable processing,
cooking is the most commonly used technique; although, the application of high temperature may
affect the basic chemical composition of as well as activity of bioactive compounds. Two contrary
phenomena may be responsible for changes in the content of bioactive compounds during this process:
denaturation of enzymes that are involved in degradation of nutrients and bioactive compounds and
softening effect of cooking, which increases the extractability of bioactive compounds. As a result,
their amount in cooked products is higher than in the raw material [10]. Therefore, in order to
evaluate their accessibility with a diet, more knowledge should be gained about the role and the final
concentration of bioactive compounds before and after food processing.

New thermal technologies with higher energy efficiency, less nutrient loss and less environmental
impacts are being developed. It is believed that for example the steam blanching is relatively inexpensive
and retains more water-soluble ingredients and minerals in comparison to water blanching.

The main drawback to vegetables is that they are perishable and available seasonally.
Food technology is focused on the development of such methods of food processing, which will
affect its chemical composition to the least extent. In view of this, freezing, which is a simple and
fast method, is one the most universal and convenient ways of food preservation. Knowledge about
optimization of freezing and storing processes is crucial to preserve beneficial and bioactive compounds
of vegetables [6]. In this context, the importance of packaging and its role is huge, especially considering
its fundamental role in the product protection against the external conditions as well as mechanical
damages. In order to guarantee high product quality in terms of their sensory and nutritional features,
selection of suitable packaging materials is required [11].

As for packaging properties, low-density polyethylene (PE-LD) is characterized by low
permeability to water vapor and good permeability to gases, especially carbon dioxide [12].
Vacuum packaging, as a static form of hypobaric storage, is widely used in food industry. This method
allows oxidative reactions to be reduced effectively in a product, at relatively low cost [13].

Until now, the majority of studies concerned other than examined here Brassicas cultivars.
In consequence, less information is available about such Brassicas like, for example, colored varieties
of cauliflower.

High quality foods obtained with sustainable practices during preharvest need proper postharvest
practices, including thermal treatments and storage. The aim of the work was to assess the effect of
technological processing (blanching, traditional cooking in water and in a convection steam oven) as
well as the method of frozen storage (in PE-LD zipper bags and vacuum packing) on the content of
selected components in purple cauliflower.

2. Materials and Methods

2.1. Material

The experimental material was purple cauliflower (Graffiti cv.) cultivated at the Producer
Cooperative “Traf” in Tropiszów (Poland). The experimental field was located in the northern
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outskirts of the Krakow. The climate of the region is humid continental (Dfb) according to Köppen’s
classification. The purple cauliflower was grown in black soil on loess framework with neutral pH.
Mineral fertilization was applied according to the fertility of soil and the nutritional requirements
of the species and condition treatments (mechanical weed control, diseases, and pests) were carried
out during the growing season (depending on soil and weather conditions). Mineral fertilization
included 400 kg Polifoski PK (MgS) 15-24-(6-7), 100 kg of Saletrzak NH4NO3 + CaCO3 and twice foliar
application of Folicare NPK 18:18:18; 5:17:40.

Vegetable samples were prepared for analyses directly after harvest. Properly prepared
representative medium samples of vegetables (fresh, blanched, cooked in water, convection steamed
and frozen, and stored in different package types for 2 and 4 months), were examined for the content
of dry matter, vitamin C, total polyphenols, anthocyanins, thiocyanates, nitrates and nitrites as well
as antioxidant activity. In addition, the contents of protein, fat, carbohydrates, ash and fiber were
determined in fresh material.

The first step of processing (before thermal treatment) included leaf removing, washing in running
water, and dividing the heads into roses 4–6 cm in diameter and 5 cm in length. Then, the vegetables
were mixed in order to obtain the representative average laboratory samples (a minimum of three for
each analysis performed on the fresh material and the same procedure was on material after cooking).
Analyses of fresh vegetables were carried out immediately after the pretreatment.

The blanching of material was carried out in the HENDI steam convection oven (model G715RXSD)
for 5 min at 100 ◦C and then cooking to the consumer’s softness in the same oven for 20 min at 100 ◦C.
After blanching, the material was chilled and dried at room temperature for about 20 min. Another part
of the fresh material was washed, dried using the filter paper, shredded mechanically, frozen at −22 ◦C,
and, finally, freeze-dried in the Christ Alpha 1–4 apparatus. Afterwards, the material was comminuted
in the Knifetec 1095 Sample Mill (Tecator) until reaching a homogenous sample with the possibly
smallest diameter of particle. Adequately labelled samples were stored at −22 ◦C in plastic containers
in a Liebherr GTS 3612 chamber freezer (Germany), until analyses of protein, fat, dietary fiber and ash.

Another part of the vegetables was cooked in a stainless steel pot using an electric cooking plate,
in unsalted water, and in the initial phase of hydrothermal treatment—without a lid but in accordance
with the principle “from farm to fork”. The proportion of water to the raw material is 5:1 by weight.
The cooking time applied was 15 min. The boiled vegetables were then prepared as described for fresh,
blanched and steamed vegetables.

The material blanched in a convection steam oven was divided and packed in two types of
packaging: the first batch in the conventional polyethylene (PE-LD) zipper bags (0.915–0.935 g/cm3

in density and 230 × 320 mm in size); the remainder in the special vacuum bags adapted for this
purpose, applying a RAMON vacuum packaging machine (60% vacuum; pressure: 0.10 MPa). Next,
hermetically sealed samples were stored at −22 ◦C in a Liebherr GTS 3612 chamber freezer (Germany).
Analyses were carried out on the raw material, the material blanched, cooked and the frozen product.
Frozen samples were analyzed after 2 and 4 months of frozen storage. The experimental material,
taken from every package (on average: 3 roses differing in diameter—from the smallest up to the
largest), was collected and then homogenized using a homogenizer (CAT type X 120) to obtain a mean
representative sample.

2.2. Analytical Methods

The experimental material was taken from every container (on average: 3 roses differing in
diameter—from the smallest up to the largest) and homogenized using a homogenizer (CAT type X
120) in order to obtain a mean representative sample.

At the same time, 70% methanol extracts have been prepared to determine total polyphenols
(calculated per chlorogenic acid) by means of the colorimetric measurement of colorful substances
occurring as a result of the reaction between phenolic compounds and a Folin–Ciocalteu reagent
(Sigma) [14]. The same extract was also used to measure antioxidant activity based on the ABTS+
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free radical scavenging ability by a colorimetric assessment of the amount of the ABTS+ free radical
solution, which remained unreduced by the antioxidant in the products [15]. In addition, 70% acidified
methanolic extracts (5 g of raw vegetables in 80 mL of 70% acidified methanol solution) were
prepared [16], which were then used to determine anthocyanin content.

The amount of total phenols in the extracts was measured by a spectrophotometric method
at 760 nm on a RayLeigh UV-1800 spectrophotometer, according to the procedure described by
Folin–Ciocalteu. The results were calculated using a chlorogenic acid equivalent (CGA) and expressed
in milligrams per 100 g of fresh or dry mass, based on a standard curve.

Antioxidant activity was measured by means of colorimetric determination of the quantity of the
colored solution of ABTS+ free radical (2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)) because
of its reduction performed by the antioxidants present in the product examined. Absorbance was
measured at 734 nm on a RayLeigh UV-1800 spectrophotometer. The values obtained for every sample
were compared to the concentration–response curve of the standard Trolox solution and expressed as
micromoles of Trolox equivalent per gram of fresh and dry mass (TEAC).

Anthocyanin content, measured as anthocyanins’ absorbance in visible light, was determined in
buffer solutions at two pH values: 1 and 4.5. At pH 1 anthocyanins took the form of a red-colored
flavic cation, while at pH 4.5 they had changed to the colorless pseudobase. Anthocyanin content was
converted to mg of cyanidin-3-glucoside [17].

The dry matter content in the vegetable samples was found in agreement to PN-90/A-75101/03 [18].
The determination principle comprised determining the decrease in mass upon removal of water from
the product during thermal drying at the temperature of 105 ◦C, under normal pressure conditions.

The contents of total ascorbic acid and dehydroascorbic acid were determined using
2,6-dichlorophenoloindophenol in accordance with PN-A-04019:1998 [19]. Extraction of the ascorbic
acid was performed using oxalic acid solution. Vitamin C content was expressed as milligrams per
100 g of dry mass (mg/100 g d.m.).

Determination of thiocyanate was based on extraction of the sample with trichloroacetic acid
(TCA) and the reaction with ferric ions. Under acidic conditions, blood-red coloration was created due
to the formation of Fe(SCN)2+ to Fe(SCN)6

3− complexes.
Determinations of nitrates and nitrites were carried out in accordance with the Polish standard

PN-92/A-75112 [20]. The colorimetric method was used to determine these contaminants based on nitrite
colored reaction with Griess I and II. Previously nitrates must be reduced to nitrites. Nitrate content was
established using Griess I (sulfanilamide, Sigma-Aldrich) and Griess II (n-(1-Naphtyl)ethylene-diamine
dihydrochloride, water solution, Sigma-Aldrich). The principle of this method is to induce in acidic
conditions, a color reaction of nitrate(III) with n-(1-Naphtyl)ethylene-diamine dihydrochloride.

Raw, freshly prepared, lyophilized samples were also examined for protein content using a Tecator
Kjeltec 2200; fat content, using a Tecator Soxtec Avanti 2050; ash content, by means of dry mineralisation
in muflon oven at 525 ◦C in accordance with PN-A-79011-8:1998 [21]; and dietary fiber content, with the
enzymatic-gravimetry method using the Tecator Fibertec System E.

Protein content was determined by mineralization of the product in concentrated sulfuric acid
(IV) (aqueous mineralization), followed by alkalizing the solution, distillation of the ammonia released,
and its qualitative determination [22]. As for fat content, at first fat extraction was performed from the
dried material with an organic solvent (petroleum ether), then distilling off the solvent, drying the
residue, and determining the mass of the extracted “crude fat” [23]. Analysis of dietary fiber content
was conducted according to Polish standard [24] by means of enzymatic and gravimetric methods.
Lyophilized samples were subjected to gelatinization with a thermally stable α-amylase, then digested
by enzymes involving protease and amyloglucosidase to remove protein and starch present in the
sample. Soluble dietary fiber was precipitated by adding ethanol. The sediment was then filtered off,
washed in ethanol and acetone, and, after drying, weighed. Half the samples was analyzed for the
presence of protein and the remainder incinerated. Total dietary fiber has been calculated as the mass
of sediment minus the mass of protein and ash.
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In addition, the percentage of carbohydrates has been calculated, as the difference between 100 g
of fresh product and the sum of water (g), total fat (g), protein (g), and mineral compounds—ash (g).

2.3. Statistical Analysis

All analyses were conducted in three parallel replications and mean ± standard deviations (SD)
were calculated for the values obtained. Significance of differences between mean values of raw,
blanched, cooked and frozen stored material was checked by one-way analysis of variance (ANOVA).
The significance of differences was estimated with the Duncan test at the critical significance level of
p ≤ 0.05. The Statistica 10.1 (Statistica, Tulsa, OK, USA) program was applied.

3. Results

3.1. Basic Composition and Dietary Fiber

Dry matter content in the vegetable varies depending on the process applied, therefore, to show
only an effect of the applied process, all the results presented below have been calculated per the dry
matter unit. Fresh vegetable contained 19.8 g dry matter, 2.36 g proteins, 0.14 g fat, 0.53 g ash, 16.3 g
total carbohydrates, and 2.36 g dietary fiber per 100 g of fresh vegetable (Table 1).

Table 1. Selected antioxidative and bioactive compounds, antioxidant activity, basic composition, and
nitrates and nitrites of raw purple cauliflower.

Component Unit Mean

Dry Mass g/100 g 9.18 ± 0.04
Vitamin C mg/100 g d.m. 689.54 ± 1.54

Total Polyphenols mg CGA/100 g d.m. 1376.36 ± 3.85
Antioxidant Activity μmol Trolox/g d.m. 79.85 ± 0.46

Thiocyanates (SCN) mg/100 g d.m. 26.25 ± 1.69
Anthocyanins μmol/g d.m. 78.21 ± 5.85
Total Protein g/100 g d.m. 25.70 ± 1.56

Fat g/100 g d.m. 1.55 ± 0.21
Ash g/100 g d.m. 5.73 ± 0.29

Total Carbohydrates g/100 g d.m. 66.72 ± 1.16
Dietary Fiber g/100 g d.m. 25.67 ± 1.63

Nitrates mg NaNO3/kg d.m. 605.23 ± 23.72
Nitrites mg NaNO2/kg d.m. 17.97 ± 0.31

Technological treatments, both traditional cooking and cooking in the convection steam oven,
resulted in a significant (p ≤ 0.05) increase in dry matter content by 17.1 and 12.7% respectively,
compared to fresh cauliflower. Frozen storage of the analyzed material for 2 and 4 months led to
a substantial (p ≤ 0.05) increase in the dry matter content respectively by 31.1 and 32.2% (conventional,
in a PE-LD bag) and 30 and 32.2% (in vacuum) compared to the blanched product (Table 2).

115



Sustainability 2019, 11, 4008

T
a

b
le

2
.

C
on

te
nt

of
se

le
ct

ed
co

m
po

un
ds

an
d

an
ti

ox
id

an
ta

ct
iv

it
y

of
pu

rp
le

ca
ul

ifl
ow

er
de

pe
nd

in
g

on
th

e
te

ch
no

lo
gi

ca
lp

ro
ce

ss
in

g.

T
h

e
K

in
d

o
f

P
ro

ce
ss

in
g

D
ry

M
a
ss

g
/1

0
0

g
V

it
a
m

in
C

m
g
/1

0
0

g
d

.m
.

T
o

ta
l

P
o

ly
p

h
e
n

o
ls

m
g

C
G

A
/1

0
0

g
d

.m
.

A
n

ti
o

x
id

a
n

t
A

ct
iv

it
y

μ
m

o
l

T
ro

lo
x
/g

d
.m

.
T

h
io

cy
a
n

a
te

s
(S

C
N

)
m

g
/1

0
0

g
d

.m
.

A
n

th
o

cy
a
n

in
s

μ
m

o
l/

g
d

.m
.

N
it

ra
te

s
m

g
N

a
N

O
3
/k

g
d

.m
.

N
it

ri
te

s
m

g
N

a
N

O
2
/k

g
d

.m
.

fr
es

h
9.

18
a
±0

.0
4

68
9.

54
f
±1

.5
4

13
76

.3
6f
±3

.8
5

79
.8

5d
±0

.4
6

26
.2

5d
±1

.6
9

78
.2

1c
±5

.8
5

60
5.

23
e
±2

3.
72

17
.9

7c
±0

.3
1

bl
an

ch
ed

8.
85

a
±0

.0
7

68
3.

62
f
±7

.9
9

13
58

.7
6f
±1

3.
58

80
.7

9d
±0

.8
0

26
.8

9d
±0

.3
1

80
.3

4c
±8

.1
5

58
0.

79
e
±3

3.
56

17
.2

9bc
±0

.4
8

co
ok

ed
10

.7
5b
±0

.3
5

30
5.

30
d
±0

.2
6

49
3.

40
a
±1

.8
4

47
.5

3a
±2

.7
6

12
.2

7a
±1

.1
8

28
.4

7a
±5

.9
2

21
9.

16
b
±7

.1
0

11
.2

6a
±1

.1
8

st
ea

m
ed

10
.3

5b
±0

.2
1

36
2.

42
e
±4

.2
4

11
43

.7
7e
±1

5.
30

61
.5

5c
±1

.7
8

19
.1

3bc
±0

.9
6

67
.7

3bc
±8

.2
0

47
0.

53
d
±4

.1
0

14
.1

1ab
±1

.5
0

af
te

r
2

m
on

th
s

of
fr

oz
en

st
or

ag
e

(z
ip

pe
r

ba
gs

)
11

.6
0c
±0

.1
4

24
5.

69
b
±1

9.
51

96
8.

97
c
±6

.1
0

52
.7

6b
±0

.9
8

19
.3

9bc
±1

.1
0

52
.7

6b
±1

1.
83

21
1.

81
b
±2

.8
0

13
.6

2a
±1

.1
0

af
te

r
2

m
on

th
s

of
fr

oz
en

st
or

ag
e

(v
ac

uu
m

)
11

.5
0c
±0

.1
4

28
0.

87
c
±2

.4
6

10
13

.0
4d
±7

.3
8

59
.3

9c
±0

.3
7

20
.0

9c
±1

.2
3

60
.4

3bc
±1

7.
09

29
1.

39
c
±7

.2
6

14
.6

1ab
c
±0

.8
6

af
te

r
4

m
on

th
s

of
fr

oz
en

st
or

ag
e

(z
ip

pe
r

ba
gs

)
11

.7
0c
±0

.1
4

19
7.

43
a
±1

.2
1

89
9.

23
b
±1

5.
59

44
.8

7a
±1

.2
1

13
.0

8a
±1

.3
3

43
.6

8ab
±8

.7
0

14
8.

03
a
±6

.4
1

22
.9

9d
±1

.4
5

af
te

r
4

m
on

th
s

of
fr

oz
en

st
or

ag
e

(v
ac

uu
m

)
11

.7
0c
±0

.2
8

23
2.

48
b
±8

.4
6

97
6.

32
c
±1

1.
72

53
.0

8b
±2

.0
5

16
.5

0b
±2

.0
5

53
.8

5b
±8

.4
6

23
4.

02
b
±8

.7
0

33
.1

6e
±2

.7
8

Va
lu

es
ar

e
pr

es
en

te
d

as
m

ea
n

va
lu

e
±s

ta
nd

ar
d

de
vi

at
io

n
an

d
ex

pr
es

se
d

in
dr

y
m

at
te

r.
M

ea
ns

in
co

lu
m

ns
w

ith
di

ff
er

en
ts

up
er

sc
ri

pt
le

tte
rs

in
co

m
m

on
(a

,b
,c

,d
,e

)d
iff

er
si

gn
ifi

ca
nt

ly
(p
≤0

.0
5)

.

116



Sustainability 2019, 11, 4008

3.2. Vitamin C

Studies revealed that fresh product contained 63.2 mg/100 g (689.54 mg per 100 g dry matter)
vitamin C (Table 2). Traditional cooking and convection steaming led to significant (p ≤ 0.05) losses
of ascorbic acid of 55.7 and 47.4% respectively, compared to the fresh vegetable. In the frozen stored
material, all changes were significant in comparison with the blanched cauliflower (p ≤ 0.05). Losses of
vitamin C in products stored for 2 months were 64.1% and 58.9%, respectively, for the conventionally
packed and vacuum packed ones. In the material stored for 4 months, vitamin content decreased
by 71.1% (traditional packaging) and by 66.0% (vacuum packaging). At every stage of the study,
losses were significantly (p ≤ 0.05) lower in the vegetables stored in vacuum pouches compared to
those kept in conventional l zipper bags.

3.3. Total Polyphenols

It has been revealed that 100 g of purple cauliflower had 126.35 mg of total polyphenols, expressed as
chlorogenic acid (1376.36 mg/100 g dry matter) (Table 2). In comparison with the fresh vegetable,
the applied hydrothermal treatment caused statistically significant (p≤ 0.05) losses of these components:
by 64.2% in traditional cooking and by 16.9% in convection steaming. Losses of total polyphenols after
2 and 4-months of frozen storage in a traditional way and in vacuum, were respectively 28.7 and 33.8%
as well as 25.4 and 28.1% and were statistically significant (p ≤ 0.05) compared to the blanched material.
At every stage of this experiment, they were significantly (p ≤ 0.05) lower for steam-cooked vegetables
and those frozen stored in vacuum.

3.4. Anthocyanins

Purple cauliflower contained 7.18 mg anthocyanins per 100 g fresh material (78.21 mg/100 g dry
matter). Traditional cooking in water significantly reduced their content (63.6%), compared to fresh
vegetables. However, the remaining heat treatments (blanching and convection steaming) had no
significant effect on anthocyanin content in this cauliflower. After 2 and 4 months of frozen storage,
anthocyanin content compared to blanched vegetables decreased significantly (p ≤ 0.05) by respectively
34.3 and 45.6% (traditional packaging) and 24.8 and 33% (vacuum packaging). At every stage of the
research, these losses were significantly (p ≤ 0.05) lower in the vacuum packed vegetables than in those
stored in PE-LD bags.

3.5. Antioxidant Activity

The study revealed that antioxidant activity in purple cauliflower was 7.33 μmol Trolox per
1 g fresh of vegetable matter (79.85 μmol Trolox/g dry vegetable matter). The applied technological
treatments (except for blanching) caused significant (p ≤ 0.05) reductions in antioxidant activity
compared to not processed vegetables, by 40.5% for traditional cooking and by 22.9% for convection
steaming. Frozen storage of vegetables in PE-LD bags and vacuum pouches for 2 and 4 months
resulted in a significant fall in antioxidant activity, compared to blanched vegetables, of 34.6 and 44.5%,
and 26.5 and 34.3%, respectively. At all stages of the experiment the reduction of this parameter was
significantly (p ≤ 0.05) lower in steam-boiled vegetables and in those stored in vacuum.

3.6. Thiocyanates

The content of thiocyanates (SCN) in purple cauliflower was 2.41 mg/100 g fresh mass
(26.25 mg/100 g dry mass). As in the case of the majority of the discussed components as well
as antioxidant activity, blanching did not change significantly (p ≤ 0.05) the content of thiocyanates
compared to the fresh material. However, losses were recorded after traditional cooking (53.3%)
and convection steaming (27.1%). In turn, 2- and 4-month frozen storage of cauliflower reduced
significantly (p ≤ 0.05) the content of these components compared to blanched material by 27.9 and
51.3% (traditional storage in PE-LD bags) and by 25.3 and 38.6% (vacuum storage), respectively.
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3.7. Nitrates and Nitrites

This study showed that purple cauliflower had 55.56 mg of nitrates, expressed as potassium
nitrate (KNO3), per 1000 g fresh mass (605.23 mg/1000 g dry mass). Traditional cooking and
convectional steaming led to a significant (p ≤ 0.05) decrease in these compounds compared to
fresh vegetables, by 63.8 and 22.2% respectively. In addition, 2- and 4-month frozen storage in two
package types—conventional PE-LD and vacuum packaging—caused a significant reduction in nitrates:
by 63.5 and 74.5%, and 49.8 and 59.7%, respectively, compared to blanched vegetables. At every stage
of this work, the reduction of this parameter was significantly (p ≤ 0.05) lower in steam-cooked
vegetables and in those frozen stored in vacuum.

The content of nitrites in 1000 g of fresh material was 1.65 mg (17.97 mg/1000 g dry matter).
The applied hydrothermal treatment reduced significantly (p ≤ 0.05) nitrites compared to the fresh
material, by 37.3% (traditional cooking) and 21.5% (convection steaming). Two months’ frozen storage
of blanched cauliflower led to decreases in the content of nitrites in the examined material; however,
only the difference recorded for conventional packaging (21.2%) was statistically significant (p ≤ 0.05).
In the case of 4-month stored cauliflower, significant (p ≤ 0.05) increases in the content of nitrites were
recorded in the products packed conventionally (by 33%) and in vacuum (by 91.8%).

4. Discussion

4.1. Basic Composition and Dietary Fiber

This study revealed that protein content (g per fresh and dry mass) in purple cauliflower was
close to that found by Rumpel [25] and Kunachowicz et al. [26] and Kahlon et al. [27], according to
whom, its values were 2.5 g and 2.4 g/100 g fresh weight of white cauliflower and 27.8 g/100 g dry
matter, respectively. Fat content in white cauliflower, determined by the latter author, was 1.7 g/100 g
dry matter, which is a higher value compared to that obtained in this work. Rumpel [25] reports
that the content of assimilable carbohydrates in white cauliflower is 2.6 g/100 g of fresh vegetable,
while Schonhof et al. [28] gives two values—2.27 and 2.56—depending on the cultivar, which differs
from our findings. On the other hand, the content of dietary fiber found by Kahlon et al. [27] was
similar (62.1 g/100 g dry mass) to our results. Both Rumpel [25] and Kunachowicz et al. [26] determined
dietary fiber in white rose cauliflowers at the levels of 2.9 and 2.4 g/100 g fresh weight respectively,
which is close to our findings. According to Puupponen-Pimiä et al. [29], the content of this constituent
was 30.2 g/100 g dry matter unit. The values reported by Kahlon et al. [27] for ash content (10.1 g/100 g
dry matter), considerably exceeding that obtained in this work (5.73 g/100 g dry matter). However,
Ali [30] noted a similar content of micro- and macroelements, but in white cauliflower florets.

4.2. Dry Matter

According to the literature [31,32], dry matter content in the fresh white rose of Romanesco
cauliflowers ranges from 6.96 to 13.95 g/100 g, which agrees with our results. Cooking in water
as well as convection steaming increased its content compared to the fresh material, by 17.1%
and 12.7% respectively. Similar increases, of 18.0% (white rose cauliflower) and 12.5% (green rose
cauliflower), were also reported by Gębczyński and Kmiecik [33]. The reduced water content in the
examined material was probably caused by the release of water from the tissues damaged during
high-temperature processes [34].

This work showed that after 2-month frozen storage at −22 ◦C, the content of dry matter increased,
which is congruent with the findings of Gębczyński and Kmiecik [33] and Cebula et al. [35], who noted
mean increases of 22.3 and of 10.5% (white rose cultivar) and 14.5% (Romanesco cv.), respectively.
An increase in dry matter in the frozen and then stored material may probably be explained by the
phenomenon of denaturing cell walls at low temperature and resulting release of water [36].
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4.3. Vitamin C

In 100 g of fresh cauliflower there was 63.20 mg of vitamin C, which is consistent with the findings
of Kaulman et al. [37] and Volden et al. [38], who noted values of 63 mg and 64.2 mg (Graffiti cv.),
respectively. The obtained results were in agreement also with those of Bhandari and Kwak [39] and
Picchi et al. [40], who reported that vitamin C in cauliflower ranged from 396.7–649.7 and 346–638 mg
of 100 g dry weight, respectively.

This study showed minimal losses of this component due to blanching, which was carried
out using a convection steam oven. Cooking in water reduced vitamin C content by 55.7%,
while convection steaming by 47.4%. Lower losses of vitamin C in this process were observed
by Filipiak-Florkiewicz [31], Davey et al. [41], and Pellegrini et al. [42], and were 38.2% (white
cauliflower) and 36.9% (Romanesco variety), 14.1–29.5%, and 50.9%, respectively.

Technological treatments for example, pre-processing or blanching may lead to considerable losses
particularly in vitamin C. Their extent depends on the applied temperature, length of the exposure
to this temperature, and a degree of the product comminuting [43]. Conventional frozen storage of
cauliflower did result in a vitamin C decrease of 64.1 (after two months) and 71.1% (after 4 months).
Volden et al. [38] noted losses in this constituent content after 3-month frozen storage, of 22.7% for the
cultivar Graffiti and 24.1% for the green cauliflower cultivar Celio.

Incedayi and Suna [44] treated one group of cauliflower florets with 1,5% citric acid solution and
the another group with 0.5% Ca-ascorbate plus citric acid 1% solution. Afterwards, florets were packed
in two MAP gas mixtures and into biaxially oriented polypropylene film (BOPP). After 15 days of
storage at 4 ◦C, vitamin C content decreased by 11.5%. Vacuum packaging led to a significantly lower
(p ≤ 0.05) reduction in the vitamin C content of 62.4%, on average, compared to conventional packing
in zipper bags.

The losses in vegetable constituents are caused by both internal factors like, for example, respiration,
production and the effect of ethylene, or changes in chemical composition, and external (environmental)
ones such as relative humidity of the air, temperature, and gas composition of the surrounding
atmosphere. Vacuum packaging reduces the access of oxygen to the material, which protects it against
losses, for example, oxidation of vitamin C [45]. Quality of plant raw material is affected by factors
connected with cultivars and by the broadly understood agricultural engineering factors [46].

4.4. Total Polyphenols

In most of the literature polyphenols are determined in various cauliflower varieties with white
florets and calculated as total polyphenol content per 100 g fresh material. Volden et al. [38] and
Pellegrini et al. [42] reported per 100 g of fresh vegetable 59.9 and 146 mg of total polyphenols,
respectively. The results stated by Kaulman et al. [37], Bahorun et al. [47], and Kaur and Kapoor [48]
are much lower: 63.8 mg, 27.8 mg, and 96 mg/100 g, respectively. Significant differences are most
probably the result of the variety of the analyzed cultivars, growing conditions and the results’
calculation methods.

Compared to fresh cauliflower, losses in total polyphenol content due to cooking in water were
substantially larger than from blanching; slightly lower values were noted by Pellegrini et al. [42] and
Filipiak-Florinkiewicz [31] for white varieties: 45.4 and 43.6%, respectively. Our results showed that
losses resulting from traditional cooking were substantially larger than those found by Mazzeo et al. [49]
and Picchi et al. [40] for varieties with white florets, being 30.8% and 18.9% respectively. As for
cooking in a convection steam oven, the obtained results are almost identical with that reported by
Pellegrini et al. [42] for white cauliflower (17.7%). Frozen storage of purple cauliflower led to a decline
in the level of these compounds. Losses in the material stored for 4 months, noted by Gębczyński and
Kmiecik [33], were much lower and were 11.6% (white cauliflower) and 20.4% (green cauliflower).
This is consistent with the findings of Puupponen-Pimiä et al. [29], who observed a reduction in the
content of these compounds by only 14.3% after 6 months of frozen storage.
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Chassagne-Berces et al. [50] also noted that long-lasting storage of raw materials enhances
the processes of enzymatic or chemical oxidation of polyphenolic compounds, the extent of which
depends on the raw material or medium parameters such as temperature, pH, water activity, time,
and oxygen content.

4.5. Anthocyanins

As for anthocyanin content, the results reported by Lo Scalzo et al. [51] and Li et al. [52] were
lower (4.21 mg/100 g fresh weight) and higher (201.11. mg/100 g dry matter), respectively, compared to
our findings. The same authors [51] noted that blanching reduced the content of these components by
64.6%, which markedly exceeds our results. Anthocyanins are known to be thermolabile compounds.
However, due to the high temperature and short time of blanching, losses may be insignificant that
explains such results [53]. Lo Scalzo et al. [51] and Palermo et al. [10] found larger losses of these
compounds of 80.2 and 80%, respectively, after traditional cooking in water. According to these authors,
there were no significant changes in the convection-steamed material, which is in line with our results.
As opposed to Volden et al. [38], who did not observe significant changes in the material frozen stored
for 3, 6, and 12 months, frozen storage of the blanched material caused significant losses in the content
of these constituents.

4.6. Antioxidant Activity

Volden et al. [38] found that the cultivar Graffiti is characterized by strong antioxidant activity
(25.7 μmol Trolox equivalent per 1 g of fresh vegetable). Antioxidant activity determined by
Beecher et al. [53], Filipiak-Florkiewicz [31], Murcia et al. [54], and Mazzeo et al. [49] in other cauliflower
varieties was similar or higher: 6.5, 6.15, 9.9, and 17.3 μmol Trolox equivalent per 1 g of fresh vegetable,
respectively. Such differences may result from various processing conditions including, for example,
methods applied for the measurement of antioxidant activity, different extractants, or various extraction
times. Culinary treatments may contribute to the reduction of antioxidant activity due to the penetration
of antioxidants into the solution or their degradation under elevated temperature [55]. In this case,
however, there were no changes in antioxidant activity due to blanching. Losses observed by
Volden et al. [38] and Filipiak-Florkiewicz [31] were larger, by 28.0% in the cultivars Graffiti and Celio,
as well as by 10.4% and 25.4% in white and green cultivars, respectively. Cooking lowered antioxidant
activity of purple cauliflower. Mazzeo et al. [49] and Filipiak-Florkiewicz [31] found reductions of
35.3 and 22.5%, respectively, compared to the fresh material (white cultivar) and of 34.7 (white cultivar)
and 37.3% (green cultivar).

Similar decreases in antioxidant activity resulting from 3-month frozen storage, of 30.4% and 26.6%,
were observed by Volden et al. [38] for the cultivars Graffiti and Celio. According to Murcia et al. [54],
24-h freezing caused a fall in antioxidant activity of 0.6%; whereas, Drużyńska et al. [56] noted
an increase in this parameter after 48 h.

4.7. Thiocynates

Glucosinolates alone are not biologically active; only their enzymatic derivatives are. When the
plant tissue is damaged, hydrolysis of glucosinolates takes place by the endogenous enzyme ‘myrosinase’
(thioglucoside glucohydrolase EC 3:2:3:1) with a release of a range of breakdown products, including
isothiocyanates, indoles, nitriles, oxazolidines, and thiocyanates [7]. This study showed that purple
cauliflower contained 2.41 mg/100 of thiocyanates (SCN) per g fresh weight. To the best of our
knowledge, there are few studies concerning not only the amount of glucosinolates and their profile,
but also their breakdown products. According to Kapusta-Duch et al. [7], cooking decreased significantly
the concentration of isothiocynates in green and purple cauliflowers, by 11.0 and 42.4%, respectively,
in comparison with raw vegetables. Similar results were found in this work.
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4.8. Nitrates and Nitrites

Nitrites and indirectly nitrates, when consumed with food in too large quantities, can be harmful to
health [57]. Among vegetables, Brassicas are characterized by medium or low degree of accumulation
of these compounds. However, due to the consumed mass they may constitute significant proportion
in the daily food ration [58]. In comparison with our results, most authors report several times higher
or similar contents of nitrates in various cauliflower cultivars. For example, the values reported were
143–354 mg [59], 210.6 mg [60], 171.2 mg [61], or 61 mg/kg fresh mass [62]. As far as the content of nitrites
is concerned, the results obtained by researchers, depending on the examined cultivar, were lower or
markedly higher compared to our findings. For example, Leszczyńska et al. [62] found 3.49 mg and
47 mg nitrites in white and green cauliflower respectively, while Gajewska et al. [60] stated 0.8 mg of
these constituents per kg of fresh vegetable. According to Leszczyńska et al. [62], the reductions in
these compounds due to blanching were much greater than that in this work, amounting to 72.2% for
white rose cauliflower and 37.9% for the cultivar Romanesco. Cooking was also responsible for the
reduction of nitrates, which agrees with the findings of Shimada and Ko [63], who determined losses
of these compounds within the range of 14 to 79%. Filipiak-Florkiewicz et al. [61] observed higher
losses of nitrates, compared to those obtained in this work, of up to 72.2% in white rose cauliflower.
In comparison with blanching, frozen storage lowered the content of nitrates, on average by 61.9%.
Leszczyńska et al. [62] noted a decline in these constituents by 78.7% in white rose cauliflower.

Compared to fresh vegetables, no significant change in the content of nitrites was found due to
blanching. However, losses reported by Leszczyńska et al. [62] due to this process were significant
and amounted to 8.9% on average. Cooking purple cauliflower led to an average 29.4% decrease in
nitrite content compared to fresh vegetables. Similar decreases, of 22.9 (white rose cauliflower) and
17% (Romanesco cv.) obtained Filipiak-Florkiewicz et al. [61] and Leszczyńska et al. [62].

Storage of the material contributes to an increase of nitrite content in cauliflower as a result of the
reduction of nitrates which takes place in tissues due to enzyme or bacteria activity [64]. After 2-months
frozen storage, the content of nitrites decreased, on average by 18.3%, while after a 4 months increased
significantly, by 62.4% on average, compared to blanched vegetables. A similar upward trend (151%)
for the level of nitrites noted Leszczyńska et al. [62] for green rose cauliflower, frozen and stored for
4 months. Filipiak-Florkiewicz et al. [61], who cooked a vegetable previously frozen stored for the
identical period of time, also observed a 105.7% increase in the amount of these compounds.

The results obtained indicate that further studies are needed to explain changes in nutritive
and non-nutritive components during selected treatments like cooking or freezing not only purple
cauliflower, but other colored Brassica vegetables. The results presented by other authors and those
obtained in this work are not clear-cut, so the research problem seems to be interesting. Therefore,
the research goal should be to optimize hydrothermal processes and to select the best type of packaging
in order to make the best possible use of pro-health substances occurring in Brassica vegetables in
human nutrition in accordance with the idea of sustainable development.

5. Conclusions

Brassica are among the top 10 economic vegetables in the world and a source of valuable nutrients,
but their content is strongly affected by the method of their preparation. This study clearly showed
that technological treatments had a significant effect on nutrient and health-promoting compounds in
purple cauliflower. The nutritional content in Brassica vegetables have been reported to vary during
the growth period due to climatic and agronomical factors, but also the postharvest treatments are
valid factors influenced on quality of these vegetables.

All technological processes, i.e., blanching, cooking, and frozen storage, led to significant changes
in the content of the examined nutritive and non-nutritive compounds as well as antioxidant activity or
the level of selected chemical pollutions. A trend was also observed towards lower losses of constituents
due to convection steaming, compared to traditional cooking in water. Moreover, the reduction of
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examined compounds was smaller in vacuum-packed and frozen-stored vegetables then in those
stored in zipper PE-LD bags.
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nitrates and nitrites in cauliflower. Żyw. Człow. Metab. 2007, 34, 1197–1201. Available online: http:
//agro.icm.edu.pl/agro/element/bwmeta1.element.agro-article-e3ebf1f1-dd46-4dad-8ed5-c9d0526fceac?q=
bwmeta1.element.agro-number-fcf445e1-46f5-442d-a933-e0d38017adce;75&qt=CHILDREN-STATELESS
(accessed on 18 April 2008). (In Polish).
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Abstract: The effectiveness and quality of agricultural spraying largely depends on the technical
efficiency of the nozzles installed in agricultural sprayers. The uniform spraying of plants results
in a decrease in the amount of pesticides used in agricultural production and affects environmental
safety. Both newly developed sprayers and those currently in use need quality control as well as an
assessment of the performance of the spraying process, especially its uniformity. However, the models
applied presently do not ensure accurate estimates or predictions of the spray liquid coverage
uniformity of the treated surface. Generally, the distribution of the atomized liquid quantity is
symmetrical and leptokurtic, which means that it does not fit well to the commonly used standard
distribution. Therefore, there is a need to develop and design new tools for the evaluation, modeling,
and prediction of such a process. The research problem studied in the present work was to find a new
model for the distribution of atomized liquid quantity that could provide capabilities better than have
been available so far to assess and predict the spraying process results. The research problem was
solved through the formulation of a new function for the probability density distribution of sprayed
liquid accumulation on the surface of the preset dimension size. The development of the new model
was based on the results from a series of water atomization tests with an appropriate measurement
device design based on the widely applied flat fan nozzles (AZ-MM type).

Keywords: flat fan nozzle; liquid coverage; coefficient of variation (CV); crop yields

1. Introduction

Spraying liquids is a technically and technologically important process in all areas of economy and
everyday life. Particular importance is ascribed to the correctness of the process and the application
thereof in agricultural production and the food industry, taking into account the effect of the sprayed
liquids on the environment. A fundamental issue in these processes is their quality and efficiency.
They determine the requirements for the structure and the use of technical equipment and the
parameters of spraying liquids in practical terms. Hence, the uniformity and predictability of the
distribution of the sprayed liquid are the basic characteristics.

The quality of agricultural spraying largely depends on the uniformity of the distribution of the
sprayed liquid over the spraying surface. In field crops, currently slot nozzles are the most commonly
used, which wear out during exploitation. A worn nozzle causes the amount of liquid flowing out
to be greater and, thus, the uniformity of liquid distribution is disturbed. The current Directive
2009/128EC of the European Parliament and of the Control concerning the sustainable use of pesticides
in agriculture contains guidelines regarding, among others, the testing of spray nozzles installed in
agricultural sprayers [1]. In field sprayers, the even parameter is the even distribution of sprayed liquid
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on the sprayed surface. Specialized devices with a grooved table are used to measure the uniformity of
spray distribution [2,3].

The stream of the sprayed liquid has the shape of a cone with characteristics depending on the
design of the nozzle and the geometry of its working slot, which is subject to wear and can therefore
change its shape due to mechanical damage or limescale deposition. Another consequence of nozzle
wear is also the change in flow rate.

Field spraying is an example of the use of the liquid spraying process. One of the key issues in
this process is the uniformity of the liquid amount distribution achieved from the spray boom.

The coefficient of variation is a measure of the process uniformity expressed (usually in percentages)
as the ratio of the standard deviation to the arithmetic mean of the sample. This parameter is used
most commonly for the comparison of the variation of a trait in two different distributions.

In the case of field spraying, its value should not exceed 10%, as specified by the EN ISO 16119-2
part 2 standard [4].

When the level defined in the standard is not exceeded, the spray uniformity is regarded to be
correct. Its level is mainly determined by the shape of the distribution of the amount of liquid sprayed
from a single nozzle, based on which spray boom is constructed. Distribution data from a single nozzle
is replicated to simulate a complete virtual boom.

Manufacturers strive to improve the sprayer structure to ensure the best uniformity of
surface coverage.

The field sprayer boom that will be equipped in such nozzles should provide the greatest
uniformity of the treated surface spray, i.e., it should be characterized by the minimum value of the
coefficient of variation for the sprayed liquid. To date, there has been no model ensuring a relatively
low value of the coefficient of variation of liquid coverage from a virtual field boom containing all the
same new nozzles and, hence, a very high uniformity of spraying. Similarly, there is no model that
would satisfactorily determine the amounts of accumulated liquid allowing the achievement of the
permissible value of the coefficient of variation defined by the standard.

Therefore, there is a need to propose a new model that will substantially increase the level of liquid
spray uniformity from the spray boom, which will result in the improvement of the spray quality.

An analysis of liquid sprayed from a single nozzle and a sprayer in terms of the distribution
characteristics has been carried out [5].

To ensure the most optimal spray, in [6–8], the impact of the sprayer and nozzle parameters on the
spray distribution and on the coefficient of variation, which is a measure of the uniformity of treated
surface coverage, was analyzed. Various types of nozzles have been tested in laboratory conditions to
analyze this parameter [9].

The simulation of a virtual field boom illustrating the work of the sprayer with the analysis of
spray uniformity has been carried out [10].

A review of various distribution patterns and spray coverage achieved by some nozzles has been
presented [11].

Mathematical models describing the physical motion of a sprayed liquid particle [12] and
presenting the wear of flat fan nozzles [13] have been developed. In [14], as well as [15], the impact of
an external air stream simulating the wind with varied velocity on the distribution of sprayed liquid
has been analyzed. It has compared the patterns of liquid distributions and the values of the coefficient
of variation after the spraying process in experiments conducted on tables with 5 cm and 10 cm groove
spacing [16].

The scope of the research in the present work is to find a new model for the distribution of
atomized liquid quantity thanks to which better capabilities than have been available so far to assess
and predict the spraying process results could be provided. Achieving this aim will help to increase
environmental efficiency in agriculture.
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2. Materials and Methods

2.1. Description of the Experiment

To obtain data for the development and verification of the new model, the experiments were
conducted in the Laboratory of Techniques for Application of Agrochemicals, Department of Machinery
Exploitation and Management of Production Processes, University of Life Sciences in Lublin.

It was assumed that mounting new nozzles of good quality to the spray boom would ensure the
most uniform spray distribution.

Typically, the working spray boom was located at a height of 0.5 m above the sprayed surface.
The liquid outflow pressure was set at 0.3 MPa. The process time was preset to one minute. The spray
angle of the flat fan nozzles was set at 110◦. In this case, the width of the area sprayed with a single
sprayer nozzle was approx. 1.5 m, and the surface coverage of all 25 nozzles mounted on the virtual
boom was approx. 12.5 m.

The tests and measurements were carried out on grooved tables with a width corresponding to
that of the virtual field boom. Two types of flat fan nozzles were included in the study. The results
obtained from AZ-MM spray nozzles were used for the development of the model. The goodness of
the fit of the model to the data was evaluated based on results obtained from RS-MM spray nozzles.

Fifty new nozzles were used in the experiment.
The tests were carried out using the blue nozzles, characterized by a liquid flow rate of 1.2 liters

per minute.
Water was used as the test liquid, following the standard practice for this type of experiment

conducted in laboratory conditions.
The experimental measurement stand shown in Figure 1 facilitated the analysis of the distribution

of the atomized liquid sprayed from the nozzle. The results obtained in this design were used for
the construction of a virtual field boom. The sprayed liquid reaches the table and falls along the
grooves into 50 containers with the same volume arranged serially at equal distances from each other.
Each measurement determines the amount of the liquid accumulated in the consecutive containers and
is expressed in milliliters. The capacity of a single container is 250 ml. All experiments were carried
out on the measurement stand with 5 cm groove spacing.

 

Figure 1. Measurement table (Department of Machinery Exploitation and Management of Production
Processes, University of Life Sciences in Lublin).

With the parameters determined during the experimental process, the spray spectrum for a
single nozzle covered approximately 30 containers located in the center of the measurement table.
Hence, 0 mL value was in the 10 containers located on the left-hand side and 0 mL value was in the 10
containers located on the right side of the analyzed spectrum area.
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The data used in the experiment were the results provided by all 50 available nozzles (25 of
each type used for the development and verification of the model) included in the measurement
stand. This yielded 50 different data sets. Each of these sprays duplicated 25 times simulated the data
generated by the virtual spray boom as described below.

The width of the sprayed area was scaled to an appropriate number of the consecutively numbered
containers located at an identical distance as on the measurement table. Distribution data from a single
nozzle was replicated to simulate a complete virtual boom.

I. The nozzle was located on the extreme left of the virtual field boom;
II. Next, another identical nozzle was placed on the boom on the right side of the first one at a

distance of 0.5 m (i.e., at a distance covered by 10 containers to the right);
III. By mounting successive identical nozzles on the boom, the 25th container was reached

(Figure 2). The total range of measurements comprised 270 containers. The amounts of the
liquid collected in each container served for the calculation of the coefficient of variation.

 

Figure 2. Data collection scheme (final stage 3).

In 50 measurement series performed in the experiment, data from 50 virtual field sprayer booms,
created from single nozzle distribution, were collected. Each boom was assigned the same number as
that of each consecutive nozzle with a specified degree of wear.

Within the adopted scope of work, we carried out a comprehensive statistical analysis of the
distribution of the liquid amounts determined for each simulated virtual field boom and for the real
data from each single nozzle.

2.2. Distribution of Droplets after the Spraying Process

The first attempts to match the distribution of droplets to the real sprays provided by flat fan
nozzles were undertaken [17,18]. The researchers considered a triangular pattern. The effect of changes
in the sprayer nozzle angle on the symmetry and shift of spray distribution was emphasized [17].
The density function of the triangular distribution is described by an equation that combines the nozzle
height, the set angle, and the distance between water-sensitive papers:

f (x) = x
(
H − dictg

∝
2

)
(1)

where:

x is the distance between water-sensitive papers [m];
H is the distance between the spray nozzle and the sprayed surface [m];
di is the distance between the ith water-sensitive paper and the nozzle [m];
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α is the preset angle of the nozzle spray [◦].

Another probability distribution that was analyzed in the description of spray was beta
distribution [18]. It is defined by two shape parameters denoted as α and β, which are the exponents of
a random variable in the formula and determine the shape of the distribution. The density function of
this distribution is as follows:

f (x) =
Γ(α+ β)
Γ(α)Γ(β)

xα−1(1− x)β−1 (2)

where:
x is a random variable specifying the distance between two water-sensitive papers [m];
α, β > 0 are shape parameters estimated from the experimental data;
Γ(z) =

∫ +∞
0 tz−1e−tdt is the special gamma function for z > 0.

Joint research was conducted on this distribution and found that it was sometimes more suitable
for the description of spray than the normal distribution [5].

This most popular distribution mentioned above was fitted and applied in comprehensive
investigations of spray [19]. The issue was divided by the researchers into two stages. The first stage
consisted of the selection of an appropriate model and density function, whereas the second stage was
focused on the estimation of parameters determining the spray quality, i.e., pressure and nozzle height
and size. Given the basic fact that the function of spray distribution density is a symmetrical curve
with an approximate bell shape, the distribution of sprayed liquid was effectively fitted to the doubly
truncated normal distribution [19]. This indicates that the values of the random variable had upper
and lower limits determined by a certain value. The form of the probability density function f (x) in
this case is as follows:

f (x) =

1
σ
√

2π
exp
(
− (x−μ)2

2σ2

)
F
(

b−μ
σ

)
− F
( a−μ
σ

) (3)

where:
x is a random variable specifying the distance between two water-sensitive papers [m];
u is the expected value of the random variable;
σ is the standard deviation for normal distribution;
F(x) is the cumulative distribution function that complies with f (x);
a, b are the lower and upper cut-off points of normal distribution, respectively.
After the development of the model presented above, a relationship was discovered between

its parameters and factors that influence spraying [19]. By the application of the multiple regression
equation, the researchers were able to express the standard deviation and spray width with the
coefficients of determination of 0.98 and 0.976, respectively:

σ = −78 + 27.1 ln(H) + 6.15 ln(P) + 1.72 ln(Q2)

W = −401 + 1.39 ln(H) + 36.5 ln(P) + 8.94 ln(Q2)
(4)

where:
σ is the standard deviation [cm];
W is the spray width [cm];
H is the nozzle height [cm];
P is the spray pressure [105 Pa];
Q2 is the standard flow rate at a pressure of 0.2 MPa [l/min].
Another model [20] is the so-called mean distribution model. It consists of the calculation of the

mean values for the parameters of the distribution of liquid amounts collected from several single
nozzles. This approach generates highly precise results, but at the cost of a substantially greater
number of measurements. Additionally, since different types of nozzles are often used, this will very
likely be a random model.
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Figure 3 shows a comparison of the consistency of the data obtained from triangular, beta,
and normal distributions with the measurement results generated by a Teejet 110 04 VS nozzle at a
pressure of 0.2 MPa and a spray height of 0.5 m [21].

 
Figure 3. Example of the fit of results in selected models to real spray data [21].

An evident conclusion prompted by the analysis of this figure is the fact that none of the
characterized models generate results that match real data adequately.

2.3. Development of a New Model of Liquid amount Distribution

Based on the determinants and data presented in the previous subsection, an original density
function of a new distribution model describing the accumulation of liquid amounts after the spraying
process was defined for a single nozzle as follows:

f (x) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
a(x− 0.5)p, x ∈ (0.5; 0.9)

b(x− 1.25)q + c,

(−1)pa(x− 2)p,

0,

x ∈< 0.9; 1.6)

x ∈ < 1.6; 2)

x ∈ (−∞; 0.5 > ∪ < 2; +∞)

(5)

where:
x is the real variable with values from the spray range (0.5; 2) [m];
a > 0 is a shape parameter;
b < 0 is a shape parameter;
c > 0 is a shift parameter;
p, q ≥ 2 are shape parameters (p = natural number, q = even number)
By increasing the values of parameters a, p, or q, the shape of the density curve becomes leptokurtic

(thin). Reversely, i.e., when the values of any of the three parameters decrease, the shape becomes
more flattened.

The opposite is noted in the case of parameter b, i.e., the higher its value, the greater the flattening
of the curve in an appropriate range.

The method for the construction of the density function presented above ensures symmetry of
distribution. The new model is symmetrical and is a probability density function.
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Using the optimization method, i.e., the Microsoft Excel Solvers tool, the shape of parameters p, q,
and b was selected in a way providing a properly set value of the coefficient of variation for the liquid
amount after the spraying process.

After the determination of equations required for the correct determination of the probability
distribution for a single nozzle, an original model was developed for the determination of the liquid
distribution after simultaneous spraying with 25 nozzles in order to reflect the real work of the sprayer.

Therefore, based on the developed form of the density function, a function reflecting the amount
of the liquid at any point in the spray area was defined:

g(x) =
∑24

n=0

[
a(x− 0.5− 0.5n)p + (−1)pa(x− 2− 0.5n)p + b(x− 1.25− 0.5n)q + c

]
(6)

The arguments of the function are points across the entire width of the sprayed area located at a
distance of 0.05 m from each other.

The total width of the area sprayed by the boom is identical to that of all liquid-collecting containers
aligned and assigned numbers from 1 to 290. According to ISO 16122-2: 2015 (E), the data range taken
into account in the calculation of the coefficient of variation of the sprayed liquid distribution includes
the amounts of liquid collected in containers located in the center of the spray area width for the second
nozzle mounted on the boom to the center of the spray area width for the penultimate nozzle on the
boom. Therefore, the sum range in Equation (6) corresponds to containers 36 to 256.

Based on the method of calculation of the coefficient of variation, the function dependent on all
parameters a, b, c, p, and q is defined with the following formula:

V =
S
g
· 100% (7)

where the following equations are valid for i representing natural numbers and denoting the consecutive
numbers of the liquid-accumulating containers after the spraying process:

g =
1

221

256∑
i=36

g(0.05i) (8)

s2 =
1

221

256∑
i=36

(g(0.05i) − g)2 (9)

and g and s2 are the mean and standard deviation, respectively, for the values of function g(x).
Next, all parameters of the probability distribution were selected for function V to reach the

minimum, i.e., to simulate the work of a field boom equipped with the new (model) nozzles,
thus providing the most uniform spray of the treated surface, assuming values of 5%, 7%, and 10%,
and simulating the work of a field boom with nozzles characterized with an adequate wear degree.

The flow rate in all nozzles was fixed and the extension of the spray swath from virtual boom
sprayer could be unlimited, because any number of nozzles may be added.

If we consider the case that the spacing of the grooves on the measurement table is 5 cm, then in
the model we have, a = 15.352; b = −2.024; c = 1.23 for p = 3, q = 2, and V = 10%.

On the over hand, if we consider that the spacing of the grooves on the measurement table is
10 cm, then in the model we have, a = 14.87; b = −2.55; c = 1.259 for p = 3, q = 2, and V = 10%.

3. Results

To check the goodness of the fit of the data obtained with the new model to real results, the RS-MM
110 03 nozzles were used in such a way that each of them multiplied 25 times formed a single virtual
field boom. The STATISTICA 13 program, supported by the Statsoft company from Poland in 2013,
was used to perform the linear regression analysis of data generated by the model in comparison with
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the measurements provided by the virtual field booms. Figure 4 shows an example of a correlation
diagram of the amount of liquid after the spraying process from the boom equipped with the new
nozzles (model generating V = 2.16%) and from a boom equipped with worn nozzles (generating
V = 9.37% wear degree) with a fitted regression line.

Figure 4. Correlation diagram of the amounts of liquid after the spray from a boom characterized by a
9.37% wear degree (axis OX) and from a boom equipped with the new spray nozzles (axis OY).

We analyzed the values of coefficients of correlation and coefficients of determination from each
regression analysis of the data generated by the model and those obtained with the use of virtual field
booms equipped with worn nozzles.

The coefficients of correlation have a value of approximately 0.95 and higher, which indicates a
strong correlation (dependence) between the model and experimental data.

The coefficients of determination, i.e., the measure of the fit of the model to the experimental
data, are higher than 0.9, which indicates that the model efficiently explains the distribution of the
experimental data.

Therefore, the developed model is characterized by a very high goodness of fit to the
experimental data.

The new model can be used for the description of the distribution of the liquid amounts after the
spraying process, even with a very low value of the coefficient of variation equal to 2.16%.

This result should be regarded by manufacturers of sprayers as a guarantee of high uniformity of
surface coverage.

Additionally, to test the compatibility of the data from the new distribution with the experimental
data, the chi-square test for observed and expected values was applied, besides regression analysis.

A null hypothesis of the compatibility of the examined distributions with an alternative hypothesis
of the absence of compliance was adopted. The critical value for the chi-square distribution with 28
degrees of freedom was 41.333 at the significance level α = 0.05. The values of the test statistics for the
results of each nozzle RS-MM 110 03 duplicated on the boom in relation to the data obtained with
the new model. Experimental values from each RS-MM 110 03 nozzle correspond to an individual
deposition in each groove of the distribution test bench. The higher the value of the χ2 test statistic
is, the more the nozzle, which generates a virtual boom sprayer, is worn out and, in consequence,
the higher the value of the coefficient of variation (CV) generated from the boom.
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A critical area at the significance level α = 0.05 is the range <41.337; +∞). The analysis of all the
results shown in Table 4 indicates that there is no ground for the rejection of the null hypothesis about
the consistency of distributions at the significance level of 0.05. Hence, the tested distributions can be
considered identical. For comparison, data generated by the model (for V = 2.16%) and data from
measurements of RS-MM 110 03 spray nozzles constituting the virtual field booms are presented in
a graph (Figure 5). The Figure shows the difference between the level of uniformity of model data
simulating the work of the new nozzles and of the model provided by the data from the worn nozzles.

 

Figure 5. Liquid amounts from the boom equipped with the new nozzles and from the selected
virtual boom.

Additionally, we considered the fact that the total amounts of liquid accumulated along the entire
booms are the same in both distributions.

These calculations conducted for the measurement table with a 10 cm spacing of grooves, reflecting
conditions of nozzle tests and analyses performed by producers, were analogous, although with one
exception. Every second value of variable x, denoting the amount of liquid accumulated on the 55th
centimeter, 65th centimeter, up to 13.95 meters of the length of the virtual field boom, was deleted from
all values of the measurement table with grooves located 5 cm apart from each other.

Data provided by the proposed model generating the values of the coefficient of variation
of V = 2.16% and V = 10%, which simulated spraying performed with both a new nozzle and an
adequately worn nozzle, were scaled to obtain the same total amounts of sprayed liquid. Figures 6
and 7 present the amounts of liquid obtained at different values of model parameters for two nozzles
with normalized flow rates (the new nozzle and another one with a moderate or permissible degree
of wear).
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Figure 6. Amounts of liquid sprayed with one nozzle generating V = 2.16% (new) and V = 10% (p = 4, q = 2).

 

Figure 7. Amounts of liquid sprayed with one nozzle generating V = 2.16% (new) and V = 10% (p = 3, q = 2).

The analysis of the data presented in the graphs revealed the mean ranges of deviations of the
amounts of sprayed liquid (Tables 1 and 2), which reflect the moderate or permissible wear of the new
(model) nozzle.

Table 1. Changes in the amounts of liquid sprayed by the new nozzle yielding the relevant values of
the coefficient of variation (p = 4, q = 2).

Range [m] No. of Containers Mean Change [mL] Coefficient of Variation

<0.6; 0.85> 12–17 −4
10%<0.9; 1.6> 18–32 +3.4

<1.65; 1.9> 33–38 −4

Table 2. Changes in the amounts of liquid sprayed by the new nozzle yielding the relevant values of
the coefficient of variation (p = 3, q = 2).

Range [m] No. of Containers Mean Change [mL] Coefficient of Variation

<0.6; 0.85> 12–17 −5.6
10%<0.9; 1.6> 18–32 +4.7

<1.65; 1.9> 33–38 −5.6
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In other words, the data in the tables facilitate observation and inference on the identification of
the adequate nozzle wear.

The tables and graphs presented above can be used for the development of a diagnostic model
showing ranges of deviations in the amounts of liquid sprayed by the new nozzle that causes permissible
wear, i.e., at the coefficient of variation of 10% (Figures 8 and 9).

 
Figure 8. Permissible average ranges of deviations of the amounts of liquid sprayed by the new nozzle
(p = 4, q = 2).

 
Figure 9. Permissible average ranges of deviations of the amounts of liquid sprayed by the new nozzle
(p = 3, q = 2).

To present the conditions under which producers test new nozzles, a similar analysis of data
was carried out for a model simulating measurements from the table with 10 cm groove spacing.
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The simulation amounts of liquids from the new nozzle were compared to those from the nozzle with
10% wear (Figure 10).

 

Figure 10. Amounts of liquid sprayed with one nozzle generating a value of the coefficient of variation
of V = 2.16% and V = 10% on the boom: (a): p = 4, q = 2; (b): p = 3, q = 2.

Next, following the results presented above, as in the case of the measurement table with 5 cm
groove spacing, Tables 3 and 4 were compiled to show the simulations of the moderate or permissible
nozzle wear. Examples (Figure 11) were prepared to present the mean ranges of deviations indicating
the wear of the analyzed nozzle in accordance with the adopted model.

Table 3. Changes in the amounts of liquid sprayed by the new nozzle yielding the relevant values of
the coefficient of variation (p = 4, q = 2).

Range [m] No. of Containers Mean Change [mL] Coefficient of Variation

<0.6; 0.9> 6–9 −9.8
10%<1; 1.5> 10–15 +3.8

<1.6; 1.9> 16–19 −9.8

Table 4. Changes in the amounts of liquid sprayed by the new nozzle yielding the relevant values of
the coefficient of variation (p = 3, q = 2).

Range [m] No. of Containers Mean Change [mL] Coefficient of Variation

<0.6; 0.7> 6–8 −3.1

10%
<0.8; 1> 9–10 +13.9
<1.1; 1.4> 11–14 −17.7
<1.5; 1.7> 15–16 +13.9
<1.8; 1.9> 17–19 −3.1

The analysis of the results shown in Tables 1–4 and in Figures 5–11 allows the conclusion that the
greater amounts of liquid in the central spray area and the lower amounts on its left and right side
indicate the higher degree of nozzle wear. This facilitates the assessment of the degree of wear relative
to the quality of the produced model.

Based directly on the data obtained without the application of the new model, the amounts of
liquid from two adjacent containers were added, which yielded results that could be obtained at the
10 cm groove spacing. Hence, the spraying treatment exhibited greater uniformity, as the minimum
value of the coefficient of variation was 1.85%, which was lower than in the initial case by ca. 0.3%.
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Figure 11. Permissible mean ranges of deviations for the amounts of liquid sprayed by the new nozzle
(p = 3, q = 2).

Additionally, similarly lower values were obtained for each nozzle wear degree, which are
summarized in Table 5.

Table 5. Comparison of the coefficients of variation for different nozzle wear degrees at the 5 cm and
10 cm groove spacing.

Mean Wear Permissible Wear

p 2 3 4 3 4
q 2 2 2 2 2

V10cm 1.85% 4.74% 4.61% 9.43% 9.52%
V5cm 2.16% 5% 5% 10% 10%

These findings confirm the thesis that a greater distance between the grooves reduces the value of
the coefficient of variability of data [22].

4. Discussion

The spraying process is applied in various areas, for example in fuel spraying [23], in the
precipitation profiles of a fixed spray-plate sprinkler [24], in aerial spray application based on thermal
imaging technology [25], and in evaluating irrigation system performance, which mainly depends
on the uniformity of water application [26] or by using an unmanned aerial vehicle [27]. Another
improvement introduced to examine the uniformity of spraying coverage was adding adjuvant to a
liquid [28].

There are many factors that affect the uniformity of spray liquid coverage from spray nozzles,
such as height of boom and nozzle pressure. The range of the coefficient of variation due to the height
of the nozzle ranges from 8% to 17.6%, due to nozzle pressure from 7.6% to 20.3%, and for fixed height
and nozzle pressure from 7.2% to 21.3% [29].

Coefficients of variation, in the case of repetitions performed with the same technique,
were sometimes quite large, ranging from 7.5% to 24.0% [30], but we achieved with the same
approach a value of this coefficient equal to 1.85%, as in Table 5.

When the technique of pulse width modulation is used, the coefficient of variation is around 10%.
Increasing the signal means increasing the value of this factor [31]. In the same technique when for
various kinds of nozzles the fixed pressure is equal to 207, 276, or 476 kPa, the values of the coefficient
of variation range from 5.3% to 20.1% [32].
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The best results of the uniformity were obtained in a wind tunnel and had values of CV from 0.5%
to 7.6%, where 75% of all nozzle types tested had CV values below 4%. However, the use of water
alone, like in our research, caused the largest differences in CV values [33]. In relation to the working
width of the entire boom sprayer, the generated CV values were generally around 10% [34].

Considering the literature on the subject of the uniformity of field spraying and looking at the
results achieved there, our model is the first one thanks to which we are able to forecast the permissible
wear of the atomizer nozzle and then determine its usefulness.

5. Conclusions

The tools were designed and developed for the description and characterization of the distribution
of the liquid amounts sprayed on an area with a specified size with the use of flat fan nozzles.

An original probability density function was proposed, which efficiently reflects the accumulation
of the amounts of liquid sprayed from a single nozzle.

A new model of the distribution of the amounts of liquid after the spraying process was developed,
yielding a minimum value of the coefficient of variation for the amount of liquid that ensures a very
high uniformity of surface coverage.

The generation of the model of the distribution of sprayed liquid amounts simulating the operation
of the new nozzle should help to maintain the accepted level of spraying uniformity as long as possible,
which will allow the optimization of the process.

By the determination of the distribution of the spray ensured by the new nozzle with the use of
the model, the level of nozzle wear can be assessed.

The application of the solution presented in this study will facilitate nozzle quality control
consisting of the effective monitoring of wear degree and will contribute to the extension of nozzle
service life, in compliance with accepted standards.

The results obtained from the model were standardized to the 10 cm spacing of the grooves on the
measurement table, i.e., the distance for which manufacturers carry out tests and analyses of nozzles.
This mode of presentation of the results will facilitate quality control aimed at the optimization of the
field spraying process.

The solution of the research problem yielded a new diagnostic model as a tool for atomization and
spray quality control and the assessment of nozzle wear. The model will have a positive effect on the
quality, duration, and optimization of the field spraying process as well as the condition of the natural
environment through the possibility of the application of an appropriate amount of sprayed agents.
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Abstract: Adequate management of biomass residues generated by agricultural and food industry
can reduce their negative impacts on the environment. The alternative use for agricultural waste is
production of biogas. Biomass feedstock intended as a substrate for the agricultural biogas plants
may include energy crops, bio-waste, products of animal and plant origin and organic residues from
food production. This study reviews the potential of selected biomass residues from the agri-food
industry in terms of use for agricultural biogas production in Poland. The most common agri-food
residues used as substrates for biogas plants in Poland are maize silage, slurry, and distillery waste.
It is important that the input for the agricultural biogas installations can be based on local wastes
and co-products that require appropriate disposal or storage conditions and might be burdensome
for the environment. The study also discusses several limitations that might have an unfavourable
impact regarding biogas plants development in Poland. Given the estimated biomass potential,
the assumptions defining the scope of use of agricultural biogas and the undeniable benefits provided
by biogas production, agricultural biogas plants should be considered as a promising branch of
sustainable electricity and thermal energy production in Poland, especially in rural areas.

Keywords: biomass; agricultural biogas plants; agricultural waste; sustainable and renewable energy;
organic residue management; Poland

1. Introduction

Global environmental change caused by excessive exploitation of natural resources and combustion
of fossil fuels causes a range of negative impacts on human health and functioning of ecosystems humans
ultimately depend on. Generation of solid waste is increasing rapidly as a result of industrialization,
global urbanization and economic development [1,2]. Projections indicate that by the 2050 the word
population will reach 9.7 billion [3]. There is therefore an increasing pressure on land and water
resources to supply food and industrial products. Inability to effectively manage wastes as recently
highlighted by scientists and decision-makers lead to serious environmental and socio-economic
problems that need urgent and reliable solutions [4,5]. In response to this problem, a number of
scientific initiatives were founded with the goal of creating new usages for organic residues [6]. One of
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the solutions of organic waste management can be their use for production of biogas, during anaerobic
digestion (AD) [7].

Biomass [8] represents an important source of alternative energy and provides an opportunity
to decrease environmental problems such as pollution and depletion of natural resources [6]. It is
widely available and regenerates in a relatively short time [9]. There are many possibilities of biomass
processing. For example, agricultural residues and municipal solid residues for biogas and biofuel
production [10,11], the use of organic waste for vermicomposting [12], as a supplement during
combustion with hard or brown coal or use of agricultural, urban, woody and industrial pyrolyzed
residues to improve soil quality [13,14]. This paper discusses the potential of using residual biomass
in Poland for the energy sector. It focuses on the assessment of the suitability of biomass from
agricultural production and by-products or residues from the agri-food industry as a substrate for
biogas production.

2. Methods

The first stage of the study was the literature review, which was performed in English and in
Polish languages. The search was conducted on the online databases such as Google Scholar, Scopus,
Web of Science, and Science Direct (without restriction to year). For this purpose, we provide an
extensive combination of keywords in English and Polish (Table S1). The second stage was the selection
of the scientific papers (articles, conference papers and PhD theses), based on title and abstract content.
The selected documents were archived in the literature database Mendeley. Additionally, we reviewed
the bibliography in the key documents with the aim of finding other relevant titles on the specific
subject (“snowball” search method).

3. The Role of Biomass in Energy Production in Poland

The rational use of renewable energy sources is essential for sustainable development. Nowadays,
Poland is the second largest coal consumer in the EU (after Germany), and the 10th largest coal (here
referred to both: hard coal and lignite) consumer in the world, with consumption of 77 million tonnes
of coal per year. In addition, the country is a leader in hard coal extraction and import. For example,
in 2016 Poland produced 70.7 million tonnes of hard coal and imported 8.3 million tonnes [15]. Current
data provided by the World Energy Council from 2017 showed that 92% of electricity and 89% of heat
in Poland is generated from coal [16]. Biomass co-firing with fossil fuels might be a promising solution,
allowing an increase in the share of renewable energy sources (RES) in the total energy in Poland [17].
Supporting energy production from renewable energy sources has become an essential objective of
the European Union’s policy as a strategy to pursue sustainable development [18,19]. In the case of
Poland, the need for RES development results from the commitments of the “3 × 20” climate package
imposed by the EU. By year 2020 Poland is obliged to obtain 15% of RES in gross final energy use and
reduce emissions of air pollution. The use of biomass as the renewable energy source might be an
essential aspect to achieve these obligations [20].

Biomass is one of the oldest as well as the most promising development of RES in Poland, with a
great potential to be used for energy purposes [21]. It is mostly related to favourable geographical and
climatic conditions for biomass production, wide range of its application, and its large resources [21–23].
In case of other RES, the limiting factors may result from unfavourable topography or insufficient
resources (hydropower, wind energy), as well as the costs of production: for example, the high
price of the solar cells for solar energy [21]. The energy obtained from biomass in Poland comprise
approximately 80% of the entire energy pool, which is obtained from RES [20]. The technical potential
of biomass in Poland is around 900 PJ/year [24]. The structure of primary energy production from
renewable energy sources in Poland from 2016 is shown in Figure S1 [25]. Additionally, Poland is one
of the largest exporters of biomass in Europe [21]. The annual biomass energy potential that can be
managed is estimated as follows: over 20 million tons of waste straw, 4 million tons of wood waste
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(sawdust, tree cortex, sawdust, pellets), 6 million tons of sewage sludge from the paper industry and
pulp, food and municipal waste [26].

From an environmental point of view, biomass can be considered better than coal. Previous studies
demonstrated that combustion of biomass emits less SO2 compared to coal and has zero-balance carbon
dioxide emission [27,28]. Furthermore, the ash gained from the combustion of biomass is returned to
the soil, where the plants used for thermal process were cultivated and collected, is consistent with the
principles of sustainable development [21]. Despite the fact that electric energy in Poland is obtained
mainly from coal [17], it has been demonstrated that using biomass from agriculture co-products for
energy purposes is fully justified [23].

4. The Potential of Use of Agricultural Residues for Biogas Production in Poland

In Poland, the production of agricultural biogas has a great potential to grow given increasing
demand for heat and electricity from renewables. Moreover, availability of feedstock (substrates)
presents interesting opportunities for potential investors, farmers in particular [29]. Because the
production of agricultural biogas requires a daily input of substrates [30], location of agricultural
biogas installation and its capacity to process the biomass is determined by the constant supply of
raw material [31]. This ensures high biogas yield, stability of the fermentation process and possibility
of formed digestate utilization [32]. The composition and capacity of biogas obtained from biomass
depends on many indicators, including moisture and physical state of the feedstock, technology used,
temperature and pressure. As the input for agricultural power plant, both animal and plant origin
substrates can be applied as well as waste from the agri-food industry [30,33].

4.1. Utilization of Biomass from Animal and Plant Production

Large breeding farms and agri-food processing generate a significant amount of organic waste [34].
In accordance with the requirements of environmental protection and waste management, if the
breeding farm presents more than 40,000 places of poultry, or pig stock more than 2000, farmers are
obliged to dispose at least 70% of animals manure on their own farmlands [35]. Semi-liquid and
liquid slurry from animal farming are valuable fertilizer, however, their improper storage, application
and spillage can lead to environmental pollution and cause odour problems [36]. Their utilization
as the substrate for agricultural biogas plants could be one of the options. This solution might be
practically attractive for farmers that produce large amounts of organic waste characterized by high
energy value. In Poland, approximately 80,750 tons of manure and 35 million m3 of slurry is provided
as the organic waste of agricultural production. About one third of this amount could be processed
into biogas for local use [34]. Banaszkiewicz and Wysmyk [37] estimated that the total technical
potential to produce agricultural biogas from livestock excreta in Poland is 674 million m3, i.e., 26.2 PJ.
Furthermore, the anaerobic digestion conducted in agricultural biogas plants provides stabilization
and deodorization of raw manure, also changing the category of fertilizer from “natural” to “organic”
as the final product, so it can be disposed-of easier [36]. Nevertheless, digesting of raw manure as
the only substrate under thermophilic conditions might be unprofitable due to some exploitation
issues and inhibition of biogas production due to higher N amounts in animal excreta than in other
organic waste [38,39]. A mixture of slurry with plant-biomass enhances C/N (carbon to nitrogen) ratio
and nutrient balance, contributing to the improvement of biogas quality and lowering production
costs [40,41].

In the case of farming, not only animal excrements can be used as a substrate for an agricultural
biogas plant. Straw is commonly used in agriculture as feed for farm animals, however, its surplus
is not suitable for agricultural purposes and may be burdensome for the environment. Currently,
the surplus of straw is estimated to be 10–11 million tonnes per year. [42]. Nevertheless, straw has
been recognized as a valuable biomass for the energy sector. This raw material can provide 934 TJ of
energy. Assuming that the average calorific value of coal is 24 MJ kg−1, the evaluated biomass could
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replace over 9.16 million tonnes of coal. However, it should be considered that straw combusting
arouses controversy due to CO2 emissions [43].

In Poland, approximately 25% of arable lands can be used for the growing of annual energy crops
with the aim of agricultural biogas production [44]. Among them, maize, more precisely maize silage
combined with slurry is used often for the co-fermentation process [33]. In comparison with other
grain plants, maize shows higher biogas efficiency (Table S2), high yielding potential, harvesting and
silage [45–47]. It is worth mentioning that silages of various plants, especially corn silage, are used
for large-scale energy purposes. In Poland, maize growing is concentrated mainly in the western
and northern part of the country [48]. The spatial analysis conducted by Jędrejek and Jarosz [31]
demonstrated that the most suitable voivodeships for the construction of 50–100 kW micro-biogas plant
using 100% maize silage are: Lower Silesian, Pomerania, Lubusz, Greater Poland, Warmian-Masurian
and West Pomeranian. In the communities located in the voivodeships mentioned above, there is also a
prospect of building micro-biogas plants obtaining biogas from a blend of maize silage (70%) and slurry
(30%). Nonetheless, cultivation of monoculture—as in the case of maize intended for silage—might
have an unfavourable impact for the environment, especially for soil [31]. Thus, due to the growing
interest of advantages resulting from agricultural biogas production, the number of installations built
in recent years and high costs of the feedstock, more attention is paid for alternative substrates for
biogas plants.

4.2. Biomass from the Agri-Food Industry

The Polish agri-food industry generates large amounts of organic waste [49]. Replacing or co-firing
of biomass obtained from agricultural crops with the raw material from agri-food production can
be a promising solution for biogas production in Poland [50]. The usage applies to processed and
unprocessed waste from the agri-food production, e.g., fruit processing [51], residues from diary
industry, [52,53], distillery waste [54], meat processing [55] or fresh vegetables and fruits [56,57].
Theoretically, any biodegradable biomass that contains carbohydrates, proteins and fats can be used as
the substrate for the agricultural biogas plant, however the prerequisite for the profitability of using raw
material is the content of the organic dry matter amount above 30% [58,59]. It should be emphasized
that regarding the methane fermentation process, it is important to use technologies based on the use
of by-products from agriculture that do not compete with the production of food or forage [44].

4.2.1. Fruits Residues

During extraction of juice from fruits, a by-product called fruit pomace is separated. A certain
amount of leftover goes to landfill, contributing to environmental pollution, while a significant part
can be applicable as an energy source [50]. The use of fruit pomace as an input for a biogas facility
has been well-described in literature. For example, Pilarska et al. [60] showed that the quantity of
biogas and methane obtained from apple pomace was as follow: 203.64 m3/ton of fresh substance
and 101.36 m3/ton of fresh substance. As a comparison, the results for activated sludge in the current
study is: 4.38 m3/ton of fresh substance for biogas and 2.21 m3/ton of fresh substance for methane.
Moreover, Prask et al. [61] demonstrated that grape pomace obtained during wine production might
be successfully used in agricultural biogas plants, both as a substrate or co-substrate. It is important to
highlight that fruit residues contain low concentrations of heavy metals [62]. Thus, as the result of
processing the fruit residues during the methane fermentation, valuable organic fertilizer which is
nutrient-rich and free from heavy-metals can be obtained [63].

4.2.2. Dairy Industry

The main by-product of the dairy industry is whey, whose annual production in Poland is 2–3
million m3 [64]. Utilization of whey may be problematic, because it contains chemical substances,
resistant for biodegradation in the conventional wastewater treatment [64]. Due to the content of
lactose, which is the source of energy for many microbial groups like lactic acid bacteria, whey
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can be used in numbers of biotechnological processes, including methane fermentation, instead.
Wesołowska-Trojanowska and Targoński [52] demonstrated that from one ton of substrate, up to
55 m3 of biogas, containing about 78% of methane, can be obtained. In addition, the product does not
contain sulphur compounds and can be directly used for combustion in steam boilers without prior
desulphurisation. Nevertheless, it should be noticed that depending on the milk processing technology
used in the dairy plant, acid, sweet and casein whey may be formed, differing mainly in pH. Whey is
characterized by extremely high chemical oxygen demand (COD)—approximately 50,000 mg O2/dm3,
and nitrogen (Kjeldahl nitrogen (Nog) 600 mg N/dm3; nitrate nitrogen (N-NO3) 2.5 mg/dm3; N-NH4 +

60 mg/dm3). Therefore, despite the high biogas potential estimated, it is not recommended to use whey
as the only substrate in the methane fermentation process, mainly due to the low C/N ratio required
for the correct course of the process [53].

4.2.3. Meat Industry and Post-Slaughter Waste: Inconveniences Continuation

Meat industry, pork particularly, is one of the most important products of Polish agriculture [55].
However, the meat processing generates annually about 18 million tons of waste [65]. It poses a serious
environmental and epidemiological threat and should be disposed of properly [44,65,66]. Due to
the restrictive regulation regarding disposal of slaughterhouse waste, meat producers are struggling
with the high costs of animal waste management [67]. Methane fermentation in purpose of their
utilization seems to be an optimal solution [55]. The research conducted in the Institute of Biosystems
Engineering (University of Life Sciences in Poznań) showed that the waste from the meat industry
might be promising for biogas efficiency, due to the high content of protein and fats [68]. For example,
the amount of biogas obtained from 1 ton of the content of the digestive tract was 275.77 m3, including
methane: 194.38 m3/t fresh matter, which is 70.48% of gas. Also, it has been demonstrated that the
mixture of slurry and digestive tract content of pigs is an energetically effective input in the methane
fermentation process, producing high-energy biogas with a methane content exceeding 60% [55].

Nevertheless, the use of waste from slaughterhouse and meat processing in Poland as a substrate
for biogas plants is associated with certain problems. First, this type of waste requires the prior sanitary
treatment (thermal), in accordance with the Regulation of the European Parliament and Council
Regulation (EC) No 1069/2009 of 21 October 2009. The exception applies to the content of the digestive
tract [65]. Second, the technological issues related with processing of selected organs. For instance,
brains and spinal cords that cannot be used as a substrate for a biogas plant, as they might be the
potential source of pathogenic prions [69]. Third: regarding the UE legislation, post-slaughterhouse
wastes are divided into three categories (Animal by-product, ABPs), based on the risk they pose:
category I ABPs classed as “particular risk” (SRM—from polish language: “material szczególnego
ryzyka”), category II ABPs—“high-risk”, category III—“low-risk”. Only waste classified to category II
and III can be used to produce agricultural biogas, after earlier treatment [70].

An appropriate and efficient fermentation process depends on the quality and proper balance
of the supplied substrate. In the case of meat waste, the other, considerable issue is the high amount
of nitrogen which makes a lot of difficulties in running the anaerobic fermentation process properly.
Balance of the C/N components ratio is an important element because in the fermentation process the
organic nitrogen from the substrate is converted into ammonium nitrogen, which is partly used for the
synthesis of protein of newly emerging bacterial cells. In addition, ammonia is formed with excess
nitrogen, which inhibits bacterial growth at low concentrations, while higher carbon to nitrogen ratio
causes a decrease in the amount of methane due to disruption of the carbon metabolism [63].

Despite of mentioned inconveniences, a number of studies showed that waste of meat processing
has a higher biomethane yield, i.e., compared to maize silage, the basic biogas input used in Europe.
Furthermore, the biomass fermentation can be an effective tool to reduce the unfavourable effects of
improper waste management from the meat industry, and the electricity and heat obtained can be an
additional source of income for meat processing plants or used for their technological purposes [55,69].
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4.2.4. Distillery Waste

Distillery stillage is a main by-product obtained during ethanol production [71,72]. Poland is one
of the largest spirits producers worldwide and the amount of distillery stillage exceeds up to 12 times
of alcohol, resulting in an estimated several million tons per year [73]. It creates a great problem with
disposal of its surplus. Distillers contain, in addition to organic carbon (Ct) compounds, mineral
nutrients necessary for plants and can be used to fertilize or improve the soil quality. A common
feature of decoctions is too low phosphorus content in relation to nitrogen and potassium and relatively
high Ct content [74]. Grain stillage is characterized by high content of B vitamins, minerals, exogenous
amino acids, dietary and lactogenic value and favourable protein–oat ratio; therefore, it is used in
the forage industry [75]. In turn, molasses stillage is not suitable for the forage purpose, however,
for the economic reasons, is often used by biofuel producers as a substrate to produce ethanol [76].
Though molasses stillage may be used as fertilizer, the application on the field might be problematic
due to its polluting potential and would generate further costs related with the constructions of the
appropriate tanks for its storage [71,76]. At this point, attention should be paid to the hazard associated
with excess potassium accumulation in the case of fertilization with this waste of crops grown for feed
purposes [75]. Moreover, the period of usefulness of stillage is relatively short because of the risk of
microbiological development [73].

Nevertheless, a number of studies were conducted with the aim of finding an optimal solution,
regarding the difficulties associated with the large loads of distillery waste. The anaerobic digestion with
biogas production is one of the alternative methods proposed for the utilization of stillage [49,54,77,78].
Biogas efficiency from stillage has been estimated in the range between 430–725 m3 Mg1 of dry
organic matter, with methane content of 55% and is comparable to other substrates from the agri-food
industry [79]. From the other hand, the use of stillage as the input for biogas plants can be justified
in the case of a stable situation of the domestic ethanol industry and when the installation is located
in vicinity of a distillery that generates great quantities of this waste. This would minimize the costs
related with transport which might contribute to unfavourable economic stability [80,81]. Additionally,
the high amount of potassium in molasses and accordingly in distillery waste, not only contaminates
fields when it is used as fertilizer but may also inhibit bacteria involved in the anaerobic digestion.
Therefore, when supplying the fermentation chamber, special attention should be paid to quality as
well as chemical and elemental composition of the substrate [74,82].

4.2.5. Fresh Fruits and Vegetables: The Controversial Case

Utilization of fresh agricultural products for energy purposes seems to be unjustified and
controversial. On other hand, in certain cases might be necessarily. Fresh fruits and vegetables require
appropriate storage conditions, which most of the farms are deprived of. The amount of unused fresh
biomass might be problematic for many food producers, as the product that stays with the farmers,
become a waste and need to be disposed. For instance, the embargo imposed by the Russian Federation
in 2014, had significant influence on Poland´s economic situation, causing the saturation of local
markets with fresh agricultural products [56,57]. Thus, the farmers were recommended to use the waste
as the substrate for biogas plant, because it would be profitable from the economic point of view [83].
The study conducted by Smurzyńska et al. [57], with the aim to determine the biogas yield and dynamic
of the fermentation process of surplus of fresh vegetables and fruits (biogas and methane productivity
tests were carried out for the following vegetables and fruits: eggplants, pumpkins, cauliflower,
cabbage, peppers, tomatoes, cucumbers) demonstrated that the process of methane production has not
been impaired by any inhibitory factors and biogas yield obtained from individual vegetables and
fruits tested was comparable. Furthermore, a large number of polysaccharides in substrates tested
contributed to a short but intense process of biogas production. A comparable study (also with the
fruits covered by embargo, such as: apples, pears, nectarines, peaches and plums) showed that the
biogas yield obtained from the tested fruits were also similar (653 m3/Mg peaches, 829.66 m3/Mg apples
on organic matter) [56]. Based on these studies it can be concluded that biomass obtained from fresh
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non-traded agricultural products are a suitable substrate for biogas production, however, should be
used only in case of exceptional situations.

5. Limitation for Development of Agricultural Biogas Plants in Poland

Agricultural biogas plants have huge potential that can positively influence both the environmental
aspect and socio-economic development of a given area [34,84]. Currently there are 96 agricultural
biogas plants in Poland under operation [85]. In Germany, for example, the number of installations
is over 9400 and the country has similar potential for biogas production, when comparing arable
land [85]. This difference can be explained by limiting factors such as the location. Construction of the
installation may cause social resistance of the local communities. For instance, the surveys conducted
with the residents of rural commune Kamionka in Lublin province, Poland, demonstrated that most
of the residents were concerned about the unpleasant odour (60% of respondents) [86]. Other fears
of the respondents were related to pollution, noise and risk of explosion. On the other hand, over
80% of the respondents indicated the benefits from an agricultural biogas facility, such additional
income for the farmers, provision of the cheap energy for the community and positive impact on local
environment. Moreover, some local producers were willing to cooperate with the owners of biogas
facilities, by buying the energy, providing the biomass and using the post-fermentation pulp (digestate)
for fertilizing purposes. The inconvenience related with cost of transport or seasonality of agri-food
waste availability, characteristic for the areas with small farms that may cause input instability can be
clarified by cooperation between farmers, producing different biomass [87]. Therefore, the decision
regarding the selection of the place for the biogas installation should not only consider technological,
environmental and legal issues, but also the social aspect should be taken into account [86].

The utilization of digestate might be another limiting factor for the development of agricultural
biogas plants in Poland. The operating of agricultural biogas installations is associated with the
generation of a large amount of post-fermentation pulp. This product, resulted from the digestion
process contains more inorganic nitrogen than non-digested organic fertilizers, and, in consequence,
more nitrogen in a form available for plants [88]. Previous studies conducted in EU countries
demonstrated the possibility of using the digestate as a replacement for the traditional fertilizer or soil
amendment, with the benefits both for the farmers (impact on the crop yields) and soil properties [89–93].
Nevertheless, in some cases the digestate management can be problematic for the biogas producers.
When using digestate as the organic fertilizer, it is necessary to comply with several legal requirements
regarding both storage methods of biomass intended for methane fermentation as the input and for
fermentation pulp on the premises [93,94]. The other important issue of utilizing digestate for fertilizing
purposes concerns is its classification. According to the law, digestate may be considered waste or
by-product. However, numerous legal regulations for the digestate to be classified as a by-product
and therefore qualify it for use as an organic fertilizer (or soil amendment), may be inconvenient for
the producers (e.g., farmers, owners of the installation, etc.). Furthermore, the bio-fertilizers based on
digestate require accurate physicochemical and microbiological tests in specialized research institutions
and need to meet the procedures set by decision-makers [95]. These procedures apply to the use of
digestate in agriculture as well as in gardening and forestry. The most important legal acts regarding
the utilization and the requirements for the classification of digestate as a by-product, as well as legal
requirements regarding methods of storage of substrates and digestate on biogas plant areas were
discussed by Czekała et al. [94] and Łagocka et al. [96]. Nonetheless, due to the growing interest in
energy obtained from the agricultural biogas installations in Poland, and consequently, an increased
amount of post-digestate pulp attention should be given to the alternative methods of its management.
In Italy for instance, the usage of digestate became a key factor to maintain profitability of biogas plants
and to promote bioeconomy [88,97].
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For the further development of agricultural biogas plants in Poland it is crucial to show farmers
and residents the benefits of this type of investment. Promotion of bioeconomy as an important element
of environmental sustainability and usage of renewable biological resources [98] as well as creating
favourable conditions for research on cost-effective and implementing practical solutions [99].

6. Final Considerations

Agriculture plays an important role in the Polish economy and Poland is considered a producer
and exporter of good quality products. The country has also considerable potential for biomass
processing using agricultural, forest and municipal waste. Biomass from the residues of agri-food
production and agricultural, especially bovine slurry, maize silage and distilleries has a great energy
potential and is a valuable substrate for agricultural biogas production. Simultaneously it would be
essential to implement and develop available and cost-effective technologies that convert biomass
of agricultural origin into energy, while not competing with the food and forage market. The use of
controversial products, for example fresh fruits and vegetables as a substrate should be considered
with caution. Regarding the use of biomass for energy purposes, factors such an economic aspect,
substrate availability and substrate storage should be taken into account. Utilization of digestate as a
bio-fertilizer or soil amendment and its effect on crop yields is a priority for farmers. Nevertheless,
here we propose further research on the impact of digestate on soil carbon sequestration, greenhouse
gas emissions and on the use of digestate in degraded areas in order to restore soil ecosystem services.
Agricultural biogas installations have the potential to contribute to the greening of the Polish energy
sector but unless certain restrictions are overcome, the share of biomass for energy production might
be limited.
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17. Dzikuć, M.; Piwowar, A. Ecological and economic aspects of electric energy production using the biomass
co-firing method: The case of Poland. Renew. Sustain. Energy Rev. 2016, 55, 856–862. [CrossRef]

18. Dec, B.; Krupa, J. Wykorzystanie odnawialnych źródeł energii w aspekcie ochrony środowiska (The use
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31. Jędrejek, A.; Jarosz, Z. Regionalne możliwości produkcji biogazu rolniczego (Regional possibilities of
agricultural biogas production). Rocz. Nauk. Stowarzyszenia Ekon. Rol. Agrobiz. 2016, 18, 61–65. (In Polish)

32. Cukrowski, A.; Oniszk-Popławska, A.; Mroczkowski, P.; Zowsik, M.; Wiśniewski, G.; The Institute of
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62. Bożym, M.; Florczak, I.; Zdanowska, P.; Wojdalski, J.; Klimkiewicz, M. An analysis of metal concentrations in
food wastes for biogas production. Renew. Energy 2015, 77, 467–472. [CrossRef]
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75. Kotarska, K.; Kłosowski, G.; Czupryński, B. Zagospodarowanie wywaru gorzelniczego na cele paszowe
(Managing of stillage for fodder purposes). Przem. Ferment. Owocowo Warzywny 1996, 40, 27–30. (In Polish)

153



Sustainability 2019, 11, 6515

76. Kotarska, K.; Dziemianowicz, W. Effect of Different Conditions of Alcoholic Fermentation of Molasses on Its
Intensification and Quality of Produced Spirit. Zywnosc Nauka. Technologia. Jakosc 2015, 2, 150–159. (In Polish)
[CrossRef]
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Abstract: Considering the need for sustainable development in packaging production and environmental
protection, a material based on lyophilized protein structures intended for frozen food packaging
was produced and its selected thermophysical properties were characterized. Analyses of density,
thermal conductivity and thermal diffusivity were performed and strength tests were carried out
for lyophilized protein structures with the addition of xanthan gum and carboxymethyl cellulose.
Packagings were made of new materials for their comparative assessment. Then, the surface
temperature distribution during thawing of the deep-frozen product inside the packaging was tested.
In terms of thermal insulation capacity, the best properties were obtained for sample B4 with a
thermal conductivity of λ = 0.06 W·(mK)−1), thermal capacity C = 0.29 (MJ·(m3K)−1) and thermal
diffusivity a = 0.21 (mm2·s−1). The density and hardness of the obtained lyophilized protein structures
were significantly lower compared to foamed polystyrene used as a reference material. Thermal
imaging analysis of the packaging showed the occurrence of local freezing. Lyophilized protein
structures obtained from natural ingredients meet the needs of consumers and are environmentally
friendly. These were made in accordance with the principles of sustainable development and can be
an alternative material used for the production of frozen food packaging.

Keywords: packaging; biodegradable material; lyophilized protein structure

1. Introduction

Packaging is an important factor in maintaining food quality and commercial attractiveness,
facilitating its transport at the same time. Nowadays, packaging, in addition to protecting, informing
or marketing functions, should show additional functional properties and meet many different
requirements. Innovations play a special role in modifying packaging functionality and improving its
barrier, strength and aging resistance properties while avoiding the use of environmentally harmful
materials. This contributes to the creation of a new generation of packagings that allow to maintain
and even improve the quality of the packaged product, which is a very desirable feature, especially
in the case of food packaging [1,2]. Legal regulations, legislative pressure from governments and
non-governmental organizations dealing with environmental protection [3,4], as well as consumers
themselves make food producers more and more interested in providing new pro-ecological and
sustainable solutions in production. At the same time, packaging made in accordance with the
principles of sustainable development must be safe for health, life and the environment [5–7].

One of the directions of development of food packaging technology that meets the requirements
of sustainable development is obtaining fully composted and biodegradable materials with the
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addition of natural fillers [8]. An alternative that can reduce carbon footprint, pollution risks and
greenhouse gas emissions caused by the use of conventional polymers is the use of biopolymers
from agroindustrial sources that are renewable and low cost [9]. Recent studies have shown that
starch can be used to obtain foams [10–12] retaining its biodegradable character when converted to
a thermoplastic material. Research on the use of natural fillers such as: plantain flour, wood fiber,
sugarcane bagasse, asparagus peel fiber [13,14], sunflower protein and cellulose fiber [15], plant protein,
palm oil [16] and grape stalks [1] help to improve the physical, chemical, mechanical and technological
properties of the material. For example, protein derivatives are the most attractive biopolymers for
edible film formulations because they provide high nutritional value, superior mechanical properties
and exhibit the oxygen barrier [17]. Carboxymethylcellulose based films are easily water soluble
as it contains a hydrophobic polysaccharide backbone and many hydrophilic carboxyl groups [18].
Carboxymethylcellulose improves protein film mechanical properties by increasing thermal stability
and the elasticity modulus [19]. Gelatin films blended with xanthan gum characterize a transparent
film with excellent ultraviolet light resistance, low total soluble matter and moisture content, low
water vapour permeability, improved mechanical properties and thermal stability [20]. Xanthan gum
is cross-linker to be blended with various materials; it may dissolves directly in many highly acidic,
alkaline, alcoholic systems containing different components. It is also compatible with commercially
available thickeners such as sodium alginate, carboxymethylcellulose and starch [21].

Biodegradable packaging, due to the possibility of full compostability, does not pose a threat to
the environment. On the contrary, it can enrich the soil with nutrients. Despite significant technological
progress, there are no packaging that meets all the requirements. For each group of products, especially
chilled and frozen ones, the most rational packaging is selected taking into account technical, economic
and legal conditions [22–24].

This paper discusses the need for sustainable development in packaging production to protect the
environment, and a material based on lyophilized protein structures for frozen food has been produced
and its selected thermophysical properties have been characterized. Hence, the present work used
xanthan gum and carboxymethylcellulose as a crosslinking agents to form a potentially new natural
and biodegradable materials. For this purpose, prototype packagings were made from the obtained
lyophilized structures. The thawing kinetics of food stored in these packagings and in packaging made
of foamed polystyrene were compared.

2. Materials and Methods

2.1. Research Material

The research material was lyophilized protein structures prepared on the basis of foams obtained
from powdered albumin with high foaming activity containing 84.3% protein (Basso), modified by
addition of carboxymethylcellulose (Agnex, Białystok) and xantan gum (Agnex, Białystok) in various
percentage. Preparation of foams consisted of whipping albumin in distilled water for 5 minutes.
Powdered carboxymethylcellulose and xanthan gum were added to the resulting foams and mixed for
another 2–3 min. Four different foam variants with different percentages of individual components were
prepared: 1-distilled water 88.0%, albumin 10.0% and carboxymethyl cellulose 2.0% (B1); 2-distilled
water 88.0%, albumin 10.0% and xanthan gum 2.0% (B2); 3-distilled water 88.0%, albumin 6.0% and
xanthan gum 6.0% (B3); 4-distilled water 88.0%, albumin 8.0% and xanthan gum 4.0% (B4). The obtained
protein foams were transferred into 0.125 × 0.125 m plastic moulds. The samples prepared in this
way were frozen in an air blast freezer at −30.0 ◦C. Then, after freezing, the sample was lyophilized
for 72 h at a pressure of 20 Pa and an ice condensation temperature of −64 ◦C (ALPHA 2–4LD Plus
freeze-dryer, Christ, Osterode am Harz, Germany) [25]. The obtained lyophilized protein structures
with a thickness of 0.027 m are shown in Figure 1.
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Figure 1. Cross-section of lyophilized protein structures: (a) B1, (b) B2, (c) B3, (d) B4.

2.2. Determination of Protein Structure Density

The density of the obtained samples (ρ) was calculated as the ratio of the mass of the samples
to their volume. The volume of samples was determined using the formula for the cuboid volume
(multiplying the dimensions: length, height and width).

2.3. Determination of the Strength of Protein Structures

For determination of the strength (hardness) of lyophilized protein structures, a fracture test
was performer using a symmetrical knife with dimensions: blade thickness 0.003 m, blade angle 30◦
(texture analyzer LFRA 4500, Brookfield, Middleboro, MA, USA). Parameters of the device operation:
knife speed 0.5 mm·s−1 and measurement accuracy 0.02 N. The dimensions of the tested samples were
0.10 × 0.04 m. The test for each sample was performed in 3 replications [26].

2.4. Measurement of Thermophysical Properties of Protein Structures

Lyophilized samples were analyzed for thermophysical properties such as thermal conductivity,
heat capacity and thermal diffusivity using a KD2 Pro meter (Decagon Devices, Pullman, WA, USA)
with the SH-1 probe. The measurement was carried out in 8 replications under the same conditions [27].

2.5. Making a Packaging Prototype

The packaging was made of 6 even cuboid walls with dimensions of 0.115 × 0.115 m and thickness
of 0.18 m. The walls were joined with a specialist adhesive approved for food contact (LOCTITE 454).
Only samples B3 and B4 were used for packaging. The remaining samples were rejected due to the soft
and fragile structure that made them impossible to test. The reference packaging was made of foamed
polystyrene (XPS) (Figure 2).

Figure 2. View of lyophilized protein structure of the sample B3 (a) and foamed polystyrene (b) packagings.

2.6. Thermovision Analysis of Lyophilized Protein Structures

For comparative assessment of the samples, the temperature fields recorded on their surface
during thawing of the deep-frozen product (carrot with green peas) placed inside the packaging were
tested. Thawing was carried out at an ambient temperature of 25 ◦C until the thawed product inside
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the packaging reached 23 ◦C. The temperature analyzer LB-515P cooperating with mini temperature
and humidity data logger (type 23) was used to measure and record temperature. The mini data logger
recorded temperature in a frozen product inside the packaging. The data obtained were used to
compare thawing kinetics. For analysis of changes occurring during thawing of products on the
surface of packaging walls, a Testo 882 thermal imaging camera (detector resolution 320 × 240 pixels,
measuring accuracy ±2 ◦C, thermal sensitivity < 50 mK), cooperating with the Testo IRSoft program
Version 3.4., was used. Thermovision analysis of lyophilized structures was based on the detection
of thermal bridges, i.e., points on the surface of the packaging wall with the highest temperature
and histograms of temperature distribution along the line passing through the point with the lowest
temperature (CS).

2.7. Statistical Analysis of Results

The results were evaluated with statistical analysis methods (determination of mean values,
standard deviation) using the Statistica 13.1 program and analysis of variance (ANOVA) at a at the 95%
confidence level. To verify the significance of differences between the average values, the Student’s
t-test was used, where the distribution of variables, followed a normal distribution.

3. Results and Discussion

3.1. Physical Properties of Obtained Lyophilized Protein Structures

Materials used for food packaging should have appropriate density. This parameter is closely
related to the thermal conductivity coefficient. This relationship determines the decrease in the
thermal conductivity coefficient as the material density increases. Material density is also important
when mechanical properties are formed [28]. Table 1 shows the density and hardness of lyophilized
protein structures modified by the addition of carboxymethylcellulose and xanthan gum in varying
percentages. It was found that the density of lyophilized protein structures defined as the ratio of
mass to volume increases with the increase of xanthan gum share in the samples B2, B3 and B4.
The highest density (28.22 kg·m−3), was noted for the sample B1 containing 10.0% albumin and 2.0%
carboxymethyl cellulose, while the sample B2, which contained 10.0% albumin and 2.0% xanthan
gum, had the lowest density (20.41 kg·m−3). The percentage and type of modification used had a
statistically significant impact on the density of lyophilized protein structures. The values of density
of the obtained materials were significantly lower compared to foamed polystyrene which served as
the reference sample. The density of the material is determined by the volume and dimensions of air
bubbles which in turn depend on the viscosity of the environment and the conditions for the formation
and dispersion of the gaseous phase [29].

Table 1. Density and bending force of lyophilized samples and foamed polystyrene.

Properties B1 B2 B3 B4 XPS

Density (kg·m−3) 28.22 ± 0.28 b 20.41 ± 0.07 c 25.01 ± 0.11 d 24.51 ± 0.66 d
36.51 ± 1.17 a

p-value 0.01 0.001 0.003 0.002
Bedning force (N) 0.68 ± 0.20 b 1.00 ± 0.21 b 4.49 ± 0.53 c 1.55 ± 0.11 d

20.84 ± 0.52 a
p-value 0.0001 0.0004 0.001 0.0004

a,b,c,d Means in the same line indicated by different letters were significantly different (p value < 0.05). The results
are expressed as mean ± SD (n = 3).

The conducted fracture test showed a much greater hardness of lyophilized protein structures with
xanthan gum than those with carboxymethyl cellulose. The sample B3 containing 6.0% albumin and
6.0% xanthan gum had the highest hardness (4.49 N), whereas the lowest hardness (0.68 N) was noted
for the sample B1, which contained 10.0% albumin and 2.0% carboxymethyl cellulose. The obtained
lyophilized protein structures had a statistically significantly lower hardness compared to the reference
material, which was foamed polystyrene (20.84 N). Hazirah et al. [30] showed that physical and

160



Sustainability 2019, 11, 7002

mechanical properties of gelatin-carboxymethylcellulose films were best improved with 5% xanthan
gum added. The use of xanthan gum a non-gelling nature, as an alternative crosslinking agent in
gelatin/carboxymethylcellulose film blend have formed a blend of composite film and improved several
physical and mechanical properties of gelatin/carboxymethylcellulose film blend alone. Results Lima
et al. [31] demonstrated that films containing higher content of xanthan gum show the highest tensile
strength and the lowest elongation. Xanthan gum addition did not affect the water vapor permeability,
solubility, and moisture of films.

3.2. Characteristics of Thermophysical Properties of Obtained Protein Structures

Table 2 presents thermophysical properties (coefficient of thermal conductivity—λ, heat capacity—C,
thermal diffusivity—a) of lyophilized protein structures modified with a different percentage of
carboxymethyl cellulose and xanthan gum. The coefficient of thermal conductivity (λ) characterises
the material’s ability to conduct heat. It is defined as the heat flux per unit area of the material
with a temperature gradient of 1 K·m−1 [28]. The study demonstrated that modification of material
composition affected statistically significantly (p < 0.05) the value of thermal conductivity coefficient.
The lowest value of this parameter (0.06 W·(mK)−1) was noted for protein structures obtained from 8.0%
albumin and 4.0% xanthan gum (B4) and it was comparable to foamed polystyrene (0.04 W·(mK)−1),
which is widely used as a material with insulating properties. Similar values of thermal conductivity
were reported by Kozłowicz et al. [25]. The thermal conductivity of lyophilized gelatin structures
ranged from 0.045 to 0.063 W·(mK)−1. The values of thermal conductivity determined for lyophilized
gelatin structures modified with hydrated paper pulp, ground extruded starch and hydrogel balls
were in the range of 0.047–0.081 W·(mK)−1 [32].

Table 2. Thermal properties of lyophilized samples and foamed polystyrene.

Properties B1 B2 B3 B4 XPS

Thermal conductivity λ (W·(mK)−1) 0.12 ± 0.01 b 0.13 ± 0.01 b 0.12 ± 0.01 b 0.06 ± 0.00 c
0.04 ± 0.00 a

p-value 0.000 0.000 0.000 0.000
Heat capacity C (MJ·(m3K)−1) 0.40 ± 0.02 b 0.41 ± 0.03 b 0.41 ± 0.02 b 0.29 ± 0.02 c

0.26 ± 0.02 a
p-value 0.000 0.000 0.000 0.02

Thermal diffusivity a (mm2·s−1) 0.30 ± 0.01 b 0.30 ± 0.01 b 0.28 ± 0.01 b 0.21 ± 0.01 c
0.18 ± 0.01 a

p-value 0.000 0.000 0.000 0.000
a,b,c Means in the same line indicated by different letters were significantly different (p value < 0.05). The results are
expressed as mean ± SD (n = 3).

Lyophilized protein structures modified with carboxymethylcellulose 2% (B1) and xanthan gum
2% (B2) and 6% (B3) had a significantly higher heat capacity C (0.40 MJ·m−3·K−1 and 0.41 MJ·m−3·K−1)
than lyophilized protein structures with addition of 4% xanthan gum (B4) (0.29 MJ·m−3·K−1) and
foamed polystyrene (0.26 MJ·m−3·K−1). Heat capacity is defined as the ratio of the amount of heat
absorbed by the material to the resulting increase in temperature. Materials with high heat capacity
require more heat than those with low heat capacity to achieve the same effect of a temperature rise.
In packaging, it is preferable to use materials with high heat capacity. Packagings made of such
materials will maintain a constant temperature of the product inside.

Another value characterizing a material in terms of its thermal properties is thermal diffusivity
a, which determines the ability of a given material to transfer heat within it and reduce temperature
gradients. Thermal diffusivity in lyophilized protein structures, modified with carboxymethylcellulose
and xanthan gum, ranged from 0.21–0.30 mm2·s−1. The obtained thermal diffusivity values were
significantly higher (p < 0.05) than those noted for foamed polystyrene (0.18 mm2·s−1). This value
is determined by the structure, chemical composition and temperature describing the speed of heat
conduction in the material [28].
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3.3. Analysis of Thawing Kinetics

The thawing curve is a widely used data source for determining changes of the frozen product’s
temperature during thawing (Figure 3).

Figure 3. Thawing curves for carrots with green peas in packaging (B3—6.0% albumin, 6.0% xanthan
gum, B4—8.0% albumin, 4.0% xanthan gum, XPS—foamed polystyrene).

Considering the temperature changes over time in the form of thawing curves summarized in
diagrams (Figure 3), it was found that in a packaging made of lyophilized protein structures B3,
the thawed product kept the temperature below 0 ◦C for the shortest time (temperature measured after
7.5 h). The temperature of 0 ◦C was reached by the thawed product in a packaging made of lyophilized
protein structures B4 after 10 h. It was the time of thawing compared to that recorded for the product
placed in the packaging made of foamed polystyrene (11.7 h).

3.4. Thermovision Analysis of Designed Packaging

The operation of the thermal imaging camera is based on the phenomenon of infrared radiation.
The temperature distribution on the surface of the tested packaging is presented in the form of colored
isotherms, where the individual color corresponds to points having the same temperature [33].

The packagings were subjected to thermovision analysis when testing changes in temperature
during defrosting of the product. Figure 4 presents a thermovision image of packaging made of
lyophilized protein structures of the B3 sample with characteristic parameters. The point CS1 specifying
the lowest temperature occurring on the packaging wall (20.1 ◦C) and temperature profiles on the
straight lines P1 and P2 are presented. A histogram was prepared for the thermovision image shown
in Figure 5. The histogram is used to present the empirical distribution of features, so it is possible to
use it to present the results obtained for certain quantitative variables. It was found that temperatures
in the range of 21.4–22.5 ◦C had the largest share of the entire area, constituting about 65%. Analysis
of the temperature distribution profile on the line P1 shows a minimum temperature of 20.1 ◦C
(uneven material structure, uneven aeration) and a maximum temperature of 22.5 ◦C. The temperature
distribution on the line P2 shows the minimum value of 21.8 ◦C and the maximum value of 24.6 ◦C
(Figure 6).

Figure 7 presents a thermovision image of a packaging made of lyophilized protein structures (8.0%
albumin, 4.0% xanthan gum) of the sample B4. At CS1, the lowest packaging surface temperature was
19.9 ◦C. The largest share in the whole area, constituting 82.0% of the total individual temperatures, was
recorded for the range of temperature 23.3–25.0 ◦C (Figure 8). Analysis of the temperature distribution
profile on the line P2 shows the temperature with minimum of 20.8 ◦C and maximum of 25.2 ◦C, while
the temperature distribution on the line P3 shows the minimum value of 20.0 ◦C and the maximum
value of 24.8 ◦C (Figure 9).
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Figure 4. Infrared image of packaging surface with analysis of temperature profile and its extreme
values (B3).

Figure 5. The histogram of temperature distribution on packaging surface (B3).

Figure 6. The temperature distribution profile of pack surface samples B3 in line (a) P1, (b) P2.
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Figure 7. Infrared image of packaging surface with analysis of temperature profile and its extreme
values (B4).

Figure 8. The histogram of temperature distribution on packaging surface (B4).

Figure 9. The temperature distribution profile of packaging surface samples B4 in line (a) P2, (b) P3.
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For comparison purposes, packagings made of foamed polystyrene (XPS) were also subjected
to the thermovision analysis. The image of the surface of packaging wall is shown in Figure 10
together with the profile analysis and indication of extreme values. The histogram of the temperature
distribution for the entire surface area of the packaging (Figure 11) shows that about 40% of the total
temperature is in the range 23.5–24.0 ◦C. Analysis of the temperature distribution profile on the line P1
shows the minimum temperature of 23.3 ◦C and maximum temperature of 24.8 ◦C. Whereas these
values on the line P2 are, respectively, 24.7 ◦C and 25.7 ◦C (Figure 12).

Figure 10. Infrared image of packaging surface with analysis of temperature profile and its extreme
values (XPS).

Figure 11. The histogram of temperature distribution on packaging surface (XPS).

The obtained results are consistent with the results of studies conducted previously by other
authors who used lyophilized gelatin structures and lyophilized protein structures modified with agar
and gelatin as packaging with good thermal insulation properties for frozen food [25,26]. The possible
biodegradability of such material means that it can be a suitable replacement for foamed polystyrene
used in the production of packaging.
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Figure 12. The temperature distribution profile of the foamed polystyrene packaging in line (a) P1,
(b) P2.

The trend of using natural resources to produce packaging materials is now very common. Such
materials include polysaccharides (corn and potato starch, cellulose, gums), animal proteins (casein,
collagen, gelatin), vegetable (soy, gluten) and lipids (oils from fats) [34,35]. The use of proteins of
animal and vegetable origin has proved to be promising in obtaining films and mixtures development
of biodegradable packaging. The proteins hake films were more resistant and soluble in water, while
gluten films showed greater elongation on cracking [36]. Microbial biopolymers such as gellan, bacterial
cellulose, xanthan, pullulan, and curdlan are non-toxic, biocompatible, and biodegradable. They are
used in the food industry as material for coating and packing purposes. The packagings prepared from
these polymers are transparent and have good mechanical, moisture, and oxygen barrier properties,
but weak water barrier properties. The blending of microbial gums with lipids, hydrocolloids or
reinforcement agents improves the functional properties of materials [37]. However, it should continue
to look for strategies that promote the improvement of the mechanical and barrier properties of these
materials. Only in this way will it be possible to replace, partly or completely synthetic polymers with
biodegradable polymers. These materials allow to maintain an appropriate quality of packaged raw
materials. In addition, packaging made of natural materials does not require biodegradability testing.

4. Conclusions

The conducted research confirmed the possibility of using albumin foams in the form of lyophilized
structures as an alternative material for frozen food packaging. In terms of thermal insulation,
the proposed structures are also well suited to packaging material for frozen products as foamed
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polystyrene The best thermophysical properties were obtained for the sample B4 with thermal
conductivity of λ= 0.06 W·(mK)−1), thermal capacity C = 0.29 (MJ·(m3K)−1) and thermal diffusivity a =
0.21 (mm2·s−1). The density of the obtained lyophilizated protein structures was significantly lower
compared to the reference material (foamed polystyrene). The obtained materials had statistically
significantly lower hardness than foamed polystyrene. The analysis of thawing curves of frozen carrots
with green peas showed that the product placed in a packaging made of foam polystyrene reached
temperature 0 ◦C after the longest time (11.7 h). A slightly lower defrosting time was recorded in the
product kept in packaging from material B4 (10 h). Thermovision analysis of the tested packagings
showed the occurrence of local freezing. Lyophilized protein structures obtained from natural ingredients
can be classified as materials made in accordance with the principles of sustainable development that meet
the needs of consumers and which are environmentally friendly. These are completely biodegradable
materials, suitable for composting and made from natural resources. In addition to biodegradability,
lyophilized protein structures are distinguished by high insulation and low density, which provide
adequate protection for stored frozen food. In addition, all the ingredients in the obtained lyophilized
structures are 100% approved for contact with food, hence they can be a substitute for foamed polystyrene
in the production of packaging.
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Abstract: The aim of the paper was to investigate the effect of infrared pre-treatment on the process
of water absorption by lentil seeds. The paper presents the effects of micronization on the process of
water absorption by lentil seeds. As a source of infrared emission, 400-W ceramic infrared radiators
ECS-1 were used. The seeds were soaked at three temperature values (in the range from 25 to 75 ◦C)
for 8 h, that is, until the equilibrium moisture content was achieved. Peleg’s equation was used
to describe the kinetics of water absorption by lentil seeds. The results were compared with those
obtained in the process of soaking crude seeds. On the basis of the conducted research, it was found
that the infrared pre-treatment contributed to a substantial increase in the water absorption rate in
the initial period of soaking lentil seeds (especially at 25 ◦C). Infrared irradiation can be an effective
method for intensification of lentil seed hydration at an ambient temperature. It should be assumed
that, in accordance with the principles of sustainable development, shortening the heating time will
significantly reduce the energy consumption and cost of processing lentil seeds.

Keywords: legumes; infrared processing; acceleration of the process of hydration; Peleg’s equation

1. Introduction

Water absorption by plant raw materials is influenced by both the process parameters
(e.g., temperature, pressure) and the physical and chemical properties of the raw materials. The impact
of the temperature of the soaking process on the rate and amount of absorbed water was investigated by,
for example, Maskan [1] and Turhan et al. [2]. Their results clearly demonstrate the role of temperature
(in the range from 6 to 100 ◦C) in the water absorption process. An elevated temperature was found to
accelerate the water absorption rate in the case of peas, wheat, lupine, soybean, and faba bean.

Research is being carried out to develop a mathematical description of water absorption by granular
plant materials. The process of water absorption in some cereal caryopses and legume seeds, that is,
wheat, peas, or rice, has been investigated, and a model based mainly on the Fick diffusion equation has
been developed [3–5]. However, prediction of the water absorption time based on Fick’s law requires a
very complex mathematical apparatus, which makes it very inconvenient for practical calculations
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in many cases. Hence, Peleg [6] proposed a two-parameter, non-exponential, empirical equation for
modelling the water absorption process in raw materials and food products, as follows:

Mt = M0 ± t
K1 + K2 · t , (1)

where

Mt—Water content after time t, % of d.w.;
Mo—Initial water content, % of d.w.;
K1—Constant, h ·%−1;
K2—Constant, %−1.

Equation (1) contains the “±” sign. The “+” sign is used to model the water absorption process,
and the “–” sign is used to model the drying process.

The main attribute of this equation, compared with other equations, is its simplicity [1].
This formula has been positively verified for several cereal and legume species [2,7–9].

The sorption rate R can be calculated from the first derivative of Peleg’s Equation.

R =
dM
dt

= ± K1

(K1 + K2t)2 (2)

Peleg’s constant K1 refers to the initial sorption rate (R0, i.e., the value of R at t = t0).

R0 =
dM
dt

∣∣∣t0 = ± 1
K1

(3)

At t→∞ , Equation (4) describes the relationship between the equilibrium moisture content (Me)
and constant K2.

M
∣∣∣t∞ = Me = M0± 1

K2
(4)

Linearization of Equation (1) gives the following formula:

t
Mt −M0

= K1 + K2t. (5)

Adjustment of the equation of such a line allows estimation of parameters K1 and K2.
The value of constant K1 provides information about the mass transfer rate during the water

absorption process, that is, the lower the K1 value, the higher the water absorption rate [2,7,10,
11]. While the K1 coefficient has been relatively precisely defined in many publications, there is
a large discrepancy as far as the significance of constant K2 is concerned. In investigations of
water absorption by wheat-based products, Maskan [1] has found that constant K2 refers to the
maximum water absorption capacity, that is, the water absorption capacity increases at lower K2 values.
Similar conclusions were formulated by Abu-Ghannam and McKenna [7], as well as Sayar et al. [11].
However, other authors [10,12–14] did not confirm these findings.

Reduction of energy consumption in economy is the most efficient and best-recognized way
of implementing the principle of sustainable development. In addition, from the consumer’s point
of view, the use of legume seeds is determined by the time of preparation of ready-to-eat products.
Therefore, seed pre-treatment should ensure the shortest time of the subsequent hydrothermal treatment
thereof (e.g., soaking, cooking). As suggested by Cenkowski and Sosulski [15], thermal infrared
pre-treatment of seeds applied prior to soaking or cooking can shorten these treatments and provide
instant-type products.

Infrared radiation is very widely used in various industries. In the food industry, it is used
primarily for drying and pre-treatment of food. The micronization process allows, for example,
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reducing the content of anti-nutritional substances in legume seeds or increasing the efficiency of
pressing oilseeds. Owing to the specific mechanism of heat transport during micronization, the heat and
mass exchange conditions are definitely more favourable than when using traditional heat treatment
methods. In practice, it results in more effective operation, and thus reduction of the duration of the
process [16–18].

However, the available literature provides no reports on the possibility of using Peleg’s equation
to determine the rate of water absorption by micronized legumes.

Therefore, the paper presents an attempt to investigate the effect of infrared pre-treatment on the
process of water absorption by lentil seeds.

2. Materials and Methods

2.1. Research Material

The lentil seeds (variety Anita) used in the experiment were purchased at a local supermarket
in Lublin. Prior to the determinations, the raw material was purified by the removal of cracked and
damaged seeds. It was stored in closed plastic containers at a temperature of 5 ◦C. Before further
measurements, the lentil seeds were placed at room temperature (approximately 23 ◦C) for 3 h.

2.2. Measurement of Initial Moisture Content

The first stage of the research involved determination of the initial moisture content of the raw
material (W) using the drying method. The material was dried for 3 h in a laboratory dryer SLN 15
STD at a temperature of 103 ◦C. The total protein content in the material was determined with the
Kjeldahl method using an automated Foss Kjeltec 8400 distillation unit, and the total fat content was
determined using a Soxtec 8000 apparatus with AN 310 software (Table 1).

Table 1. Effect of selected components in lentil seeds calculated per dry weight.

Nutrients Content [%]

Protein 22.01 ± 0.53
Fat 0.90 ± 0.02

Moisture
Crude seeds 8.40 ± 0.17

Micronized seeds 6.00 ± 0.20

2.3. Micronization Process

A portion of seeds was subjected to the micronization process. As a source of infrared radiation
emission, 400-W ceramic infrared radiators ECS-1 were used. These temperature radiators supplied by
electricity (230 V) have a small fraction of visible radiation (dark radiators) in the spectrum and heat
the entire plane uniformly (plane radiators) (Figure 1). The average temperature of the filament is
approximately 500 ◦C and the emission wavelength is λ = 2.5–3.0 μm. The seeds were heated for 120 s
at a temperature on the seed surface of 150 ◦C. Next, the seeds were left to dry in open containers at
room temperature for 3 h.
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Figure 1. Laboratory device for infrared treatment of granular plant raw materials: DC - direct current,
AC - alternating current, 1—frame, 2—infrared radiators, 3—feeding tank, 4—DC motor, 5—control
unit, 6—conveyor belt, 7—rollers, 8—heating zone, 9—adjustment of the position of the heads.

2.4. Measurement of the Water Content

At 24 h after the micronization process, the moisture content in the micronized seeds was
determined and the crude and micronized seeds were soaked. Samples of randomly selected seeds
(excluding cracked and damaged seeds) weighing approximately 0.5 g (Mm) were placed in special
baskets with a perforated wall and bottom. The material was soaked in a water bath (using distilled
water) within a time range from 5 min to 8 h at a temperature of 25 ◦C, 50 ◦C, and 75 ◦C.

After the time intervals adopted in the experiment, the samples were removed, the excess water
was dried on filter paper, and the water content in the seeds was determined.

The water content relative to dry weight was calculated using Equation (6):

Mt =
M1 + MH2O

M1
100%, (6)

where

Mt—Water content after time t, % relative to dry weight [%];
MH2O—Water weight after time t [g];
M1—Dry weight [g].

The dry weight was calculated based on Equation (7):

M1 = Mm·(100 %−W), (7)

where

Mm—Initial weight of the material [g];
W—Moisture [%].

The determinations were carried out in triplicate.

2.5. Statistical Analysis

The data were analysed statistically. A significance level of α = 0.05 was assumed for inference.
The analysis was carried out using analysis of variance (ANOVA) (StatSoft Polska, Poland, Cracow).
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3. Results and Discussion

Table 1 shows the effect of selected components in lentil seeds calculated per dry weight. The lentil
seeds were characterised by typical levels of essential nutrients, for example, protein and fat. For
comparison, the investigations of the chemical composition of lentils conducted by Hefnawy [19]
revealed a protein content of 26.6 ± 0.5 (g 100 g−1 dry weight basis) and fat content of 1.0 ± 0.08
(g 100 g−1 dry weight basis). Similarly, the water content in the crude seeds corresponded to the values
demonstrated by other authors [19,20].

Figure 2 shows the effect of temperature and time on changes in the water content in the crude lentil
seeds. Analysis of variance revealed a significant effect of both of these factors on the water content in
the soaked seeds. The water absorption rate decreased with the time of soaking. The highest water
content, that is, 142%, was observed after 5 h of soaking of lentil seeds at a temperature of 50 ◦C. Further,
soaking did not change the water content in the treated lentil seeds significantly. The values obtained
in this study are in agreement with the results reported by other authors. The mean water content in
seeds was estimated at 129% by Chopra and Prasad [21], 140% by Pan and Tangratanavalee [22], and
147% by Quicazán et al. [8].

 

Figure 2. Effect of temperature and duration of soaking on the water content in crude lentil seeds.

In the initial soaking period, the lentil seeds exhibited the lowest water absorption rate at the
temperature of 25 ◦C. An increase in the temperature to 50 ◦C and then 75 ◦C resulted in an increase
in this parameter. After 3 h of soaking at 75 ◦C, the lentil seeds reached a maximum moisture level
of 138%. Seeds soaked at the temperature of 50 ◦C absorbed water at a slower rate and reached the
maximum level later, but this was by 4% higher than the value obtained at 75 ◦C. These results are in
agreement with the findings presented by other authors. Quicazán et al. [8] reported a slightly higher
level of water in seeds soaked at a temperature of 40 ◦C than the water content in seeds soaked at 80 ◦C.
This phenomenon may be associated with the more intensive denaturation of proteins at a higher
temperature, which in turn may reduce the final capacity of water absorption in lentil seeds.

Table 2 shows Peleg’s coefficients and the goodness of fit of the model to the experimental data.
It was shown that the K2 parameter value changed slightly with the soaking temperature. This
is in line with the results obtained by Sopade et al. [14], in experiments of cereal grain hydration,
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and Abu-Ghannam and McKenna [7], who investigated the process of hydration of bean seeds. The
values of the K1 parameter declined with an increase in the temperature of soaking. This trend is in
good agreement with the results reported by other authors. In experiments involving soybean seed
soaking, Quicazán et al. [8] observed a negative correlation between the soaking temperature and the
value of the K1 parameter. The dependence of K1 on T (absolute temperature) is expressed by Equation
(8).

K1 = 0.0006T2 − 0.4452T + 77.358 (8)

Table 2. Parameters of Peleg’s model for hydration of crude lentil seeds at three temperatures.

Parameter T Soaking
Time

K1 1/K1 K2 R2 E

Unit ◦C h %

Result 25 0–8 1.6845 0.59365 0.6893 0.9960 3.93
50 0–8 0.5183 1.92938 0.6567 0.9957 6.08
75 0–8 0.1543 6.48088 0.7461 0.9952 1.94

Notes: R2—fit of the model; E—goodness of fit of the model.

Figure 3 shows the effect of the temperature and soaking time on changes in the water content
in the micronized lentil seeds. The temperature and soaking time contributed to an increase in the
water content in the micronized lentil seeds. In the initial soaking period, the lentil seeds exhibited the
lowest rate of water absorption at a temperature of 25 ◦C. The increase in the temperature to 50 ◦C and
then 75 ◦C increased the water absorption rate. After 4 h of soaking at both 50 ◦C and 75 ◦C, the lentil
seeds achieved the maximum moisture level. The highest water content, that is, 138%, was observed at
the temperature of 75 ◦C.

Figure 3. Effect of temperature and soaking time on changes in the water content in the micronized
lentil seeds.
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Table 3 shows Peleg’s model coefficients and the goodness of fit of the model to the experimental
data for the micronized seeds. The values of the K1 parameter declined with the increase in the
soaking temperature. In comparison with the crude lentil seeds, the values of the K1 coefficients were
significantly lower at all tested temperatures. This indicates a higher rate of water absorption in the
micronized seeds. The dependence of K1 on T (absolute temperature) is expressed by Equation (9):

K1 = 0.0003T2 − 0.1838T + 32.056 (9)

Table 3. Parameters of Peleg’s model for micronized lentil hydration at three temperatures.

Parameter T Soaking
Time

K1 1/K1 K2 R2 E

Unit ◦C h %

Result 25 0–8 0.7801 1.28189 0.7977 0.9698 17.38
50 0–8 0.2920 3.42466 0.7299 0.9895 6.06
75 0–8 0.1345 7.43494 0.7565 0.9791 4.18

Notes: R2—fit of the model; E—goodness of fit of the model.

The values of the K2 coefficient in the case of the micronized seeds changed as in the case of the
crude seeds. The highest K2 coefficient was noted at the temperature of 25 ◦C; next, it declined to
the lowest value at 50 ◦C and reached an intermediate value at 75 ◦C. In general, all values of the
K2 coefficient for the micronized seeds were slightly lower than the K2 values for the crude seeds.
This was reflected in the final water content in the micronized seeds, which was slightly lower than
that observed in the crude seeds.

4. Conclusions

The paper presents the effect of the infrared radiation treatment on the kinetics of water absorption
by lentil seeds. The results were compared with the process of soaking crude seeds. In both cases,
the changes in the water content were described using Peleg’s model. An impact of the infrared
pre-treatment on the water absorption rate and content in lentil seeds was demonstrated. The infrared
pre-treatment largely contributes to an increase in the water absorption rate in the initial period of
soaking lentil seeds. This is particularly evident at a temperature of 25 ◦C, at which micronization
reduces the time required for achievement of 100% water content by more than half in comparison
with crude seeds. At higher temperatures, these differences are smaller, that is, 40% and 17%, for the
temperatures of 50 ◦C and 75 ◦C, respectively. The impact of micronization on the final water content
in lentil seeds depends on the soaking temperature. A statistically significant effect of micronization on
the water content was found at 25 ◦C (reduction of constant K1 from 1.6845 to 0.7801). Slightly smaller
changes in the rate of water absorption were observed at 50 ◦C and 75 ◦C.

Infrared treatment can be successfully used to accelerate the process of hydration of lentil seeds
at an ambient temperature. As a consequence, limiting the damaging impact of production on the
environment will ensure sustainable consumption and processing of legumes. The results obtained in
the present study can be regarded as preliminary research on the possibility of using micronization to
accelerate the absorption of water by seeds of other plants, including cereals.
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Abbreviations

Mt water content after time t, [% of dry weight];
Mo initial water content, [% of dry weight];
K1 constant, [h ·%–1];
K2 constant, [%–1];
R sorption rate, [-];
MH2O water weight after time t, [g];
M1 dry weight, [g];
Mm initial weight of the material, [g];
W moisture, [%];
R2 fit of the model, [-];
E goodness of fit of the model, [%];
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Abstract: Strength properties of grains have a significant impact on the energy demand of grinding
mills. This paper presents the results of tests of strength and energy needed the for destruction of rice
grains. The research aim was to experimentally determine mechanical and processing properties
of the rice grains. The research problem was formulated in the form of questions: (1) what force
and energy are needed to induce a rupture of rice grain of the Oryza sativa L. of long-grain variety?
(2) what is the relationship between grain size and strength parameters and the energy of grinding
rice grain of the species Oryza sativa L. long-grain variety? In order to find the answer to the problems
posed, a static compression test of rice grains was done. The results indicate that the average forces
needed to crush rice grain are 174.99 kg m·s−2, and the average energy is 28.03 mJ. There was no
statistically significant relationship between the grain volume calculated based on the volumetric
mass density Vρ and the crushing energy, nor between the volume Vρ and other strength properties
of rice grains. In the case of Vs, a low negative correlation between strength σmin and a low positive
correlation between the power inducing the first crack were found for the grain size related volume.
A low negative correlation between the grain thickness a3, stresses σmin and work WFmax was found
as well as a low positive correlation between thickness a3 and the force inducing the first crack Fmin.

Keywords: rice; grinding; compressive strength; rupture energy

1. Introduction

The strength properties of grains have a significant impact on the energy demand of grinders [1–4].
During grinding of grains in a five-disc mill, a complex state of stress occurs in the material, with shear
and compressive stresses prevailing [5,6]. Identification of the forces causing grain cracking (rupture)
can be considered as the first step to determine the energy demand in the grain grinding process [7,8].
Two cases can be distinguished: static squeezing of grains and shearing of grains [9]. In the case of
static compression, in order to determine the forces and stress and consequently, the work (energy)
needed to crush one grain and then more than a dozen grains, a static compression test can be carried
out. The ranges of probable forces destroying the grain may be determined in an experimental manner,
and subsequently, the energy ranges of destroying its structure [10].

The subject of research on the physical-mechanical properties of rice grains has already been
addressed by researchers, because the specificity of rice grain processing and the energy demand of
processing lines, e.g., grinding, drying, pelleting, etc., depends largely on these properties [11–17]. In
their research, Zeng, et al. [18] focused on modeling cracking of rice grains depending on the grain
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moisture and load speed, using the Discrete Element Method (DEM). The impact of humidity on the
strength properties of white rice was also addressed in the work of Sadeghi et al. [19], and brown
rice in the work by Cao et al. [20] and Chattopadhyay et al. [21]. Buggenhout et al. [22] studied the
influence of physicochemical properties, in particular, the impact of grain husks and moisture on
cracking phenomena during rice processing. Esehaghbeygi et al. [23] in turn, analyzed the effect of
drying temperature and kinetic energy during the drying process on grain susceptibility to breaking.
Similar research was conducted by Sarker et al. [24], Tajaddodi et al. [25], Nasirahmadi et al. [26] and
Bonazzi and Courtois [27]. The influence of grain orientation on its mechanical properties under load
was analyzed, among others, by Li et al., Shu et al., and Zareiforoush et al. [28–30]. They showed
that rice grains are more flexible in horizontal orientation based on the results of static compression
and three-point bending tests. Zareiforoush et al. [31], based on the conducted research, found that
increasing the speed of load during the compression test results in lowering crushing forces and energy.

From the point of view of energy demand, processing of grainy biomaterials, particularly grinding,
the strength of grains plays the key role. [32]. Considering the process of grinding, e.g., by means of
grinding machines or roller mills, these are the compressive loads which prevail in the grinded material,
whereas permanent deformation (fragmentation) occurs after exceeding the load value corresponding
to the compressive strength limit. Strength is closely related to the power necessary to cause the strain
and the grinded material cross-section field (hence being dependent on its geometric features). Thus,
material fragmentation occurs upon application of appropriate forces, which, in the system of grinding
machines, roller mills, is performed by rotary motion of rollers. In such a case, the force is a direct
effect of torques, which, in turn, are related to the power of the devices affecting the energy demand of
the grain processing. In general, the higher force to be applied the higher power, that is, the machine
energy, is needed. The aspects concerning calculation of energy demand for grain grinding systems
are described in detail in [33].

The strength of grains depends on the type of material, especially on its internal structure
(porosity), moisture, components of the grain, and biological properties [34]. In the case of biomass
grains, a significant diversification in terms of dimensions, physical and strength properties, can be
observed even within one grain species which, apart from biological characteristics, is conditioned by
the weather conditions and the cultivation method [35–37] Earlier research has shown that the energy
needed to grind hard materials with higher strength is larger [38–40]. It was also observed that along
with a moisture increase, the energy consumption increases as well [18–20,36]. The internal structure
of the grain endosperm and tegument has an impact on the strength properties and the energy needed
for grinding. The endosperms which are characterized by higher glassiness are usually harder; thus,
for permanent deformation, it is necessary to use higher forces which, in turn, results in an increased
energy demand as compared to materials whose endosperm is less glassy [36,41,42]. The glassiness of
the endosperm also has an influence on the material fragmentation efficiency and the size of particles
after division—the higher glassiness, the easier to separate the endosperm from bran and the grain
disintegrates into smaller parts. [38,42]. Tests of physical properties and grinding energy, carried out
for wheat grains have also revealed that the grinding energy is proportional to the grinded material
mass [35]. Dziki and Laskowski [37] indicate, using the example of wheat, that the values of work and
force to be applied for crushing the grain increase along with the grain thickness growth.

This study contains an analysis of strength properties of rice grains, mainly forces causing the
first violation of the grain structure (first crack) and grain stiffness.

The aim of the research is to experimentally determine the mechanical and processing properties
(strength and energy properties) of granular biomass (rice) accepted for research in the project
“Intelligent monitoring of the grinding characteristics of grainy biomass”. Determining the forces
needed to break grains is of key importance when developing energy and environmental efficiency
indicators for the grinding process and modeling grinding and crushing processes using the discrete
element method DEM.
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The research problem was formulated in the form of questions: (1) what strength and energy is
needed to induce a rupture of rice grain of the species Oryza sativa L. long-grain variety? (2) what is
the relationship between grain size and strength parameters and the energy of grinding rice grain of
the species Oryza sativa L. long-grain variety?

2. Materials and Methods

2.1. Rice Grains Preparation

To determine the force needed to break the grain, a static compression test was carried out for
100 grains of rice of the species Oryza sativa L., a long-grained variety with a stabilized humidity equal
to 13% ± 0.1%. Oryza sativa L., a long-grained variety of rice was accepted to be the research object due
to its popularity, among others, in food industry [32]. Knowing the processing properties of this species,
in particular, crushing energy, can significantly affect power demand of the processing devices, e.g.,
grinders. Samples of 100 individual rice grains were prepared and described by numbers (Figure 1).
Then, three dimensions were measured with the vernier caliper: length, width and height of the grain.

 
Figure 1. Rice grains prepared for compression test.

2.2. Test Stand

A static compression test was carried out on an Instron 5966 testing machine (Figure 2). The samples
were placed in the machine in a horizontal orientation, in such a way that the dimensions a1 and a2

were the large axis and small axis of cross-sectional areas of the grain subjected to the load (Figure 3).
The load speed was 2 mm·min−1.

183



Sustainability 2020, 12, 552

 
Figure 2. The Instron 5966 testing machine.

Figure 3. Position of the rice grain during the static compression test.

2.3. Research Methods

The analysis of the grain strength properties during a static compression test of a single grain was
performed according to the plan shown in Figure 4. Three dimensions were measured with the vernier
caliper: length, width and height of the grain.
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Figure 4. Plan and research program.

The volume of the studied seeds was determined in two ways: on the basis of the three measured
dimensions a1, a2 and a3 (Vs) and on the basis of the relationship of the grain mass and density (Vρ).

The first method of determining the volume takes into consideration three basic grain sizes, i.e.,
the height and width length, and allows a simplified grain volume estimation with a certain error by
aligning the grain shape to the cuboid with dimensions a1, a2, a3 (Figure 5).

Figure 5. Graphical representation of grain volume determination based on the knowledge of three
dimensions, a1—length of the grain, mm, a2—width of the grain, mm, a3—height of the grain, mm,
vs.—grain volume calculated based on three dimensions a1, a2, a3 (volume of a cuboid with dimensions
a1, a2, a3), mm3, Vρ—grain volume calculated based on the volumetric mass density, mm3.

For this interpretation, the formula for the estimated volume of grain will be:

Vs = a1·a2·a3, (1)
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and equal to the volume of a cuboid circumscribed on the grain.
The second method of determining the volume is based on the knowledge of density ρ of the

grain and its mass m. The grain density is determined from the dependence [43]:

ρ = m/Vρ, (2)

Hence, the volume determined on the basis of density Vρ, will be [43]:

Vρ = m/ρ, (3)

The relationship between computational volume (Vs) and determined based on the grain density
(Vρ) can be determined by calculating the correction factor for the grain volume kv taking into
consideration the grain spherical and uneven shape. It can be determined experimentally and
expressed by the dependence:

kv = Vρ/Vs, (4)

hence:
Vρ = kv·Vs, (5)

The static compression test is mainly used for brittle materials, i.e., not showing significant plastic
deformation. Rice can be considered as a fragile material with some (small) plastic deformability due
to the internal structure that differentiates it from the cross-linked metal structure. A feature that
characterizes fragile materials is compressive strength (Rc) [24]:

Rc = Fc/A0, (6)

where
Fc—the largest value of the compressive load at which the sample is crushed,
A0—the initial cross-section of the sample.

If the compression diagram l = f (F) has a part where shortening (Δl) is directly proportional to
compressive force (F), then, on this basis, we determine Young’s modulus (E) for this material. If this
relationship is not directly proportional, then based on the first few results (where it is possible to
assume that the material behaves linearly and elastically), we determine the mean value of Young’s
modulus (E). The value of the Young’s modulus is determined by Hooke’s law [24]:

E = F·l/(Δl·A0), (7)

where:
F—compressive force, kg·m·s−2,
Δl—sample shortening corresponding to force (F), m,
l—the initial length of the sample, m,
A0—area of the initial sample cross-section, m2.

During the compression, some force F affects the grain and causes it to break (displacement s), so
the elementary work done over the grain by force F causing the crack can be determined [24,44]:

dW = F·ds. (8)

During compression, we deal with a variable force F and displacement s → 0, then, this
characterized work can be determined by integrating both sides of the equation [24]:

W =

s2∫
s1

Fds (9)
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Then, the work during compression of one grain is the area under graph F = f (s) (Figure 6).

- W - work, J

Figure 6. Graphic presentation of work during compression of grains, F(s)—compressive force, kg·m·s−2,
s—displacement, m, W—work, J, s1—starting point of displacement, m, s2—final displacement, m.

2.4. Analytical Methods

The statistical analysis tools available in MS Excel and Statistica were used in processing the results.
Basic descriptive statistics of the examined physical and mechanical properties and rupture energy of
rice grains were determined. The relationship between the grain volume and physical-mechanical
properties and rupture energy was examined using Spearman’s correlation analysis. A significance
level p < 0.05 was adopted.

3. Results and Discussion

3.1. Results of Research on the Physical Properties of Rice Grains and Their Discussion

Firstly, the physical properties of rice grains were determined, such as grain length a1, grain width
a2, grain height a3, and grain volume determined based on the knowledge of grain mass and density
Vρ, volume determined on the basis of dimensions Vs, correction factor for volume kv. The results of
the tests after a basic statistical analysis are presented in Figures 7 and 8 in the form of a box plot.

Based on the analysis, it was found that the average grain length of rice was 6.38 mm, the average
width was 1.91 mm, the average height was 1.51 mm. The average grain volume determined on the
basis of the grain weight and density was equal to 14.82 mm3, while the volume determined on the
basis of grain size 18.44 mm3. The correction factor for given volumes Vρ and vs. assumed an average
value of 0.82. The obtained results allowed to formulate the dependence of the real volume of the grain
determined on the basis of density as a function of the volume determined on the basis of dimensions:

Vρ = kv·Vs = 0.82·Vs (10)

The results obtained for rice dimensions a1, a2, and a3, are similar, although slightly smaller
than those reported in the literature by other researchers, e.g., Sadeghi et al., Zareiforoush et al., and
Zeng et al. [18,19,30]. Differences in dimensions may be caused primarily by the difference in the
varieties and types of rice grains studied, the country of origin (the study of rice originated from
Burma), grain humidity and growing conditions of grains (e.g., extensive, intensive cultivation, weather
conditions that affect the grain size). The presented grain size results are an indispensable element of
building models in computer simulations based on the DEM discrete element method [18], e.g., in the
RockyDEM environment.
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Figure 7. Results of the rice grains size determination.

Figure 8. Results of rice grains volume determination.

3.2. The Results of Testing the Strength Properties of Rice Grains and Their Discussion

Figure 9 presents examples of graphs showing the characteristic of rice grain cracks during a
compression test. Based on the presented curves, it can be stated that for each grain, the crack proceeded
differently. This is caused by differences in internal structure between each grain, which is characteristic
for biomaterials. However, noticeable are the characteristic points in the force-displacement graph
marked as Fmin and Fmax. The point marked as Fmin symbolizes the first crack of the grain, while
the Fmax point corresponds to the forces causing the breakdown of the grain into smaller fragments
(Figure 10). Similar conclusions are presented in the work of Sadeghi et al. [19].

For rice grains, the forces inducing fracture Fmin of the grain structure were within the range
(35.86–198.71) kg m s−2. The maximum forces Fmax during the crack growth for rice were within the
range (70.05–535.74) k g·m s−2. Stresses σmin for rice were in the range (2.21–17.38) MPa. Stresses σmax

for rice were in the range (5.00–29.61) MPa. Work WFmin for rice was in the range (1.88–56.55) mJ and
WFamx in the range (2.53–98.93) mJ (Figure 11).
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Figure 9. Exemplary curves for five rice grains from 100 tested illustrating the course of the rice grain
compression process in the force-displacement coordinate.

Figure 10. The cracking process for rice grains in function F(s).

Figure 11. Cont.
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Figure 11. Results of statistical analysis of forces, stresses and energy during compression of rice grains.

Table 1 presents average values and basic results of a statistical analysis of the surveyed
quantities. The obtained mean values of forces Fmax are in accordance with the results presented
by Lu and Siebenmorgen [45] obtained in the compression test at the load speed vs. 2 mm·min−1

(174.4–188.8 kg·m·s−2), and higher than in the tests carried out by Sadeghi et al. [19] (169.06 kg·m s−2 for
the Sorkheh type and 125.10 kg·m·s−2 for the Sazandegi type with vs = 1,25 mm·min−1), by Zareiforoush
et al. [31] (125.69 kg·m·s−2 for the Alikazemi type and 109.96 kg·m·s−2 for the Hashemi type with
vs = 5 mm·min−1 and 117.38 kg m s−2 for the Alikazemi type and 88.33 kg m·s−2 for the Hashemi type
with vs = 10 mm·min−1). Differences in the obtained values may result from different grain moistures,
loading speeds of the samples and the type of rice used in the tests.

Table 1. Results of statistical analysis of examined mechanical properties of rice grains.

Parameter Average Standard Deviation Median

Minimal crushing force Fmin, kg m·s−2 117.29 40.71 111.23
Maximal crushing force Fmax, kg·m·s−2 174.99 80.38 158.12
Minimal compressive stress σkmin, MPa 12.47 4.83 11.53
Maximal compressive stress σkmax, MPa 14.71 7.45 12.72

Stiffness Ck, N·mm−1 1275.07 247.72 1322.11
Work for the first rupture WFmin, mJ 7.26 7.86 4.81

Rupture work WFmax, mJ 28.03 20.36 22.46

The average value of rupture work WFmax (28.03 mJ) is similar to the values presented, among
others, in the work of Nasirahmadi et al. [26] (26.9 mJ for Fajr and 28.5 mJ for Tarom) and Sadeghi et
al. [19] (24.45 mJ for Sazandegi) as well as in the work of Zareiforoush et al. [30,31], where the rupture
energy assumed values of about 30 mJ.

Figures 12–18 summarize the results of mechanical properties of rice grains depending on its
volume. The graphs show that mechanical properties of rice grains do not depend on its volume.
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Figure 12. The scatter diagram of forces Fmin for individual rice grains in relation to volume.

Figure 13. The scatter diagram of forces Fmax for individual rice grains in relation to volume.

Figure 14. The scatter diagram of stiffnes for individual rice grains in relation to volume.
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Figure 15. The scatter diagram of stress σkmin for individual rice grains in relation to volume.

Figure 16. The scatter diagram of stress σkmax for individual rice grains in relation to volume.

Figure 17. The scatter diagram of stress WFmax for individual rice grains in relation to volume.
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Figure 18. The scatter diagram of stress WFmax for individual rice grains in relation to volume.

The analysis of the Spearman correlation shows that there are no statistically significant
relationships between the volume of the grain Vρ and the tested strength properties, so there are no
interdependencies between the variables (Tab 2). In the case of the grain dimension related volume
vs. a low negative correlation between strength σmin and low positive correlation between the force
inducing the first crack were found (Table 2). An analysis of the correlation between the grain size
related variables, that is, length a1, width a2, height a3, mass m and volumes Vρ and vs. showed that
the volume of grains Vρ is moderately positively correlated with length a1 and height a3 (Table S1).
The surface of compression cross-section A0 was in turn significantly correlated with the grain length
a1 and width a2 (Table S1). However, no relevant correlations between the grain dimensions, volume
and mass and its strength properties and energy needed to crush the grains, were found. Only low
correlations occurred, including negative ones between the grain width a2 and stresses σmin and σmax

(Table S1). Contrarily to wheat, a dependence of grinding energy proportionality and its mass was
not confirmed [35]. It was not possible to confirm distinct dependencies between the grain thickness
(a3) and the force value, either (for Fmin positive correlation R = 0.271, statistically significant p < 0.05,
for Fmax statistically insignificant correlation (Table S1)) and work (WFmin and WFmax low correlations),
which could be observed for wheat [37]. The volume is related to the grain dimensions, including
compression cross-section A0, whereas the cross section is related to compressive strength (according
to dependence (6)). However, it was not possible to show significant dependencies between the grain
cross section A0 and values of compressive strength (low negative correlations between A0 and σmin,
σmax (Table S1)). The obtained results, including the results of dimension and volume scatter, confirm
the significant variability and diversity of biological materials within one species. The diversity of the
values confirms that each grain is characterized by a different internal structure. Such a diversification
can indicate low quality of the grain and poor conditions of cultivation.

Table 2. Results of correlation analysis between the volume of grain and its strength properties.

Fmin
1 Fmax

2 Ck
3 σmin

4 σmax
5 WFmin

6 WFmax
7

Vρ
rhoSpearman coefficient 0.172 0.176 0.242 −0.018 −0.052 0.071 −0.057

Significance 0.088 0.08 0.015 0.859 0.604 0.482 0.573
Number of samples n 100 100 100 100 100 100 100

rhoSpearman coefficient 0.220 0.062 0.005 −0.280 −0.104 0.185 −0.138
Vs Significance 0.028 0.543 0.958 0.005 0.305 0.066 0.174

Number of samples n 100 100 100 100 100 100 100
1 Minimal crushing force, 2 Maximal crushing force, 3 Minimal compressive stress, 4 Maximal compressive stress,
5 Stiffness, 6 Work for the first rupture, 7 Rupture work.
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It is noteworthy that the grains were tested for only one orientation of grains in the strength testing
machines. It is expected that the longitudinal and transverse orientation of grains would provide
different values of destructive compression, forces and strength [28–30].

4. Conclusions

The main objectives of the study were achieved through the determination of energy (work) and
compressive forces in the test of static compression and analysis of the dependence between the grain
size and the grain strength parameters and grinding energy.

Based on the analyzes, it was found that the average grain length of rice was 6.38 mm, the average
width was 1.91 mm, the average height was 1.51 mm. The average grain volume determined on the
basis of the grain weight and density was equal to 14.82 mm3, while the volume determined on the
basis of grain size 18.44 mm3. The correction factor for given volumes Vρ and vs. assumed an average
value of 0.82. The values of the grain dimension distribution can be a determinant in selection of
structural features of the materials used, that is, performance parameters of roller mills: diameters of
rollers and the size of the inter-roller gap; selection of the screen eye sieve

The average values of strength properties of rice grains were determined, such as
Fmin = 117.9 kg·m s−2, Fmax = 174.99 kg·m·s−2, σmin = 9.80 MPa, σmax = 14.71 MPa, Ck = 1150.26 N·mm−1,
WFmin = 7.26 mJ, WFmax = 28.03 mJ, which coincided with the results of research carried out by other
researchers. The determined ranges of forces, strength and compressive energy (work) are of applicable
character and can be used in the design of machines dedicated to process rice. Knowing these values
will allow, among others, the estimation of the power of devices, e.g., grinding machines, and roller
mills, and in consequence, will minimize energy losses and energy demand for dedicated machines.

The analysis of the Spearman correlation showed that there are no statistically significant
relationships between the volume Vρ of the grain and the tested strength properties, so there are no
interdependencies between the variables. In the case of the grain size volume vs. a low negative
correlation between strength σmin and low positive correlation between the force inducing the first
crack (Table 2) were found. Dependence of grinding energy proportionality and the grain mass as
well as clear, distinct dependencies between the grain thickness and the value of force and work (low
negative correlation between thickness co a3 and stresses σmin and work WFmax, low positive correlation
between thickness a3 and force inducing the first crack Fmin), that was proven for other biological grainy
materials (wheat grains) could not be confirmed either. Based on these results, it was not possible
to find significant dependencies between the grain cross-section A0 and the values of compressive
strength (only low negative correlations were found).

Based on the conducted tests, the crack was found to be different for each grain (Figure 9).
The results, including the scatter of dimensions and volume, confirm the high variability and diversity
of biological materials within one species. Diversification of the obtained values confirms that each
grain is characterized by a different internal structure. Such a differentiation can indicate a poor quality
of grain and weak cultivation conditions.

An analysis of the test results of rice grain strength properties provides the basis for determining
the impact of biomass properties on the grinding process and, in subsequent stages, for the development
of procedures for monitoring the grinding process using energy-environmental grinding efficiency
models, the original CO2 emission index for the intelligent monitoring system of usable characteristics
of the grinding process.

The results can be used by other researchers to create models of materials (rice grains) for computer
simulations of cracking, crushing, mixing using the discrete element method DEM.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/2/552/s1,
Table S1: Results of correlation analysis between the size of grain and its strength properties
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List of Symbols

a1 length of the grain: mm
a2 width of the grain, mm
a3 height of the grain, mm
Vs grain volume calculated based on three dimensions a1, a2, a3, mm3

Vρ grain volume calculated based on the volumetric mass density, mm3

ρ volumetric mass density, kg·m−3

m grain weight, g
kv correction coefficient of the grain volume
Rc compressive strength, MPa
Fc the largest value of the compressive load at which the sample is crushed, kg·m·s−2

A0 the initial cross-section of the sample, m2

F compressive force, kg m·s−2

Δl sample shortening corresponding to force (F), m
l the initial length of the sample, m
A0 area of the initial sample cross-section, m2

s displacement, m
W work, J
dW elementary work, J
ds elementary displacement, m
Fmin minimal crushing force, kg·m s−2

Fmax maximal crushing force, kg·m·s−2

σkmin minimal compressive stress, MPa
σkmax maximal compressive stress, MPa
Ck stiffness, N·mm−1

WFmin work for the first rupture, mJ
WFmax rupture work, mJ
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Śmigiel, S. Regeneration of rubber waste using an intelligent grinding system. Przem. Chem. 2018, 97,
1659–1665.

3. Flizikowski, J.B.; Mrozinski, A.; Tomporowski, A. Active monitoring as cognitive control of grinders design.
In AIP Conference Proceedings; AIP Publishing: Melville, NY, USA, 2017; Volume 1822, p. 020006.

4. Marczuk, A.; Caban, J.; Savinykh, P.; Turubanov, N.; Zyryanov, D. Maintenance research of a horizontal
ribbon mixer. Eksploat. Niezawodn. 2017, 19, 121–125. [CrossRef]

5. Tomporowski, A.; Flizikowski, J. Motion characteristics of a multi-disc grinder of biomass grain. Przem.
Chem. 2013, 92, 498–503.

6. Bochat, A.; Zastempowski, M. Kinematics and dynamics of the movement of the selected constructions
of the disc cutting assemblies. In Proceedings of the Engineering Mechanics 2017, Brno University of
Technology, Faculty of Mechanical Engineering, Institute of Solid Mechanics, Mechatronics and Biomechanics,
Brno-Svratka, Czech Republic, 15–18 May 2017; Volume 23, pp. 170–173.

195



Sustainability 2020, 12, 552

7. Zastempowski, M.; Bochat, A. Modeling of cutting process by the shear-finger cutting block. Appl. Eng.
Agric. 2014, 30, 347–353.

8. Flizikowski, J.; Macko, M. Method of estimation of efficiency of quasi-cutting of recycled
opto-telecommunication pipes. Polimery 2001, 46, 53–59. [CrossRef]

9. Kaczmarczyk, J.; Grajcar, A. Numerical simulation and experimental investigation of cold-rolled steel cutting.
Materials 2018, 11, 1263. [CrossRef] [PubMed]

10. Kruszelnicka, W.; Shchur, T. Study of rice and maize grains grinding energy. TEKA Comm. Mot. Energetics
Agric. 2018, 18, 71–74.

11. Szyszlak-Barglowicz, J.; Zajac, G. Distribution of heavy metals in waste streams during combustion of Sida
hermaphrodita (L.) Rusby biomass. Przem. Chem. 2015, 94, 1723–1727.
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Abstract: Antioxidants are a wide group of chemical compounds characterized by high bioactivity.
They affect human health by inhibiting the activity of reactive oxygen species. Thus, they limit their
harmful effect and reduce the risk of many diseases, including cardiovascular diseases, cancers, and
neurodegenerative diseases. Antioxidants are also widely used in the food industry. They prevent the
occurrence of unfavourable changes in food products during storage. They inhibit fat oxidation and
limit the loss of colour. For this reason, they are often added to meat products. Many diet components
exhibit an antioxidative activity. A high antioxidative capacity is attributed to fruit, vegetables,
spices, herbs, tea, and red wine. So far, the antioxidative properties of various plant materials
have been tested. However, the antioxidative activity of some products has not been thoroughly
investigated yet. To date, there have been only a few studies on the antioxidative activity of the
pumpkin, including pumpkin seeds, flowers, and leaves, but not the pulp. The main focus of our
experiment was to optimize the extraction so as to increase the antioxidative activity of the pumpkin
pulp. Variable extraction conditions were used for this purpose, i.e., the type and concentration of the
solvent, as well as the time and temperature of the process. In addition, the experiment involved a
comparative analysis of the antioxidative potential of 14 pumpkin cultivars of the Cucurbita maxima
species. The study showed considerable diversification of the antioxidative activity of different
pumpkin cultivars.

Keywords: pumpkin; Cucurbita maxima; antioxidative activity; Oxygen Radical Absorbance Capacity
(ORAC); cluster analysis

1. Introduction

Food consumption is directly linked to maintaining health, well-being, and preventing hunger.
In this context, proper nutrition is undoubtedly a key aspect of sustainable food, and thus also
environmental sustainability. Plant products are the only alternative for the consumers to alter current
meat products consumption and more sustainable way of living towards reducing negative impact on the
environment. The application of plant matrices enriched with mineral components, instead of relevant
animal products, allows the strive to develop practical alternatives that often change existing processes
and products not corresponding with a sustainable production. Therefore, sustainable food production
in an environmentally acceptable manner to meet the increasing demands of a growing population is
an inevitable challenge for agricultural production. Antioxidants are natural molecules found in living
organisms which prevent oxidative stress. These compounds are characterized by the ability to scavenge
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(neutralize) reactive oxygen species (ROS), including hydroperoxide radicals, superoxide anion radicals,
singlet oxygen, hydrogen peroxide, and hydroxyl radicals [1,2]. The following compounds are usually
listed as strong antioxidants: Carotenoids (e.g., beta-carotene, lycopene, astaxanthin), tocopherols
(e.g., alpha-tocopherol, gamma-tocopherol), flavonoids (e.g., anthocyanins, flavanols, flavonones,
isoflavones), phenolic acids (hydroxybenzoic acids, hydroxycinnamic acids), stilbenes, some vitamins
(vitamin C), coenzyme Q10, sulphur compounds (e.g., allicin), mineral components (e.g., selenium,
zinc) [1,3–5]. Products of plant origin (vegetables, fruits, mainly berries, herbs, spices, juices, wine, tea,
some cereals, and grains) are rich sources of antioxidants. However, they can also be found in meat
products [6]. The antioxidative activity of the compounds we consume every day is important for our
health [1,7–10]. Antioxidants inhibit free radicals and thus they reduce the risk of various diseases
of affluence, including cardiovascular diseases (atherosclerosis, hypertension, heart attack, stroke),
diabetes, cancers, neurodegenerative diseases (e.g., Alzheimer’s disease, Parkinson’s disease), and
osteoporosis [11–15]. Antioxidants may soothe inflammations and viral infections [16,17]. They are
said to prevent age-related eye diseases [18,19]. Antioxidants are not only important to maintain
good health, but they are also widely used in food technology. For example, these compounds inhibit
oxidation and limit the degradation of phytosterols [20] and fats [21]. In this way, they may, for
example, prevent the spoilage of meat products [22]. Antioxidants also preserve the right colour of
food products [23,24]. It should be noted, however, that their activity depends on many factors, such as
chemical structure and profile of antioxidants, various interactions (synergistic, antagonistic effect),
and also the multidimensional characteristics of the food matrix [25].

The pumpkin (Cucurbita L.) is a plant material containing antioxidants, e.g., carotenoids,
tocopherols, phenolic acids, and flavonols. It is commonly grown in Europe, Asia, South America,
North America, and Africa [26]. It is estimated that the annual pumpkin production exceeds 20 million
tonnes [27,28]. It is a valuable dietary component because its pulp is rich in carotenoids [29–31] and its
seeds are a source of unsaturated fatty acids [32]. Pumpkin flowers and leaves are less popular, but they
are also edible [33]. Pumpkin pulp can be consumed both raw and after being processed, e.g., cooked,
or as compotes, jams, purees, and juices [34]. The most common pumpkin species are: Cucurbita
maxima, Cucurbita pepo, and Cucurbita moschata. Each of these species has numerous varieties [34,35].
So far there have been few studies on the antioxidative activity of the pumpkin pulp. As a result,
scientific publications do not provide a comparison of the antioxidative properties of the pulp of
different pumpkin varieties. Most of the available studies only determine the antioxidative potential of
pumpkin seeds and oils [36–38]. Therefore, it is difficult to point out the trends in the contribution of
specific compounds and the impact of various factors to the total antioxidant potential.

Thus far, there have not been many studies comparing the cultivars-dependent antioxidant
capacity of pumpkin pulp. Additionally, reference publications lack data on the correlation analysis
between the antioxidant activity tests in Cucurbita maxima cultivars extracts and its cluster analysis.
The gap in the current literature to which this study is addressed includes an assessment of the
antioxidant capacity of selected pumpkin cultivars, determined by selected radicals scavenging assays.
The aim of this study was to compare the antioxidative activity of the pulp of various pumpkin
varieties of the Cucurbita maxima species. The study also assesses the influence of various pumpkin
pulp extraction conditions on its antioxidative potential.

2. Materials and Methods

2.1. Chemicals and Reagents

Gallic acid, sodium carbonate, Folin and Ciocalteu’s phenol reagent, (±)-6-hydroxyl-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS), potassium persulphate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), sodium
acetate trihydrate, acetic acid, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), iron(III) chloride hexahydrate,
hydrochloric acid, iron (II) sulphate heptahydrate, iron (II) chloride tetrahydrate, 3-(2-pyridyl)-
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5,6-diphenyl-1,2,4-triazine-4′,4”-disulfonic acid sodium salt (Ferrozine), ethylenediaminetetraacetic
acid (EDTA), sodium phosphate monobasic dehydrate, sodium phosphate monobasic dehydrate,
potassium phosphate dibasic, 2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH),
and fluorescein sodium salt were purchased from Sigma-Aldrich (Darmstadt, Germany).

2.2. Sample Collection

The pulp of 14 pumpkin cultivars of the Cucurbita maxima species (‘Buttercup’, ‘Golden Hubbard’,
‘Galeux d’Eysines’, ‘Melonowa Żółta’, ‘Hokkaido’, ‘Jumbo Pink Banana’, ‘Marina di Chiggia’, ‘Flat White
Boer Ford’, ‘Jarrahdale’, ‘Blue Kuri’, ‘Green Hubbard’, ‘Gomez’, ‘Shokichi Shiro’, ‘Porcelain Doll’)
was used as the research material. All the cultivars were purchased from ‘Dolina Mogilnicy’ Organic
Farming Products Cooperative (Wolkowo, Poland). While the plants were being grown, they were
irrigated, weeded, and the soil was loosened. The pumpkins were harvested in October 2018 and
transported to a laboratory, where they were immediately cleaned. The experimental unit consisted
of two randomly chosen pumpkins from each variety. All chemical analyses for each pumpkin were
performed in triplicate. The edible pulp was cut into pieces, freeze-dried, and then subjected to analysis.
The dried pulp was stored at room temperature, without access to oxygen and light.

2.3. Extract Preparation

Preliminary studies involved solvents most commonly used for the preparation of plant extracts
(acetone, ethyl acetate, ethanol, methanol, water). The extraction was carried out for various
concentrations of selected solvents (20%, 40%, 60%, 80%, 100%) and the extraction time (0.5, 1, 2, 3, 4 h).
Tests were carried out in three temperature ranges, which are used in plant components extraction as
the most effective (30, 50, and 70 ◦C). Variants with the highest DPPH radical scavenging values were
selected for further stages of the study. As a result, the above factors were limited to the previously
mentioned nine solvents, two times and three extraction temperatures. In order to optimize the
extraction pumpkin extracts were prepared by weighing 5 g of freeze-dried pumpkin and dissolving
them in 50 mL of a solvent (water, methanol, 80% water–methanol solution, ethanol, 80% water–ethanol
solution, acetone, 80% water–acetone solution, ethyl acetate, 80% ethyl acetate, and water solution).
Next, the whole was shaken in a water bath (SWB 22N) at 30, 50, or 70 ◦C for 1 or 2 h. The extracts
were centrifuged (1500 rpm, 10 min) and filtered through paper. Next, their antioxidative activity was
assessed. The extraction of all samples was triplicated. The most favourable extraction conditions
were selected on the basis of the optimization results: 2 h and 70 ◦C, maintaining the ratio between the
amount weighed and the volume of the solvent used (1:10). Extracts for the pumpkin cultivars were
prepared according to these conditions to find differences in their antioxidative activity, which included
determination of the ABTS and DPPH radical scavenging assay, oxygen radical absorbance capacity
(ORAC), the ferric reducing antioxidant capacity assay (FRAP), and the iron chelating activity assay.

2.4. Share of Individual Plant Elements

The pumpkin was carefully peeled in order to determine the content of individual parts of the
fruit. Then, the pulp was cleared of seeds. Each part of the pumpkin was weighed with an accuracy
of three decimal digits. The results were used to calculate the percentage content of the skin, seeds,
and pulp. Each sample was measured in triplicate.

2.5. Pumpkin Flesh Colour

The colour of the pumpkin flesh was determined with a colorimeter (Chroma Meter CR-410,
Konica Minolta Sensing Inc., Osaka, Japan). The test consisted in measuring the colour of the sample in
reflected light and calculating the L * a * b value (L—color brightness; a—color in the range from green
to red; b—color from blue to yellow). Before the measurement a homogeneous pulp was prepared
from the pumpkin flesh. The analysis was triplicated.
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2.6. Moisture Content

The water content was measured by drying 1 ± 0.001 g of fresh pumpkin, weighed, and then
the sample was dried at 105 ◦C for 3 h. Next, the samples were cooled to room temperature and
their weight was checked. The samples were then placed in a dryer again for 30 min. The samples
were cooled again and weighed. The procedure was repeated until the sample weight between two
measurements differed by more than 0.004 g. Each sample was measured in triplicate.

2.7. Active Acidity

The potentiometric method was used to measure acidity (pH) with a pH meter (CP-401). The result
of measurement of the potential difference between the indicator and comparative electrodes was
recorded. Each sample was measured in triplicate.

2.8. DPPH Radical Scavenging Activity Assay

The analysis was made in accordance with the methodology invented by Brand-Williams et al.
(1995) [39]. An amount of 0.01 g of 2,2-diphenyl-1-picrylhydrazyl (DPPH) was weighed and transferred
into a 25-mL volumetric flask together with the solvent (80:20 methanol/water (v/v). Next, the flask
was filled up to the marking level. A calibration curve for Trolox (Tx) was also prepared. Assay:
An amount of 100 μL of the extract was collected and 2.0 mL of the solvent, as well as 250 μL of the
DPPH reagent were added. The whole was shaken on a Vortex at ambient temperature and left in
darkness for 20 min. Next, the absorbance was measured at a wavelength λ = 517 nm (Meterek SP
830). The extraction reagent + DPPH solution was used as a control sample. The assay was triplicated.
The results were given as mg Trolox equivalents (Tx) per 100 g of dry mass using the calibration curve
y = 81.2991x − 2.4922 with a confidence coefficient R2 = 0.9963, and a relative standard deviation of
residuals of 2.3%, slope 2.8450, and intercept 1.7469.

2.9. ABTS Radical Scavenging Assay

The analysis was conducted in accordance with the methodology invented by Re et al. (1999) [40].
An amount of 0.192 g of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)
was weighed on an analytical balance with an accuracy of 0.001 g. Next, the weighed ABTS was
transferred into a 50-mL volumetric flask. The rest was filled with deionized water up to the marking
level. An amount of 0.0166 g of potassium persulphate (K2S2O8) was weighed and transferred into a
25-mL volumetric flask. The rest was filled with deionized water up to the marking level. The ABTS
and K2S2O8 solution was mixed at a 1:0.5 ratio. The mixture was stored at room temperature in
darkness for 16 h. Next, the mixture was diluted with a solvent to obtain an absorbance of 0.700 at a
wavelength of λ = 734 nm. A calibration curve for Trolox was also prepared. Assay: An amount of
30 μL of the extract was collected into a tube and 3 mL of the ABTS reagent was added. The whole
was mixed by shaking on a Vortex. After 6 min the absorbance was measured at a wavelength of
λ = 734 nm (Meterek SP 830). The extraction reagent + ABTS solution was used as a control sample.
The assay was triplicated. The results were given as mg Trolox equivalents (Tx) per 100 g of dry mass
using the calibration curve y = 174.5970 - 0.2115 with a confidence coefficient R2 = 0.9941, and a relative
standard deviation of residuals of 2.5%, slope 9.5155, and intercept 2.6059.

2.10. Total Polyphenol Content

The total polyphenol content was measured with the method invented by Sanchez-Moreno et al.
(1998) [41]. Preparation of saturated sodium carbonate solution: An amount of 10.6 g of sodium
carbonate was weighed on an analytical balance and placed in a beaker. Then, 100 mL of deionized
water was added and the whole was mixed on a magnetic stirrer. A calibration curve was prepared
using gallic acid (GAE) as a standard. The Folin-Ciocalteau reagent (FCR) was diluted with deionized
water at a 1:1 ratio. Assay: An amount of 125 μL of the FCR reagent, 2 mL of deionized water, 125 μL
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of the sample, and 250 μL of the saturated sodium carbonate solution were collected into a test tube.
The whole was mixed thoroughly on a Vortex and left at ambient temperature for 25 min. Next,
the absorbance was measured at λ = 725 nm (Meterek SP 830). The assay was triplicated. The results
were given as mg Gallic Acid equivalents (GAE) per 100 g of dry mass using the calibration curve
y = 0.0017x + 0.0071 with a confidence coefficient R2 = 0.9943, and a relative standard deviation of
residuals of 2.4%, slope 0.0001, and intercept 0.0124.

2.11. Ferric Reducing Antioxidant Power (FRAP) Assay

The assay consists of measuring the increase in absorbance of the FRAP reagent, which takes
place after incubation with the active ingredients contained in the plant extract due to the reduction
of Fe(III) ions. It can be monitored by measuring variation in absorbance at a wavelength of 593 nm.
The assay was based on the methodology invented by Benzie and Strain (1996) [42]. Preparation of
acetic buffer (300 mM; pH 3.6): 3.1 g of sodium acetate trihydrate was weighed and combined with
16 mL of glacial acetic acid. The whole was placed in a 1 L flask and the rest was filled with deionized
water up to the marking level. TPTZ (2,4,6-tris(2-pyridyl)-s-triazine) (10 mM in 40 mM HCl): 1.46 mL
of concentrated HCl was collected into a 1 L volumetric flask, which was filled with deionized water
up to the marking level. Next, 0.031 g of TPTZ was weighed and dissolved in 10 mL of 40 mM HCl in
a water bath at 50 ◦C. FeCl3 x 6H2O (20 mM): 0.054 g of FeClx x 6H2O was weighed and dissolved
in 10 mL of deionized water. Before use the three reagents were mixed at a 10:1:1 ratio. Assay: An
amount of 100 μL of the sample and 3 mL of the FRAP reagent (heated to 37 ◦C) was collected into a
test tube. The whole was mixed on a Vortex and incubated at 37 ◦C for 4 min. Next, the absorbance
was measured at a wavelength of λ = 593 nm (Meterek SP 830). A calibration curve was prepared
using FeSO4x 7H2O. The assay was triplicated. The results were given as mM FE(II) per 100 g of dry
mass using the calibration curve y = 0.6884x - 0.0003 with a confidence coefficient R2 = 0.9977, and a
relative standard deviation of residuals of 1.8%, slope 0.0166, and intercept 0.0100.

2.12. Iron Chelating Activity Assay

The method invented by Decker and Welch (1990) [43] was used to assay the ability of compounds
to bind Fe(II) ions. Iron chloride tetrahydrate (2 mM): 0.0398 g of iron chloride tetrahydrate was
weighed and transferred quantitatively into a 100-mL volumetric flask, which was filled with deionized
water up to the marking level. Ferrozine (5 mM): 0.123 g of ferrozine was weighed and transferred
quantitatively into a 50-mL volumetric flask, which was filled with deionized water up to the marking
level. Assay: 1 mL of the extract was collected into a test tube. Next, 3.7 mL of deionized water was
added. The whole was mixed on the Vortex. Next, 0.1 mL of iron chloride (2 mM) and 0.2 mL of
ferrozine (5 mM) were added. The whole was mixed again and incubated at ambient temperature
for 20 min. Next, the absorbance was measured at λ = 562 nm (Meterek SP 830). A calibration
curve was also prepared using ethylenediaminetetraacetic acid (EDTA) disodium salt. The assay was
triplicated. The results were given as ppm EDTA per 100 g of dry mass using the calibration curve
y = 1.4053x − 2.8349 with a confidence coefficient R2 = 0.9981, and a relative standard deviation of
residuals of 1.2%, slope 0.0308, and intercept 1.4825.

2.13. Oxygen Radical Absorbance Capacity (ORAC) Assay

The ORAC method based on the methodology invented by Ou et al. (2001) [44] was used to
determine the antioxidative capacity. A solution of 42 nM of fluorescein and 153 nM of AAPH as
well as 0.075 M phosphate buffer (pH 7.4) were prepared. The extract was dissolved in 75 mM of
phosphate buffer. The reaction mixture was prepared in a quartz cuvette to which 0.04 μM of disodium
fluorescein in 0.075 M phosphate buffer was added. Next, the extract was added to the mixture, which
was kept at 37 ◦C without access to light. Assay: The chemical reaction was initiated by adding 153 nM
of the AAPH solution, which was a source of peroxide radicals. Fluorescence was measured with a
Hitachi F-2700 spectrofluorometer at an excitation wavelength λ = 493 nm and emission wavelength
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λ = 515 nm. The first measurement was made immediately after adding the AAPH solution. Then,
the fluorescence of the samples was measured every 5 min (f1, f2 . . . . . . ) for 45 min. A standard
curve was prepared for the Trolox solution. The assay was triplicated. The results were given as
μM of Trolox equivalent per 1 g of dry mass using the calibration curve y = 5.5280x - 3.5001 with a
confidence coefficient R2 = 0.9943, and a relative standard deviation of residuals of 2.9%, slope 0.2088,
and intercept 2.2231.

2.14. Statistical Analysis

The results were analyzed statistically (STATISTICA 13.1 software, StatSoft Inc., Kraków, Poland).
An analysis of variance was made to detect statistically significant differences. A multiple comparison
analysis was made using post-hoc LSD tests. The significance level was assumed at p = 0.05. Pearson’s
linear correlation coefficients (p = 0.05; p = 0.01; p = 0.001) were calculated for the antioxidative activity
of the samples obtained in various tests. The Ward method was used for a hierarchical cluster analysis,
by means of which the pumpkin cultivars were grouped according to their antioxidative activity.

3. Results

3.1. General Characteristics of Pumpkin Cultivars

The pumpkin cultivars were characterized in general (Table 1). The visual assessment showed that
the pulp of all the pumpkin cultivars was yellow or orange. The colorimetric measurement method
showed that the brightness of the pumpkin pulp ranged from 48.38 to 64.43 (parameter L). There were
differences in the pumpkin juice pH. The ‘Gomez’ (pH = 5.09), ‘Buttercup’ (pH = 5.16), and ‘Golden
Hubbard’ (pH = 5.16) cultivars were characterized by the highest acidity. The lowest acidity was noted
in the ‘Hokkaido’ (pH = 6.13) and ‘Marina di Chiggia’ (pH = 6.10) cultivars. The cultivars differed in
the water content in the pulp. The highest content was found in the ‘Porcelain Doll’ (94.85%), ‘Galeux
d’Eysines’ (94.78%), and ‘Melonowa Żółta’ (93.25%) cultivars, whereas the lowest content was found
in the ‘Blue Kuri’ (78.76%) and ‘Marina di Chiggia’ (81.17%) cultivars. The cultivars differed in the
content of skin, seeds, and pulp. The following cultivars had the highest percentage content of pulp:
‘Jumbo Pink Banana’ (87.11%), ‘Galeux d’Eysines’ (85.09%), ‘Buttercup’ (84.03%), ‘Jarrahdale’ (83.94%),
‘Flat White Boer’ (83.29%), and ‘Melonowa Żółta’ (83.21%). The smallest content of the pulp was found
in the following varieties: ‘Golden Hubbard’ (63.29%), ‘Green Hubbard’ (63.47%), ‘Porcelain Doll’
(69.24%), ‘Marina di Chiggia’ (70.09%), and ‘Hokkaido’ (70.59%).

3.2. Optimization of Extraction of Pumpkin Antioxidative Components

3.2.1. DPPH Radical Scavenging Activity

The methanol–aqueous (80%) and aqueous extracts exhibited the highest antioxidative activity
against the DPPH radical regardless of the extraction time and temperature (Table 2). The extracts
prepared with acetone, acetone and water (80%), ethyl acetate and methanol exhibited the lowest ability
to inactivate the DPPH radical. The analysis of the influence of the extraction time on the antioxidative
activity of the samples showed that the samples extracted for 2 h exhibited a higher antioxidative
activity only for the ethyl acetate (30 and 50 ◦C), methanol (30 ◦C), and 80% ethyl acetate (50 and
70 ◦C) extracts. The test also showed that the temperature of the process affected the DPPH radical
scavenging ability. As the temperature increased, so did the antioxidative activity. The exceptions
were the 80% ethanol extract (the activity decreased at 1 h and 50 ◦C, but it increased after 2 h) and the
methanol extracts, whose activity decreased at 70 ◦C.
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3.2.2. ABTS Radical Scavenging

The aqueous and methanol–aqueous (80%) extracts exhibited the highest ability to scavenge
ABTS cation radicals (Table 3). The acetone extract was characterized by the lowest antioxidative
activity. The antioxidative activity increased along with the extraction time in most of the samples.
The exceptions were: Acetone and 80% ethyl acetate (50 ◦C). The comparison of the results showed that
the extraction temperature affected the efficiency of the extracts in sweeping the ABTS cation radical.
As the temperature increased, the antioxidative activity of the samples increased, too. The antioxidative
properties decreased only in the 80% acetone (1 h), 80% ethyl acetate (1 h, 70 ◦C), and 80% ethanol (1 h,
50 ◦C) extracts.

Table 3. Effect of extraction parameters on the antioxidants properties of pumpkin extracts determined
by the ABTS assay (mg Tx/100 g dm).

Solvent

Extraction Time and Temperature

1 h 2 h

30 ◦C 50 ◦C 70 ◦C 30 ◦C 50 ◦C 70 ◦C
Acetone 24.62 ± 0.32aA 31.51 ± 0.97aB n.a. 19.06 ± 0.19aA 27.5 ± 0.44aB n.a.

Acetone–water
(80%)

45.9 ± 1.04dA 45.18 ± 0.98cB n.a. 55.30 ± 1.00dA 62.11 ± 0.35eB n.a.

Ethyl acetate 24.9 ± 0.98aA 30.83 ± 0.90aB 41.23 ± 1.27bC 33.63 ± 1.02bA 35.76 ± 0.26bB 52.25 ± 1.11aC
Ethyl

acetate–water
(80%)

35.53 ± 1.23cA 44.57 ± 0.38cB 36.78 ± 0.55aA 40.48 ± 0.66cA 42.33 ± 0.42cB 50.05 ± 0.95aC

Ethanol 28.43 ± 0.50bA 38.21 ± 1.09bB 52.68 ± 1.01cC 37.89 ± 0.99bA 54.8 ± 1.06dB 60.69 ± 1.27bC
Ethanol–water

(80%)
62.08 ± 0.48eB 57.24 ± 2.08dA 66.68 ± 0.52dC 58.89 ± 1.07dA 71.81 ± 1.90fB 73.80 ± 1.17cB

Methanol 35.47 ± 0.99cA 49.23 ± 0.71cB 62.26 ± 0.38dC 40.07 ± 0.62cA 58.86 ± 0.73dB 70.65 ± 0.44cC
Methanol–water

(80%)
74.07 ± 1.11eA 84.44 ± 0.82eB 104.09 ± 1.02eC 82.27 ± 1.03eA 95.31 ± 0.32gB 110.84 ± 0.57dC

Water 79.30 ± 0.39eA 108.5 ± 1.53fB 108.16 ± 0.65eB 85.16 ± 0.86eA 127.31 ± 1.39hB 124.70 ± 0.59eC

A–i: Different letters represent statistically significant differences (p < 0.05) between solvents (in column) in the
variables under analysis; A–C: Different letters represent statistically significant differences (p < 0.05) between
temperatures of extraction (separately for 1 and 2 h) in the variables under analysis; n.a.: Not analyzed.

3.2.3. Total Phenolic Content (TPC)

The highest total phenolic content was found in the aqueous and methanol–aqueous (80%)
extracts (Table 4). The lowest concentration of polyphenolic compounds was found in the ethyl acetate,
ethyl acetate–aqueous (80%), and acetone extracts. The analysis of the influence of the extraction time
on the content of polyphenolic compounds showed that it was higher in the samples extracted for 2 h
than in the ones extracted for 1 h, except the acetone (30 and 50 ◦C), acetone–aqueous (30 ◦C), and
ethyl acetate (70 ◦C) extracts, where the samples extracted for 1 h had higher content of polyphenols.
The extraction temperature also affected the results. The total polyphenolic content in the extracts
prepared at 70 ◦C was greater than in the samples extracted at 30 and 50 ◦C. The exceptions were 80%
acetone (1 h), ethanol–aqueous (80%) (1 and 2 h), and methanol–aqueous (80%) extracts (1 and 2 h),
where the content of polyphenolic compounds was lower at 50 ◦C. However, the highest content of
polyphenols in the 80% ethanol–aqueous and 80% methanol–aqueous extracts was found at 70 ◦C.

3.2.4. Ferric Reducing Antioxidant Power (FRAP)

The methanol–aqueous (80%) and ethanol–aqueous (80%) extracts exhibited the highest ferric
ion reducing capacity (Table 5). The analysis of variation in the ferric ion reducing capacity over time
showed that the samples extracted for 2 h exhibited greater activity than the ones extracted for 1 h.
Only the ethyl acetate, ethyl acetate (70 ◦C), ethanol–aqueous (80%) (30 ◦C), methanol (70 ◦C), and
aqueous extracts were characterized by an inverse dependence. In most cases, the higher extraction
temperature increased the ferric ion reducing capacity of the extracts. The higher extraction temperature
caused a slight decrease in the antioxidative activity of the acetone extract only.
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Table 4. Effect of extraction parameters on the total phenolic content (TPC) of pumpkin extracts
(mg GAE/100 g dm).

Solvent.

Extraction Time and Temperature

1 h 2 h

30 ◦C 50 ◦C 70 ◦C 30 ◦C 50 ◦C 70 ◦C
Acetone 12.29 ± 0.22bA 24.10 ± 0.17cB n.a. 7.49 ± 0.10aA 11.546 ± 0.10bB n.a.

Acetone–water (80%) 89.51 ± 1.50dA 64.19 ± 0.71dB n.a. 67.05 ± 0.96dA 74.51 ± 0.44dB n.a.
Ethyl acetate 3.09 ± 0.06aA 8.09 ± 0.08aB 22.88 ± 0.11bC 5.2 ± 0.05aA 7.82 ± 0.03aB 18.54 ± 0.15aC

Ethyl acetate–water
(80%)

12.82 ± 0.21bA 14.32 ± 0.16bB 18.49 ± 0.29aC 16.84 ± 0.45bA 24.95 ± 0.24cB 30.23 ± 0.21bC

Ethanol 46.27 ± 0.48cA 75.95 ± 1.01eB 130.59 ± 1.53cC 62.00 ± 0.52cA 102.35 ± 0.89fB 164.47 ± 1.88dC
Ethanol–water (80%) 106.52 ± 0.77fA 93.25 ± 0.44fB 132.86 ± 1.61cC 131.63 ± 1.22fA 128.11 ± 1.13gB 186.75 ± 2.05eC

Methanol 49.41 ± 0.46cA 92.88 ± 0.77fB 147.06 ± 1.28dC 58.51 ± 1.10cA 88.52 ± 0.61eB 136.67 ± 1.26cC
Methanol–water (80%) 128.62 ± 0.76gA 101.69 ± 1.12gB 162.51 ± 1.49eC 166.23 ± 0.97gA 160.12 ± 1.20hB 206.47 ± 2.44fC

Water 93.41 ± 1.46eA 155.83 ± 1.31hB 186.47 ± 2.93fC 108.2 ± 1.15eA 171.97 ± 2.15iB 237.94 ± 2.42gC

A–h: Different letters represent statistically significant differences (p < 0.05) between solvents (in column) in the
variables under analysis; A–C: Different letters represent statistically significant differences (p < 0.05) between
temperatures of extraction (separately for 1 and 2 h) in the variables under analysis; n.a.: Not analyzed.

Table 5. Effect of extraction parameters on ferric ion reducing antioxidant power (FRAP) of pumpkin
extracts (mM Fe(II)/100 g dm).

Solvent

Extraction Time and Temperature

1 h 2 h

30 ◦C 50 ◦C 70 ◦C 30 ◦C 50 ◦C 70 ◦C
Acetone 71.32 ± 0.98dA 118.96 ± 1.38cB n.a. 88.21 ± 0.99dA 127.91 ± 2.46dB n.a.

Acetone–water (80%) 189.12 ± 1.65gA 180.17 ± 3.14eA n.a. 249.59 ± 2.40iA 240.89 ± 2.28gA n.a.
Ethyl acetate 28.56 ± 0.33bA 56.69 ± 0.63bB 182.27 ± 1.83cC 23.32 ± 0.23bA 40.82 ± 0.74bB 158.37 ± 1.50cC

Ethyl acetate–water
(80%)

36.05 ± 0.67cA 55.57 ± 0.62bB 131.42 ± 2.57bC 43.08 ± 0.41cA 57.71 ± 0.64cB 119.87 ± 2.48bC

Ethanol 97.67 ± 1.52eA 172.86 ± 1.62dB 344.25 ± 4.09eC 128.13 ± 1.09fA 226.36 ± 2.40fB 351.06 ± 2.53eC
Ethanol–water (80%) 221.36 ± 2.03hA 217.73 ± 1.86fA 309.05 ± 2.01dB 171.18 ± 1.12gA 263.49 ± 3.09hB 346.79 ± 4.40eC

Methanol 106.1 ± 1.66fA 181.93 ± 1.81eB 360.74 ± 3.50fC 117.75 ± 2.22eA 222.13 ± 2.13fB 349.59 ± 3.99eC
Methanol–water (80%) 230.73 ± 3.54iA 231.35 ± 2.60gA 320.91 ± 4.65dB 199.39 ± 3.60hA 213.35 ± 3.21eB 290.15 ± 3.48dC

Water 13.15 ± 0.14aA 33.76 ± 0.25aB 85.06 ± 1.08aC 8.67 ± 0.25aA 22.51 ± 0.38aB 48.57 ± 1.33aC

A–i: Different letters represent statistically significant differences (p < 0.05) between solvents (in column) in the
variables under analysis; A–C: Different letters represent statistically significant differences (p < 0.05) between
temperatures of extraction (separately for 1 and 2 h) in the variables under analysis; n.a.: Not analyzed.

3.2.5. Iron Chelating Activity

The methanol–aqueous (80%) extracts exhibited the highest Fe(II) ion chelating activity (Table 6).
The lowest Fe(II) chelating activity was characteristic of the ethyl acetate–aqueous (80%) and ethyl
acetate extracts. As the extraction time increased, so did the Fe(II) ion chelating activity of all the
samples except the ethyl acetate–aqueous (80%) extract (50 and 70 ◦C), and ethanol extract (50 ◦C). Apart
from that, the assay showed that the Fe(II) ion chelating activity increased along with temperature.
Only the chelating activity of the ethanol (30 vs. 50 ◦C), ethanol–aqueous (80%) (30 vs. 50 ◦C),
and ymethanol–aqueous (80%) extracts (30 vs. 50 ◦C) decreased. However, the chelating activity of
these extracts increased again at 70 ◦C.
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3.3. Comparison of the Antioxidative Activity of Selected Extracts of Various Pumpkin Cultivars

3.3.1. DPPH Radical Scavenging Activity

The research showed that the ‘Melonowa Żółta’ (245.98 and 222.23 mg Tx/100 g dm), ‘Hokkaido’
(210.97 and 183.40 mg Tx/100 g dm), ‘Galeux d’Eysiness’ (206.99 mg Tx/100 g dm), and ‘Buttercup’
cultivars (185.19 mg/Tx/100 g dm) exhibited the highest antioxidative activity against the DPPH
radical (Table 7). On the other hand, the aqueous extracts of the following pumpkin cultivars were
characterized by the lowest antioxidative potential: ‘Gomez’ (34.11 mg Tx/100 g dm), ‘Shokichi Shiro’
(42.22 mg Tx/100 g dm), ‘Golden Hubbard’ (52.5 mg Tx/100 g dm), and ‘Green Hubbard’ (54.39 mg
Tx/100 g dm). The methanol–aqueous (80%) extracts exhibited greater DPPH radical scavenging
activity than the aqueous extracts in all the pumpkin cultivars. The pumpkin pulp exhibited low DPPH
radical inhibiting activity (5.8 μmol Tx/g dm). The same experiment showed that other raw materials
exhibited much higher antioxidative activity, e.g., artichokes (70.1 μmol Tx/g dm), lettuce (77.2 μmol
Tx/g dm), spinach (50.9 μmol Tx/g dm), turmeric (57.6 μmol Tx/g dm). The following raw materials
were characterized by lower DPPH radical inactivating ability: Leek (3.2 μmol Tx/g dm), cucumber
(2.3 μmol Tx/g dm), celery (3.8 μmol Tx/g dm), carrots (3.5 μmol Tx/g dm), beans (3.8 μmol Tx/g dm)
(44). The antioxidative activity of pumpkin seeds and skin (Cucurbita pepo) was confirmed in a test with
DPPH radical. The test showed that the aqueous extracts (72.36% inhibition) and 70% ethanol extracts
(71.0% inhibition) exhibited the highest DPPH radical scavenging activity in the pumpkin skin, whereas
the 70% ethanol extract (20.5% inhibition) and 70% methanol extract (18.9% inhibition) exhibited the
highest antioxidative activity in the pumpkin seeds. The radicals inhibition of the aqueous extract
amounted to 4.12% [37]. Valenzuela et al. researched various pumpkin species seeds and found the
highest total polyphenolic content in the Cucurbita mixta Pangalo species (275 μmol GAE/g of the
extract). There were lower total polyphenolic content levels in the seeds of Cucurbita maxima Duchense
(212.87 μmol GAE/g of the extract) and Cucurbita moschata (Duchense ex Lam.) species (118.79 μmol
GAE/g of the extract) [45]. The above research showed that the methanol–aqueous and methanol
extracts of pumpkin seeds were characterized by high DPPH radical scavenging activity, and amounted
to 69.18% and 86.85%, respectively [46].

Table 7. Antioxidant activity of pumpkin extracts determined by ABTS and DPPH assays.

Pumpkin Cultivars

ABTS
(mg Tx/100 g dm)

DPPH
(mg Tx/100 g dm)

Aqueous–Methanol
Extract

Aqueous Extract
Aqueous–Methanol

Extract
Aqueous Extract

Hokkaido 110.84 ± 0.57cA 124.70 ± 0.59dB 210.97 ± 2.13hA 183.40 ± 3.08iB
Blue Kuri 85.12 ± 1.73aA 104.78 ± 1.45bB 145.44 ± 1.80fA 67.43 ± 0.88eB
Buttercup 116.37 ± 1.64dA 114.04 ± 1.00cA 185.19 ± 2.01gA 76.58 ± 1.13fB
Gomez 127.36 ± 1.66eA 107.19 ± 1.5bB 86.12 ± 1.90bA 34.11 ± 0.86aB
Shokichi Shiro 99.79 ± 1.71bA 123.75 ± 0.96dB 57.54 ± 0.88aA 42.22 ± 1.15bB
Jumbo pink banana 146.91 ± 0.68fA 173.11 ± 1.37gB 86.72 ± 0.96bA 72.9 ± 0.9fB
Golden hubbard 117.24 ± 1.20dA 152.01 ± 1.46gB 127.5 ± 1.64dA 52.5 ± 0.67dB
Flat White Boer Ford 113.07 ± 1.24cdA 95.92 ± 1.39aB 204.12 ± 2.28gA 96.49 ± 1.54gB
Jarahdale 95.90 ± 1.44bA 104.25 ± 1.28bB 136.90 ± 2.62eA 70.23 ± 1.28fB
Porcelain doll 109.74 ± 1.24cA 138.04 ± 1.47eB 82.42 ± 0.83bA 49.99 ± 1.21cB
Galeux d’ Eysines 122.32 ± 1.19eA 110.07 ± 1.34bB 206.99 ± 2.24hA 127.85 ± 1.03hB
Green hubbard 103.87 ± 1.54cA 136.11 ± 1.13eB 101.98 ± 1.21cA 54.39 ± 0.75dB
Marina di Chiggia 118.28 ± 1.12dA 143.52 ± 2.43fB 105.63 ± 1.07cA 73.86 ± 0.85fB
Melonowa Żółta 152.86 ± 1.64fA 187.17 ± 2.55hB 245.98 ± 3.10iA 222.23 ± 3.87jB

A–i: Different letters represent statistically significant differences (p < 0.05) between antioxidative activity of
pumpkin cultivars; A,B: Different letters represent statistically significant differences (p < 0.05) between antioxidative
activity of extracts (aqueous–methanol vs. aqueous).
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3.3.2. ABTS Radical Scavenging

The ABTS cation radical test showed that the ‘Melonowa Żółta’ pumpkin cultivar was characterized
by the highest antioxidative potential (Table 7). The antioxidative activity of the aqueous extracts
(187.17 mg Tx/100 g dm) was higher than that of the methanol–aqueous (80%) extracts (152.86 mg
Tx/100 g dm). The lowest ABTS cation radical scavenging activity was noted in the ‘Blue Kuri’
(methanol–aqueous (80%) extract—85.12 mg Tx/100 g dm), ‘Jarahdale’ (methanol–aqueous (80%)
extract—95.90 mg Tx/100 g dm), and ‘Flat White Boer Ford’ cultivars (aqueous extract—95.92 mg
Tx/100 g dm). In most cases, the aqueous extracts exhibited greater antioxidative activity than the
methanol–aqueous (80%) extracts. The research showed that the pumpkin pulp had relatively low ABTS
cation radical scavenging ability (11.0 μM Tx/g dm), as compared with other vegetables: Artichoke
(39.9 μM Tx/g dm), asparagus (37.5 μM Tx/g dm), broccoli (43.0 μM Tx/g dm), lettuce (85.8 μM Tx/g
dm), radishes (61.7 μM Tx/g dm), and turmeric (118.6 μM Tx/g dm) (44). Sing et al. noted that pumpkin
pulp (Cucurbita maxima) extracted with ethanol and water (50%) exhibited the highest ABTS radical
scavenging activity, i.e., 2.04 μM Tx/g. The ABTS radical scavenging ability of the pumpkin extract was
slightly lower than that of watermelon (2.24 μM Tx/g) and melon (2.78 μM Tx/g). The authors of the
study also found that pumpkin skin extracts were characterized by higher antioxidative potential [47].

3.3.3. Total Phenolic Content (TPC)

The total phenolic content in the pumpkin cultivars was analyzed with the Folin-Ciocalteu method
(Table 8). The analysis showed that the content of phenolic compounds in the pumpkin pulp varied
depending on the cultivar and the extraction solvent. The highest concentration of total polyphenols
was found in the following cultivars: ‘Melonowa Żółta’ (232.5 and 255.69 mg GAE/100 g dm),
‘Hokkaido’ (206.47 and 237.94 mg GAE/100 g dm), and ‘Gomez’ (172.63 and 188.22 mg GAE/100 g dm).
The lowest content of phenolic compounds in the methanol–aqueous extracts was found in the ‘Blue
Kuri’ (49.78 mg GAE/100 g dm) and ‘Marina di Chiggia’ cultivars (49.99 mg GAE/100 g dm). On the
other hand, among the aqueous extracts, the lowest total polyphenolic level was found in the ‘Blue
Kuri’ (65.66 mg GAE/100 g dm), ‘Shokichi Shiro’ (66.64 mg GAE/100 g dm), ‘Flat White Boer Ford’
(66.01 mg GAE/100 g dm), and ‘Jumbo Pink Banana’ cultivars (66.40 mg GAE/100 g dm). Apart from
that, it is noteworthy that when water was used as the solvent, there was higher content of polyphenols
in all the cultivars except for the ‘Flat White Boer Ford’. Saavedra et al. conducted a study in which
they measured the total polyphenolic content in fresh pumpkin skins and seeds. The highest content
was found in aqueous extracts. The total polyphenolic content in the pumpkin skin was 741–1069 mg
GAE/100 g dm, whereas in the seeds it was 234–239 mg GAE/100 g dm. The results showed that the
polyphenol content in the pumpkin skin and seeds was higher than in its pulp. Only in the ‘Melonowa
Żółta’ cultivar the polyphenol content (255.69 mg/100 g dm) was slightly higher than in the seeds.
The Hokkaido cultivar had a similar content of polyphenols (237.94 mg/100 g dm) [37]. Kiat et al.
also observed the presence of polyphenols in pumpkin seeds. They noted that the concentration of
polyphenols in the methanol–aqueous extract (80%) (72 mg/100 g dm) was higher than in the methanol
extract (44 mg/100 g dm) [48]. Bayili et al. showed that the total polyphenolic content in the pumpkin
of the Cucurbita pepo species amounted to 100.2 mg/100 g fresh weight. The authors observed that the
pumpkin contained more polyphenols than some other vegetables, e.g., tomatoes, eggplant, cucumber,
and vegetable cabbage. The content of polyphenols was about two times greater in some cultivars,
e.g.,: ‘Hokkaido’, ‘Gomez’, ‘Porcelain Doll’, ‘Melonowa Żółta’, but these results were calculated per
dry mass [46]. Singh et al. observed that the content of polyphenolic compounds in pumpkin pulp
(extracted with water) amounted to 13.92 mg GAE/100 g fresh weight. There was a higher content of
polyphenolic compounds in the methanol–aqueous (19.36–30.69 mg/100 g dm) and ethanol–aqueous
solvents (21.45–33.48 mg/100 g dm) [47]. Dar et al. found polyphenolic compounds in various extracts
of pumpkin leaves (Cucurbita pepo). They observed that the polyphenolic content varied depending on
the type of extract. The concentration of polyphenols in the ethanol extract was 40.37 mg/g GAE, in the
aqueous extract—40.12 mg/g GAE, butanol extract—92.62 mg/g GAE, ethyl acetate extract—85.12 mg/g
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GAE, chloroform extract—21.25 mg/g GAE, and n-hexane extract—12.50 mg/g GAE [49]. Oloyede et al.
conducted research on the content of total polyphenols in pumpkin pulp (Cucurbita pepo Linn.). They
found that the concentration of polyphenolic compounds in pumpkin depended on the degree of
ripening. The content of polyphenolic compounds in ripe fruit was 33.5 mg/100 g dm, whereas in unripe
fruit it was 10.3 mg/100 g dm. This content was similar to the results observed in methanol–aqueous
extracts in the ‘Blue Kuri’, ‘Marina di Chiggia’, and ‘Jumbo Pink Banana’ cultivars [50].

Table 8. Total polyphenols content and oxygen radical absorbance capacity (ORAC) of pumpkin extracts.

Pumpkin Cultivars
Total Phenolic Content (mg GAE/100 g dm)

ORAC (μM Tx/g dm)
Aqueous–Methanol Extract Aqueous Extract

Hokkaido 206.47 ± 2.44hA 237.94 ± 2.42iB 89.97 ± 2.07d
Blue Kuri 49.78 ± 0.76aA 65.66 ± 0.71aB 58.47 ± 0.70b
Buttercup 87.99 ± 1.52eA 115.24 ± 1.85fB 102.08 ± 1.84f
Gomez 172.63 ± 1.06gdA 188.22 ± 2.73hB 99.35 ± 3.05e
Shokichi Shiro 58.01 ± 1.08cA 66.64 ± 1.90aB 108.47 ± 2.32g
Jumbo pink banana 50.23 ± 1.61bA 66.40 ± 0.83aB 86.60 ± 1.19d
Golden hubbard 91.46 ± 1.16eA 101.05 ± 1.13eB 116.38 ± 1.91h
Flat White Boer Ford 70.99 ± 1.03dA 66.01 ± 1.33aB 43.04 ± 1.72a
Jarahdale 56.35 ± 0.90cA 72.61 ± 1.44bB 65.34 ± 1.83c
Porcelain doll 174.53 ± 1.37gA 189.40 ± 0.78hB 98.35 ± 2.36e
Galeux d’ Eysines 113.40 ± 1.42fA 95.56 ± 1.36dB 94.87 ± 0.53e
Green hubbard 58.62 ± 1.36cA 126.08 ± 1.72gB 102.90 ± 1.64f
Marina di Chiggia 49.99 ± 1.49aA 77.71 ± 1.35cB 104.76 ± 1.84f
Melonowa Żółta 232.5 ± 2.63iA 255.69 ± 4.29jB 122.73 ± 3.39i

A–j: Different letters represent statistically significant differences (p< 0.05) between antioxidative activity (ORAC) and
total polyphenolic content of pumpkin cultivars. A, B: Different letters represent statistically significant differences
between antioxidative activity (ORAC) and total polyphenolic content (p < 0.05) of extracts (aqueous–methanol
vs. aqueous).

3.3.4. Ferric Reducing Antioxidant Power (FRAP)

In order to determine the antioxidative potential of the pumpkin cultivars the ability of the aqueous
and methanol–aqueous extracts to reduce ferric ions was also investigated. The following cultivars
exhibited showed the highest antioxidative activity: ‘Buttercup’ (592.78 mM Fe(II)/100 g dm), ‘Melonowa
Żółta’ (555.63 mM Fe(II)/100 g dm), ‘Galeux d’Eysines’ (524.90 mM Fe(II)/100 g dm), ‘Flat White
Boer Ford’ (509.28 mM Fe(II)/100 g dm), and ‘Porcelain Doll’ (501.19 mM Fe(II)/100 g dm) (Table 9).
The lowest ability to reduce the degree of ferric ion oxidation was found in the ‘Hokkaido’ (48.57 mM
Fe(II)/100 g dm), ‘Marina di Chiggia’ (58.19 mM Fe(II)/100 g dm), and ‘Green Hubbard’ cultivars
(66.34 mM Fe(II)/100 g dm). When 80% methanol was used as the solvent, all the cultivars exhibited
higher antioxidative activity. Tiveron et al. observed that pumpkin pulp (Cucurbita maxima) was
capable of reducing ferric ions at an amount of 19.5 μM Fe2+/g dm. This activity was greater than
that of other vegetables, such as: Celery, carrot, cucumber, and leek. On the other hand, it was about
10–15 times lower than that of chicory, broccoli, spinach, and watercress [51]. Fidrianny et al. observed
that the pumpkin leaf ethanol extract (Cucurbita moschata) exhibited relatively low ferric ion reducing
activity, i.e., 1.37%, as compared with 7.39% for ascorbic acid. Ethyl acetate (1.37%) and hexane (0.28%)
extracts exhibited lower ferric ion reducing ability [52]. One study showed that the compounds
contained in pumpkin pulp (Cucurbita maxima) were capable of reducing ferric ions. The highest
reducing activity was observed for the ethanol aqueous extract (50%) (3.23 μM Fe(II)/g) and ethanol
aqueous extract (50%) (2.66 μM Fe(II)/g). The aqueous extracts exhibited the lowest activity (1.83 μM
Fe(II)/g), which was consistent with the results of this study [46].
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Table 9. Iron chelating activity and ferric ion reducing antioxidant power (FRAP) of pumpkin extracts.

Pumpkin Cultivars

Iron Chelating Activity
(ppm EDTA/100 g dm)

FRAP
(mM Fe(II)/100 g dm)

Aqueous–Methanol
Extract

Aqueous Extract
Aqueous–Methanol

Extract
Aqueous Extract

Hokkaido 4381.1 ± 52.25aA 2224.65 ± 26.57aB 290.15 ± 3.48bA 48.57 ± 1.33aB
Blue Kuri 11385.16 ± 56.32gA 7561.89 ± 46.15jB 337.39 ± 1.63cA 123.14 ± 1.73gB
Buttercup 5702.74 ± 59.19bA 2938.91 ± 30.21bB 592.78 ± 2.24jA 283.34 ± 2.43lB
Gomez 12804.62 ± 90.97gA 8125.81 ± 31.32kB 407.05 ± 1.72eA 111.54 ± 1.66fB
Shokichi Shiro 11350.7 ± 100.45gA 5029.95 ± 25.77fB 324.31 ± 1.60cA 84.50 ± 1.84dB
Jumbo pink banana 7499.11 ± 83.49dA 5194.75 ± 45.07fB 386.83 ± 2.43dA 140.94 ± 1.76hB
Golden hubbard 5635.76 ± 78.83bA 3255.99 ± 38.26cB 405.43 ± 2.81eA 95.31 ± 1.12eB
Flat White Boer Ford 7421.45 ± 78.67dA 6131.97 ± 24.33iB 509.28 ± 3.62gA 169.41 ± 1.16iB
Jarahdale 6197.18 ± 50.75cA 5314 ± 26.52gB 478.86 ± 4.04fA 110.17 ± 1.83fB
Porcelain doll 9321.91 ± 81.67fA 5782.54 ± 56.89hB 501.19 ± 5.79gA 202.2 ± 2.13jB
Galeux d’ Eysines 6119.04 ± 84.52cA 4302.19 ± 65.47eB 524.90 ± 4.25hA 213.30 ± 2.47kB
Green hubbard 10760.30 ± 99.76gA 7349.57 ± 81.84jB 293.67 ± 2.28bA 66.34 ± 1.27cB
Marina di Chiggia 7753.32 ± 25.21eA 5715.51 ± 69.28hB 266.24 ± 2.97aA 58.19 ± 1.24bB
Melonowa Żółta 5615.31 ± 49.74bA 4095.36 ± 47.03dB 555.63 ± 6.94iA 364.90 ± 6.70mB

A–m: Different letters represent statistically significant differences (p < 0.05) between antioxidative activity (chelating
properties and FRAP) of pumpkin cultivars. A,B: Different letters represent statistically significant differences
(p < 0.05) between antioxidative activity of extracts (aqueous–methanol vs. aqueous).

3.3.5. Iron Chelating Activity

The analysis of metal ion binding properties is a method of determining the antioxidative potential
of food. For this purpose, the ability to chelate Fe(II) ions by compounds contained in the extracts
of various pumpkin cultivars was assayed (Table 9). The test revealed that the methanol–aqueous
(80%) extracts of the following cultivars were characterized by the highest antioxidative activity:
‘Gomez’ (12,804.62 ppm EDTA/100 dm), ‘Blue Kuri’ (11,385.16 ppm EDTA/100 g dm), ‘Shokichi
Shiro’ (11,350.7 ppm EDTA/100 g dm). By contrast, the aqueous extracts of the following cultivars
exhibited the lowest ferric ion chelating ability: ‘Hokkaido’ (2,224.65 ppm EDTA/100 g dm), ‘Buttercup’
(2,938.91 ppm EDTA/100 g dm), ‘Golden Hubbard’ ( 3,225.99 ppm EDTA/100 g dm), ‘Melonowa Żółta’
(4,095.36 ppm EDTA/100 g dm), and ‘Galeux d’Eysines’ (4,302.19 ppm EDTA/100 g dm). As in the
FRAP test, the methanol–aqueous (80%) extracts exhibited the highest antioxidative activity.

3.3.6. Oxygen Radical Absorbance Capacity (ORAC)

The antioxidative activity of the pumpkin cultivars was also measured with the oxygen radical
absorbance capacity test (ORAC). This is a very high sensitivity method, which is mainly used to
measure the activity of hydrophilic antioxidants [53]. It is thought to be one of the most preferable
tests for measuring the antioxidative activity [54]. The ORAC test has been frequently used to prepare
rankings of food products according to their antioxidative capacity [55]. The method is recommended
to quantify the peroxide radical scavenging capacity. The highest antioxidative capacity was found in
the following cultivars: ‘Melonowa Żółta’ (122.73 μM Tx/g dm), ‘Jumbo Pink Banana’ (117.72 μM Tx/g
dm), and ‘Golden Hubbard’ (108.47 μM Tx/g dm) (Table 8). The following cultivars exhibited the
lowest reactive oxygen species scavenging capacity: ‘Flat White Boer Ford’ (42.38 μM Tx/g dm), ‘Blue
Kuri’ (58.47 μM Tx/g dm), ‘Jarahdale’ (65.00 μM Tx/g dm), ‘Shokichi Shiro’ (87.60 μM Tx/g dm), and
‘Hokkaido’ (89.97 μM Tx/g dm). So far, the ability of pumpkin pulp to absorb oxygen free radicals has
not been analyzed. Parry et al. investigated the antioxidative activity (ORAC) of the oil extract from
roasted pumpkin seeds. They noted that the product had very low antioxidative potential (1.1 μM Tx/g
fat), as compared with parsley seed extract (1097.5 μM Tx/g fat), cardamom extract (941.5 μM Tx/g fat),
milk thistle extract (125.2 μM Tx/g fat), and onion extract (17.5 μM Tx/g fat) [56].
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3.3.7. Correlation between Antioxidative Properties of Cucurbita maxima Cultivars Observed in
Different Tests

The results of the antioxidative activity assays were used to analyze correlations between the
antioxidative activity exhibited both by the aqueous and aqueous–methanol extracts. As far as the
aqueous extracts are concerned, there was a strong positive correlation between the results obtained
in the ABTS and oxygen radical absorbance capacity (ORAC) tests (� = 0.64; p < 0.001), as well as
between the total polyphenolic content and the ORAC (� = 0.59; p < 0.001) and ABTS tests (� = 0.41;
p < 0.01) (Table 10). The results showed a strong negative correlation between the ORAC and FRAP
tests (� = −0.47; p < 0.01), as well as between total polyphenolic content and the chelating activity
(� = −0.47; p < 0.01). Likewise, the analysis of the results for the aqueous–methanol extracts revealed
a positive correlation between the total polyphenolic content and the antioxidative activity assayed
in the ABTS test (� = 0.37; p < 0.05) (Table 11). In addition, there was a positive correlation between
both FRAP and DPPH tests (� = 0.45; p < 0.05) and between the FRAP test and the total polyphenolic
content (� = 0.39; p < 0.05). On the other hand, there were negative correlations between the chelation
activity and the total polyphenolic content (� = −0.63; p < 0.001) and the DPPH radical scavenging
ability (� = −0.53; p < 0.001).

Table 10. Results of the correlation analysis between the antioxidant activity tests in Cucurbita maxima
cultivars aqueous extracts.

ABTS DPPH
Total Phenolic

Content
Iron Chelating

Activity
FRAP ORAC

ABTS x −0.01 0.41 ** −0.37 * −0.38 * 0.64 ***
DPPH −0.01 x 0.14 −0.26 0.32 −0.07

Total polyphenols
content

0.41 ** 0.14 x −0.47 ** −0.24 0.59 ***

Iron chelating activity −0.37 * −0.26 −0.47 ** x −0.01 −0.35 *
FRAP −0.38 * 0.32 −0.24 −0.01 x −0.47 **
ORAC 0.64 *** −0.07 0.59 *** −0.35 * −0.47 ** x

p < 0.05 *; p < 0.01 **; p < 0.001 ***: Determination of statistically significant correlations between tested variables.

Table 11. Results of the correlation analysis between the antioxidant activity tests in Cucurbita maxima
cultivars aqueous–methanol extracts.

ABTS DPPH Total Phenolic Content Iron Chelating Activity FRAP

ABTS x −0.04 0.37 * −0.39 * −0.06
DPPH −0.04 x 0.38 −0.53 *** 0.45*

Total Polyphenols
Content

0.37 * 0.38 x −0.63*** 0.39*

Iron Chelating Activity −0.39 * −0.53 *** −0.63 *** x −0.16
FRAP −0.06 0.45 * 0.39 * −0.16 x

p < 0.05 *; p < 0.01 **; p < 0.001 ***: Determination of statistically significant correlations between tested variables.

3.3.8. Cluster Analysis

A cluster analysis was made to isolate groups of the pumpkin cultivars according to their
antioxidative activity (Figure 1). The assumption was that the selected groups of cultivars should
differ from each other in terms of the most determining variables. The Ward method was used for a
hierarchical cluster analysis. Figure 1 shows into which clusters the pumpkin cultivars were categorized.

Two groups of cultivars were distinguished on the basis of the analysis: Cluster 1 (‘Buttercup’,
‘Golden Hubbard’, ‘Galeux d’Eysines’, ‘Melonowa Żółta’, ‘Hokkaido’, ‘Jumbo Pink Banana’, ‘Marina
Di Chiggia’, ‘Flat White Boer Ford’, ‘Jarrahdale’), and cluster 2 (‘Blue Kuri’, ‘Green Hubbard’, ‘Gomez’,
‘Shokichi Shiro’, ‘Porcelain Doll’) (Table 12). The Student’s t-test for independent samples was applied
to check whether there were intergroup differences. The analysis showed that cluster 1 exhibited
significantly greater ability to scavenge ABTS (120.49 vs. 104.84 mg Tx/100 g dm) and DPPH radicals
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(190.21 vs. 95.24 mg Tx/100 g dm) (in the aqueous–methanol extracts) and DPPH radicals (91.74 vs.
49.49 mg Tx/100 g dm) (in the aqueous extracts). Apart from that, cluster 1 had higher total polyphenolic
content (84.46 vs. 62.78 mg GAE/100 g dm). On the other hand, cluster 2 was characterized by greater
ferric ion chelating capacity in the aqueous–methanol extracts (6210.87 vs. 11061.61 ppm EDTA/100 g dm)
and aqueous extracts (4346.98 vs. 6745.29 ppm EDTA/100 g dm). There were no statistically significant
differences between the groups in the oxygen radicals absorbance capacity (ORAC).

 
Figure 1. Dendrogram of studied pumpkin variety divisions.

Table 12. Variable levels divided into groups of pumpkin varieties.

Cluster 1 Cluster 2 p Value

Aqueous–methanol
extract

ABTS 120.49 ± 13.72 104.84 ± 14.01 p < 0.05
DPPH 190.21 ± 99.12 95.24 ± 30.17 p < 0.05

Total polyphenols content 84.46 ± 31.73 62.78 ± 9.72 p < 0.05
Iron chelating activity 6210.87 ± 1188.94 11061.61 ± 1127.68 p < 0.05

FRAP 415.28 ± 118.85 372.52 ± 76.37 NS.

Aqueous extract

ABTS 130.6 ± 25.69 122.04 ± 14.5 NS.
DPPH 91.74 ± 40.25 49.49 ± 11.66 p < 0.05

Total polyphenols content 95.54 ± 29.02 87.29 ± 22.81 NS.
Iron chelating activity 4346.98 ± 1301.87 6745.29 ± 1191.65 p < 0.05

FRAP 135.33 ± 71.86 117.54 ± 47.87 NS.
ORAC 91.75 ± 24.88 93.51 ± 19.98 NS.

p < 0.05: Determination of statistically significant differences between the groups of varieties; NS: Not significant;
dm: Dry mass; the results are expressed as the mean values ± standard deviation of the triplicate samples; the results
are expressed in the following units: ABTS, DPPH (mg Tx/100 g dm), iron chelating activity (ppm EDTA/100 g dm),
FRAP (mM Fe(II)/100 g dm), total phenolic content (mg GAE/100 g dm), ORAC (μM Tx/g dm).

215



Sustainability 2020, 12, 1305

4. Conclusions

The extraction methods were optimized to test the antioxidative activity of pumpkin pulp.
The research showed that the aqueous and aqueous–methanol (80%) extracts exhibited the highest
antioxidative potential. The best effects were achieved when the extraction was conducted at 70 ◦C
for 2 h. The acetone and ethyl acetate extracts exhibited low antioxidative activity. The extraction
optimization results were used for comparative analysis of the antioxidative potential of 14 pumpkin
cultivars of the Cucurbita maxima species. To date there has not been such an extensive analysis of the
antioxidative properties of the pumpkin pulp of various cultivars. The following tests were conducted
to measure the antioxidative activity: ABTS, DPPH, FRAP, ORAC, chelating activity. The total
polyphenolic content was also analyzed. The research clearly showed that the pumpkin cultivars
under analysis were significantly diversified in their ability to scavenge free radicals and to reduce
and chelate ferric ions. They also differed in the total polyphenolic content. The antioxidant activity
of pumpkin extracts is generally affected by different variables such as the chemical structure and
profile of antioxidants, e.g., carotenoids, tocopherols or phenolic compounds. However, this is the
topic of the upcoming publication in which the profile of antioxidant compounds will be characterized.
Antioxidants arise as easily extractable compounds, soluble, and as the residue of the extract. That is
why it is difficult to identify and categorize the key trends in the contribution of various compounds
and the concomitant influence of different factors to the total antioxidant capacity. Hence, as indicated
in other studies on the antioxidant activity of the food matrix, consideration should also be given to
substances bound in the extract residues. The following pumpkin cultivars exhibited high antioxidative
activity: ‘Melonowa Żółta’, ‘Hokkaido’, ‘Porcelain Doll’, and ‘Gomez’. The research showed that
pumpkin pulp exhibited strong antioxidative properties, which might be significant for human health.
The inclusion of pumpkin or pumpkin pulp-based food products into a diet may help protect the
human body from the harmful effect of free radicals. It is important to reduce the risk of diseases of
affluence. Properly selected powdered pumpkin pulp can be used in the food industry, e.g., as an
additive increasing the stability of fat in meat.
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Abstract: A scientific and technical literature review on machines designed to grind fodder grain
revealed that the existing designs of grinding machines—those based on destruction by impact,
cutting, or chipping—have various drawbacks. Some disadvantages include high metal and energy
intensity, an uneven particle size distribution of the ground (crushed) product, a high percentage of
dust fraction, the rapid wear of work tools (units), and heating of the product. To eliminate most
of the identified shortcomings, the design of a rotary–centrifugal grain grinder is proposed in this
paper. The optimization of the grinder’s working process was carried out using experimental design
methodology. The following factors were studied: the grain material feed, rotor speed (rpm), opening
of the separating surface, number of knives (blades) on the inner and outer rings, technical conditions
of the knives (sharpened or unsharpened), and the presence of a special insert that is installed in
the radial grooves of the distribution bowl. The optimization criteria were based on the amount of
electricity consumed by and the performance of the rotary–centrifugal grain grinder. The quality
of performance was quantified by the finished product, based on the percentage of particles larger
than 3 mm in size. An analysis of the results of the multifactorial experiment allowed us to establish
a relationship (interaction) between the factors and their influence on the optimization criteria,
as well as to determine the most significant factors and to define further directions for the research
of a centrifugal–rotary grain grinder. From our experimental results, we found that the grinder is
underutilized in the selected range of factor variation. Furthermore, the number of knives installed
at the second stage of the grinder, the gap (clearance) of the separating surface, and the technical
condition of the knives are among the most important factors influencing the power consumption
and the quality of the resulting product. A reduction in the number of knives at the first stage has
a positive effect on all the selected optimization criteria; and by varying the factors in the selected
range, it is possible to obtain a product corresponding to medium and coarse grinding.

Keywords: grain grinding; rotary–centrifugal grinder; construction optimization criteria

1. Introduction

In the cost structure of feed production, grinding represents a very labor- and energy-intensive
process, constituting, according to various datasets, at least half of the total costs associated with the
conservation, storage, and preparation of feed mixtures. Hence, implementing a sustainable design of
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tools and processes is becoming increasingly important for manufacturers [1]. There is an increasing
use of concentrated feed in the composition of mixed fodder [2–4]. An important factor for improving
the digestibility and ensuring the most complete extraction of the potential energy of the feed is the
method of its grinding. To date, the most common method in agricultural production is grinding
with hammer mills (disintegrators) [5–7]. However, modern requirements for the quality of the feed
obtained in the grinding process require the minimization of metal and energy intensity.

The main approach for solving the problems discussed above is to improve existing machines and
devices (units) by optimizing structural elements and the subsequent control of technological operating
modes. Furthermore, one can develop and implement technical solutions based on new physical
principles or by combining several previously known approaches. Thus, recently, the design of grinders
has become of great practical interest in the field of grinding grain. It is possible to significantly reduce
the specific energy consumption for the production of concentrated feed and obtain a product with a
high uniformity of particle size by combining the grinding process with shearing and chipping [5,8–15].

Pushkarev A.S. and Fomin V.V. [3,16], in their research on the parameters of the work tools (units)
of a centrifugal–rotary grain grinder, found that by modifying the curvilinear shape of the cutting
pair, the specific energy intensity of the grinding process of grain is reduced; increasing the grinder’s
performance without changing its energy consumption. Further they found, the moisture content
of the material being crushed has a significant effect on the specific energy intensity of the grinding
process; an increase in the moisture content of grain, increases the energy consumption. However,
the trend towards a decrease in energy intensity remains when curvilinear work tools are used. Finally,
by taking into account the change in the optimal cutting angle of the material being processed as
it moves in the channel of the work tool of a small-size centrifugal–rotary grinder, the grain size
distribution (granulometric composition) is equalized, the dust fraction decreases, and there are no
whole grains in the finished product [3,16].

Based on the analysis of Druzhynin R.A. and Ivanov V.V. [2,4] on the research of theorists and
practitioners, it is recommended to use two-stage grinding for the manufacture of coarse and medium
grinding products. Additionally, multi-stage crushers and grinders are more effective to obtain a fine
grinding product. At the same time, the disadvantages of knife-type grinders compared to impact
crushers are also noted [17]: intensive wear of the working parts (knives), a sharp decline in the
quality of grinding as a result of wear of the working bodies (knives), and a higher specific energy
consumption than crushers, with greater productivity.

Considering the existing industrial designs of grinders that have knives (blades) as work tools,
it can be seen that they are used mainly in personal subsidiary farms, where high performance and
drive power are not required, but a low price and simplicity of design are needed. Such crushers are
widely represented on the market by the following manufacturers: Electromash, Greentechs, Bison,
Kolos, Yarmash, Cyclone, Niva, Fermer, ZDN, etc. [17].The analysis of existing models of grinders on
the market and scientific research on grinding and crushing suggests that the search continues for a
method of grinding feed which improves the economic efficiency of the process, while simultaneously
ensuring a high quality of the resulting product of concentrated feed.

The purpose of this study is to assess the structural elements and various operating modes of
a rotary–centrifugal grinder according to key performance indicators. The task of the study is to
determine the significance of factors (x1–x7) according to certain optimization criteria (y1–y3), allowing
for more specific implementation in further research of rotary–centrifugal grain grinders.

2. Materials and Methods

2.1. Design of a Rotary–Centrifugal Device for Grinding Grain

Based on the analysis of the designs of crushers and grinders, we have developed and proposed
the design of a rotary–centrifugal device for grinding grain [18]. The proposed device (Figure 1)
consists of a stationary case or housing (1) with loading (input, 2) and output (3) nozzles. Two adjacent
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disks are coaxially mounted inside the housing (1): the upper (4) (Figure 2a) and the lower movable
disks (5) (Figure 2b). On the work surface of the lower disk (5) there are annular protrusions (6), and on
the work surface of the upper disk (4) there are installed knives (7), which are diamond-shaped with
small cutting angles with respect to the large diagonals. The outer row of knives (8) forms a separating
surface; thus, changing the angle of the knives makes it possible to continuously adjust the degree of
grinding for the material. The lower disk (5) has grooves (9) in the radial direction which are made
opposite in terms of angle to the direction of rotation of this disk. The lower disk (5) is mounted on the
flange of the drive shaft (10) and is rotated by means of a pulley (11) mounted on it. The upper disk (4)
is rigidly fixed to the stationary case (1). In the upper part of the stationary case, a receiving chamber
(12) is installed, which is formed by vertical walls. The receiving chamber (12) communicates in its
upper part with the loading nozzle (2) and is connected with the working chamber (14), which is the
space between disks (4) and (5), through the radial windows (13).

Figure 1. Design overview of a rotary–centrifugal device for grinding bulk materials. Parts include:
1—case; 2—loading (input); 3—output nozzles; 4—upper disk; 5—lower movable disk; 6—annular
protrusions; 7—knives; 8—outer row of knives; 9—groove; 10—drive shaft; 11—pulley; 12—receiving
chamber; 13—radial windows; and 14—working chamber.

 
 

Figure 2. Photographs of the (a) upper disk and (b) lower disk.

The working process of grinding grain in the rotary–centrifugal device is carried out as follows
(Figure 1). The incoming grain is subjected to the mechanical action of the first cutting pair; then,
under the action of centrifugal forces, the pre-ground material moves along the grooves to the next
pair. Then, the ground grains (groats or stock feed), having reached the outer row of the knives (8)
which form the separating surface, pass into the gap between the knives (8) and, under the influence of
the air flow created by the rotating lower disk (5), leave the housing (1) through the outlet nozzle (3).
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The studies were carried out on an experimental installation of a rotary–centrifugal grinder
(Figure 3) made on-site at the Federal State Budgetary Educational Institution of Higher Professional
Education Vologda State Dairy Farming Academy (DSFA) named after N.V. Vereshchagin.

 
Figure 3. Overview of the experimental installation.

2.2. Description of a Multifactorial Experimental Design

To achieve the objectives of the study, the method of a multifactorial experimental design was
applied. The analysis of the design of the grinder and a review of scientific and technical literature
on grain grinding made it possible to identify a number of factors (Table 1) which allow us to most
fully describe the process of grinding in the proposed centrifugal–rotary grinder. Below is a brief
description of the selected factors (x1–x7) and how they vary:

• Grain was fed to the cumulative bunker of the experimental rotary–centrifugal installation with
an auger conveyor and a frequency-controlled drive x1, with a power inverter-controlled electric
motor, Hyundai N700-220HF (Seul, South Korea);

• The rotation frequency of the lower disk (Figure 2b) x2 was varied using a frequency-controlled
drive with an electric motor controlled by an another Hyundai N700-220HF power inverter;

• The opening of the separating surface x3 was adjusted by setting an appropriate size between the
parallel planes of two adjacent knives, h1 (Figure 5) on the outer row of knives (Figure 2a);

• The knives at the first x4 and second x5 stages of the upper disk (Figure 2a) were installed evenly,
depending on the required quantity;

• To assess the impact of knife sharpening loss during operation, a factor of the technical condition
of the knives x6 was introduced as an experimental variable; i.e., “new” knives with a given angle
of sharpening χ = 24◦ and “old” knives that have a much larger angle of sharpening (unsharpened
knives); i.e., imitating their bluntness;

• The presence of inserts x7 (Figure 4), installed in the slot of the distribution bowl of the lower disk
(Figure 2b), was also considered. Eight inserts were installed in order to change the trajectory and
rate of the material feed to the cutting pairs.

Table 1. Grinder experimental factors and the levels of their variations.

Factors x1 (kg·s−1) x2 (min−1) x3 (mm) x4 (pcs) x5 (pcs) x6 x7

−1 0.023 800 2.5 9 18 “Old” ones Present
+1 0.038 1200 3.2 3 9 “New” ones Absent
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Figure 4. Geometry of the inserts with appropriate dimensions labeled.

 
Figure 5. Geometry of the opening of the separating surface. h1—size between the parallel planes of
two adjacent knives.

Barley with 14% moisture content was used as the ground material. To reduce the amount of
research, a type 27-2 matrix of the fractional factor experiment was used.

The optimization criteria included the power consumption y1 (kW) and the grinder performance
(capacity) y2 (kg/s). The measurement of power consumption was carried out using a Mercury 221
electrical energy meter connected to a PC via USB in CAN/RS-232/RS485 (Figure 6). The indicators
were monitored instantly using a K-505 measurement kit.

 
Figure 6. A set of measuring equipment used for the research. 1—personal computer; 2—K-505;
3—Mercury 221 electric energy meter with USB-CAN/RS-232/RS485 adapter; 4—frequency converter
Hyundai N700-220HF; 5—circuit breaker

The performance (capacity) of the experimental installation y2 was determined by monitoring the
mass of the ground material per unit of time under a steady operating mode.

Zoo-technical requirements for mixed fodder concentrate according to GOST 9268-2015, GOST R
51550-2000, and other guidelines highlight a number of criteria for assessing the quality of the resulting
product. However, the criteria directly dependent on the design and operating mode of the grain
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grinder. Some criteria are the percentage of particles greater than 3 mm y3 after grinding, the grinding
coarseness y4, and the presence of whole grains in the grinding results y5.

3. Results and Discussion

The results of the sieve analysis reveal that the most critical parameter for the compliance of the
finished product with the zoo-technical requirements is the percentage of particles greater than 3 mm,
y3, which in our results is up to 60%. Screen sizing also shows the complete absence of whole grains y5

in all samples. Calculations of the grain size (grinding coarseness) y4 shows that grains are within
the range of 1.5–3.2 mm. However, the use of this indicator as an optimization criterion at this stage
is not informative, since the grain size depends largely on the percentage of particles greater than
3 mm. Thus, in this study, the most significant criterion for assessing the quality of the product is
the percentage of particles greater than 3 mm, y3. The critical particle size in different experiments
depends on many factors (type of material, intended use, and subsequent processing) [19,20].

The processing of the results of the multifactorial experiment was carried out using the StatGraphics
software package. A multivariate analysis of variance ANOVA (Table 2) and the regression results in
Equations (1)–(3) show that the models obtained are statistically significant and describe the current
processes with a reliability of at least 95%.

y1 = 3.89 + 0.12x1 + 0.2x2 − 0.15x3 + 0.3x5 − 1.3x6 + 0.28x1x3 + 0.12x1x5 − 0.28x2x4+

+0.14x3x6 − 0.18x3x7 + 0.12x4x7
(1)

y2 = 0.021 + 0.004x1 + 0.003x2 − 0.001x3 + 0.002x6 + 0.002x1x2 − 0.001x1x3+

+0.001x2x3 + 0.001x2x4
(2)

y3 = 13.1 + 1.71x1 − 3.38x2 − 5.6x3 + 2.4x4 + 5.75x5 + 8.88x6 − 2.6x7 + 3.01x1x4−
−1.68x2x6 − 8.16x3x6 + 3.2x3x7

(3)

Table 2. Results of the model’s analysis of variance (ANOVA).

y1 y2 y3

p-value <0.0001 <0.0001 <0.0001
Error d.f. 20 18 20

Standard Error 0.464976 0.001784 4.21375
R-squared 0.9426 0.9564 0.9589

The search for a compromise solution aimed at reducing the amount of energy consumed y1 and
the percentage of particles exceeding 3 mm y3, while increasing the performance (capacity) y2 of the
centrifugal–rotary grain grinder, was carried out using the StatGraphics software package (Table 3).
The optimal values of the factors, obtained for the compromise solution in the selected range of factor
variation, are presented in Table 4.

Table 3. Optimization criteria for the three factors, calculated using the StatGraphics software package.

Optimization
Factor

Goal Sensitivity
Lower
Level

Upper
Level

Average
Predicted Value

Lower 95.0%
Limit

Upper 95.0%
Limit

Goal
Achieved

y1 (kW) Minimize Medium - - 2.59 2.00 3.18 0.76
y2 (kg·s−1) Maximize Medium - - 0.032 0.0303 0.034 0.86

y3 (%) Minimize Medium 0.0 10.0 −0.000022 −4.91 4.91 1.0

Table 4. Optimal values of the factors obtained using the StatGraphics software package.

Factor x1 x2 x3 x4 x5 x6 x7

Specified value 1 1 1 0.057 −1 1 1

Actual value 0.038 kg·s−1 1200 min−1 3.2 mm 6 pcs 9 pcs “new” knives no insert
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The conducted analysis of the influence of factors on electricity consumption (1), and the
performance of the centrifugal–rotary grinder (2), as well as the content of particles larger than 3 mm
after grinding (3) reveals the following:

One of the most significant factors influencing the performance of the grinder y2 is the feed of grain
x1 (Figure 7d). At the same time, an increase in the grain feed x1 leads to an increase in all indicators y1,
y2, and y3. This is a consequence of an increased volume of material being transported by the lower
disk of the grinder and an increased speed of transportation through the centrifugal–rotary grinder.

Figure 7. Two-dimensional sections of the response surface.

227



Sustainability 2019, 11, 5362

The increased rotation frequency of the lower disk x2 leads to a directly proportional increase in the
linear velocity of the work units, v = 2πnR (n—rotation frequency, R—disc radius), at all stages, and an
increase in the centrifugal inertial force. F = 8mπ2n2R (m—mass, n—rotation frequency, R—disc
radius). As a result, the number of contacts of the grain material with the work units of the grinder is
increased, while the time of its exposure in the work area is decreased. Thus, with increased values of
the factor x2, a decrease in the percentage of particles larger than 3 mm is observed with a simultaneous
increase in the performance of the centrifugal–rotary grinder y2. However, this leads to increased
work for grinding and transporting the material, which is reflected in the total power consumption y1.
Bitra [21] notes that increasing speed affects the effective specific energy of hammers in different ways,
depending on the type of raw material. In our experiments, the effective specific energy increases at
certain rate and then decreases. Similar dependencies were shown by Moiceanu et al. [6].

Reducing the gap (clearance) of the separating surface x3 naturally reduces the grinder performance
y2 and increases the power consumption y1. As a result, there is an increase in the time required for the
removal of the ground material from the work unit, as well as an increase in the mass of the transported
ground material along the separating surface of the grinder. At the same time, reducing the gap of the
separating surface x3 does not lead to a logical decrease in the percentage of particles larger than 3 mm
y3. This phenomenon is explained by the fact that when there is a small gap of the separating surface,
the particles of the material are mostly reflected from this “smooth” surface and then move along it
until they pass through it. Likewise, a larger gap of the separating surface h (Figure 5) has an effect on
the third grinding stage, since the knives of the separating surface have a larger approach angle and,
as a result, have a lower reflectivity.

Changing the number of knives at the first grinding stage x4 does not have a significant effect on
the power consumption y1 and grinder capacity y2. An analysis of Equation (3), characterizing the
quality of the product obtained, shows that reducing the number of knives from 9 to 3 at the first stage
x4 allows for a reduction of the percentage of particles over 3 mm in the finished product y3 to 4.8%.

Reducing the number of knives from 18 to 9 at the second stage x5 contributes to a reduction of
particles over 3 mm y3 in grinding by more than 11% and a reduction of the power consumption y1 by
0.6 kW. This is understood as a result of an increase in the speed of transportation of the grain material
through the grinder and a decrease in the mass accelerated by the lower disk.

Replacing the “old” knives x6 with “new” ones is the main factor affecting energy consumption,
and saves at least 2.6 kW of electricity. This can be explained by the fact that with the use of “old”
knives, grinding takes place mainly by impact rather than cutting, resulting in a decrease in the number
of particles larger than 3 mm y3. At the same time, the performance (capacity) y2 is reduced and the
power consumption of the bulk grinder y1 is increased. Kováč et al. [22] noticed that the basic factors
affecting the properties of the ground material and the unit energy consumption in milling process are,
among others, the knife angle and number of knives.

The presence of a special insert x7 installed in the distribution bowls of the lower disk of the
centrifugal–rotary grinder does not have any significant effect on the power consumption y1 and the
performance y2. However, its installation increases the content of particles larger than 3 mm y3 by 5.2%.

An analysis of the interactions of factors in the regressions, Equations (1)–(3), was carried out
using (among others) two-dimensional sections (Figure 7), and shows the following results:

In general, installing a special insert x7 into the distribution bowl of the grinder, in conjunction
with the opening of the separating surface x3, has negative effects on the percentage of particles larger
than 3 mm y3, and on the performance of the centrifugal–rotary grinder y2. Thus, at a minimum gap
(clearance) of the separating surface x3 = −1, when the insert is installed, the percentage of particles
larger than 3 mm is more than 25% and without the insert this value is 15%. However, when the gap is
x3 = 0.6 (h = 30.5 mm), particles larger than 3 mm are not observed in any case. Also, an increase in
the gap (clearance) of the separating surface x3 with the insert x7 installed in the distribution bowl
leads to a drop in the performance of the centrifugal–rotary grinder by 0.025 kg·s−1, whereas without
this insert the capacity increases by 0.008 kg−1 (Figure 7a);
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The interaction of the factors x1 and x2 is most significant for regulating the performance of the
grinder (y2); reducing the feed and rotation frequency of the lower disk of the grinder leads to increased
performance (Figure 7b);

The interaction of the factors of the condition of knives x6 and the gap (clearance) of the separating
surface x3 is most significant for the percentage of particles larger than 3 mm (y3). At the same time,
regardless of the angle of sharpening of the knives, the number of particles larger than 3 mm y3

decreases with an increasing gap of the separating surface. The deterioration of the sharpening of the
knives leads to a twofold increase in power consumption y1, which is more than 5 kW (Figure 7c).
Branco et al. [23] suggested that knives should be replaced or sharpened periodically to ensure high
efficiency in grinding.

Some of the determining parameters that affects the power consumption y1 during grinding
are the interactions of factors x1 and x3, as well as x2 and x4. When solving a compromise problem
of increasing the grinder performance y2 and reducing its power consumption y1, it is necessary to
increase the values of the factors x3, x2, and x4, while decreasing the value of x1 (Figure 7d,e).

With an increase in the feed x1 and an increase in the number of knives at the first grinding stage
x4, the percentage of particles larger than 3 mm y3 increases. As a result, the number of knives should
be minimized (Figure 7f).

The search for a compromise solution was made using the StatGraphics software package, with
equal significance of optimization criteria with the desired result shown in Table 4. The results of the
optimization are shown in Table 4. These results suggest the compromised optimum is achieved by
selecting the maximum values of the grain feed x1 (in the selected range of factor variation, Table 1),
the rotation frequency x2, and opening of the separating surface x3. Furthermore, “new” knives x6

should be used without inserts in the distribution bowl x7, where nine knives at the second stage
x5, and six at the first stage x4 (Table 4) should be employed. Under these optimum conditions, it is
possible to achieve a power consumption y1 of 2.59 kW, a grinder capacity y2 of 0.032 kg−1, and the
complete absence of particles larger than 3 mm y3 after grinding. At the same time, the obtained values
(Table 4) correspond in general to only 87.8% of the desired results, which indicates the insufficiency of
the selected ranges for the factors to achieve the most optimal values of the power consumption y1,
performance (capacity) y2, and quality of the resulting product, in terms of the content of particles
exceeding 3 mm in size y3.

4. Conclusions

The analysis of the results of this study (using the method of a multifactorial experimental design)
into the operation of a centrifugal–rotary grinder suggests that the grinder is underutilized in the
selected range of factor variation. The installation of special inserts in the distribution bowl of the
lower disk (x7) generally has a negative impact on the quality of the resulting product in terms of
the content of particles larger than 3 mm. The number of knives installed at the second stage of the
grinder (x5), the gap (clearance) of the separating surface (x3), and the technical condition of the knives
(x6) are among the most important factors influencing the power consumption and the quality of the
resulting product. A reduction in the number of knives at the first stage (x4) has a positive effect on all
the selected optimization criteria. Finally, by varying the factors in the selected range, it is possible to
obtain a product corresponding to medium and coarse grinding.

Summarizing the results of the study, we can conclude that, in further research the material feed
(x1) and rotor speed (x2) should be increased, and the range of variation of the opening of the separating
surface (x3) should be extended. Further, the installation of a special insert (x7) in the distribution bowl
of the lower disk should be abandoned, or additional research related to changes in its shape and size
should be carried out. Finally, the number of knives at the first stage (x4) and at the second stage (x5)
should be reduced, and “new” knives (x6) should be used in all cases.
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Nomenclature

h1—size between the parallel planes of two adjacent knives (mm); x1—grain feed (kg·s−1); x2—rotation frequency
of the lower disk (min−1); x3—separation surface gap (mm); x4—number of knives at the first stages (pcs);
x5—number of knives at the second stages (pcs); x6—knives condition (“Old” ones/“New” ones); x7—presence of
inserts (present/absent); y1—power consumption (kW); y2—grinder performance (capacity) (kg·s−1); y3—particles
greater than 3 mm (%); v—linear velocity (m·s−1); n—rotation frequency (s−1); R—disc radius (m); F—centrifugal
inertial force (N); m—mass (kg).
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Abstract: The article presents approaches to the formation of a general computational scheme for
modeling (simulating) the particle motion on an axisymmetric rotating curved surface with a vertical
axis of rotation. To describe the complex particle motion over a given surface, the fundamental
equation of particle dynamics in a non-inertial reference frame was used, and by projecting it
onto the axes of cylindrical coordinates, the Lagrange’s differential equations of the first kind were
obtained. According to the proposed algorithm in C#, an application was developed that enables
graphical and numerical control of the calculation results. The program interface contains six
screen forms with tabular baseline data (input) and a table of a step-by-step calculation of results
(output); particle displacement, velocity, and acceleration diagrams constructed along the axes of the
system of cylindrical coordinates ρ and z; graphical presentation of the generate of the surface of
revolution and the trajectory of the absolute motion of a particle over the axisymmetric rotating surface
developed in polar coordinates. Examples of the calculation of the particle motion are presented.
The obtained results can be used for the study and design of machines, for example, centrifugal rotary
chopper machines.

Keywords: accelerator; axisymmetric surface; general equation of dynamics; non-inertial reference frame

1. Introduction

The manufacturing sector has one of the largest impacts on worldwide energy use and natural
resource consumption. Traditionally, research on manufacturing processes was mainly conducted to
improve efficiency and accuracy and to lower costs [1]. One of the modern challenges in the field
of designing manufacturing systems is to determine the optimal level of their flexibility from the
point of view of the production tasks being performed. Whether or not a production process to
be executed is capable of achieving the assumed performance parameters depends, among others,
on the reliability of the machines and technological devices that make up the system under design [2].
As commonly known, the oldest manufacturing techniques used by humans are the grinding, chopper,
and milling processes. Research on grinding tries to enhance economic and ecological properties and
performance to extend grinding applications in the overall process chain—on the one hand, in the
direction of increased material removal rates, avoiding turning and milling, and on the other hand,
in the direction of fine finishing, thus making further abrasive finishing processes, such as lapping and
polishing, obsolete [3].
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Many factors influence the sustainability of a manufacturing process, and a combination of
qualitative and quantitative methods are needed to discover them [4]. To resolve these issues, namely,
the identification of the type of underlying impact factors, the uncertainty of the influencing factors,
and the incompleteness of the evaluation information, the researchers used the evaluation method with
analytical hierarchy process [5,6] and simulations [2,7–9] in the manufacturing sector. Sustainability
encompasses the three pillars of economic, environmental, and social sustainability [10–12]. In the
investigation of Ahmad [10], generally, there were approximately 44% (25/57) of highly applicable
indicators. Among them, there were 28% (7/25) environmental, 28% (7/25) economic, and 44% (11/25)
social indicators [10]. We can, therefore, see that economic and environmental factors are treated on
an equal level. Social indicators in sustainable development are highly rated. Nevertheless, in the
case of the two previous ones, they are more adequate for production processes, which have a more
indirect nature on social impact. Beekaroo et al. [13] revealed an index with nine environmental, four
economic, and two social indicators which were pertinent in sustainability measurement.

One of the most commonly used methods focusing on environmental sustainability is the product
life cycle assessment (LCA). This method is used in many sectors of the economy [14–16] such as energy
sector [17–19], transport sector [18,19], and food and agricultural industry [20,21]. The limitation of
using this method is the need for specific and very detailed databases covering a lot of quantitative data.

Another method uses sustainability indicators (SI). In this method, the indicator can be defined “as
a measure or aggregation of measures from which one can infer about the phenomenon of interest” [11].
This method can capture all three dimensions of sustainable development and help with the evaluation
on many levels (e.g., enterprises, objects, processes, and products). In particular, for perpetrators
with limited means and resources, SI provide a good method of analyzing sustainable development.
Enterprises can assess their real situation using indicators, raise awareness, and set targets. The results
of a literature review show that energy costs and GHG (Greenhouse Gas) indicators [10,11,13,19,22–25]
are becoming the most commonly used indicators in sustainable planning. On this basis [11,26], four
main directions of future research on sustainability indicators can also be mentioned: implementation
of new optimization methods; adding further sustainable development indicators; extension of the
model on a larger scale of the production system; and loosening certain assumptions. Finding optimal
indicators in production processes is not an easy task; generally, we focus on minimizing energy
consumption, waste production, improving the efficiency of machinery and equipment, as well as
production and logistic processes in a given company. Sustainability indicators are based on measured
and/or estimated data that have to be normalized, scaled, and aggregated consistently [27].

The evolution of design criteria for grinding and chopper machines is driven by functional
requirements, general trends in machine tools, and cost [28]. The primary functional requirements,
as named by Möhring et al. [29], are similar for all machine tools: high static and dynamic
stiffness, fatigue strength, damping, thermal and long-term stability, and low weight of moving
parts. The grinding and chopper process is carried out in many areas of food manufacturing [30–32]
and agriculture [33–35], as well as in the industrial sector [36–38]. The mixing process is highly
complicated, with a number of affecting parameters, such as the particle properties, the structure
and performance of the mixer, the mixing process parameters, and the particle feeding order [38].
The crushing method and the machinery used for this purpose should be adapted to the type of
material being ground and, in particular, to its mechanical properties [33,39].

Laboratories and modern industry require fast and effective grinding in small volumes [40]. In the
field of agricultural mechanization, centrifugal chopper machines with a horizontal rotor have recently
attracted increasing interest. Their principle of action lies in the acceleration of grains due to centrifugal
inertia forces with their subsequent grinding (fragmentation) by impact or cutting [41,42]. This is due to
the lower energy consumption for the grinding process in comparison with other choppers (crushers),
which, in addition to the direct costs of grain destruction, have the energy costs for drifting whole
and crushed grain using air. In centrifugal rotary chopper machines, the material can be supplied to
crusher/shredder hammers or to a cutting pair by centrifugal inertia forces created by a horizontally
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rotating rotor with working elements. In this, one of the key roles of a centrifugal rotary material
grinding machine is the distribution bowl or accelerator, which functions to provide a uniform and
stable supply of material to the chopper bodies and impart to the material (particles) located on its
surface the necessary linear velocity and trajectory of motion. Despite the rotary blenders relying upon
the action of gravity to cause the powder to cascade and mix within a rotating vessel, the convective
blenders employ a paddle, impeller, blade, or screw which stirs the powder inside a static vessel [43].

Most of the centrifugal rotary grinding machines in their design have a central feed of the material
into the accelerator made in the form of a flat disc. However, with this material feed, the acceleration of
a particle that is closest to the axis of rotation will be difficult because of the lack of initial velocity and
centrifugal forces to overcome the friction forces, which provokes the appearance of a stagnant zone
and an increase in the cost of overcoming them. To solve this problem, two approaches can be used:
feeding the material with an offset from the axis of rotation, leading to design complexity, or using
the reflective surface of the splitter, which is a straight conical surface located coaxially with the axis
of rotation, ensuring the separation of the particles to be ground from the axis of rotation and giving
them the initial velocity. In centrifugal impact grinders using the “stone-crushing-stone” principle
with self-lining, the trajectory of the particles to be ground (milled) is equally important.

Figure 1 shows the rotary chopper machine analyzed in this study.

 
Figure 1. Tornado chopper machine: 1—feed-in tube; 2—case cover; 3—accelerator; 4—accelerating
blade; 5—shredding element; 6—electric motor; 7—V-belt drive.

Figure 2 shows a scheme of self-lining formation in the accelerator.

 

Figure 2. Scheme of self-lining formation in the accelerator: 1—a splitter; 2—wear plate; 3—self-lining
pocket; 4—carbide blade; 5—descent of the material from the accelerator; 6—accelerator case.
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The main contribution of this study is the modeling (simulating) of the particle motion on
an axisymmetric rotating curved surface with a vertical axis of rotation, whose calculation can be
used for the study and design of machines, for example, centrifugal rotary chopper machines. A
mathematical model of motion was developed on the basis of step-by-step numerical integration of
the obtained closed system of differential equations with an equation of constraint describing the
surface of revolution. An application based on the algorithm in C# under MS Visual Studio (Microsoft,
Redmond, Washington, USA) was developed that enables graphical and numerical control of the
calculation results. Moreover, the results of the calculations of the particle motion trajectory and
kinematic indicators are presented. The conducted simulation tests show possibilities of improving
the process efficiency and shortening the operation times, which results in economic benefits during
sustainable manufacturing.

2. Materials and Methods

Hypothesis. One of the methods to achieve this goal takes into account the form of the accelerator,
allowing us to set the initial kinematic parameters and particle trajectory, which in turn will affect
the geometric dimensions, metal consumption, and technological modes of operation of a centrifugal
rotary chopper or its nodes, for example, rotor (crusher) speed and material feed rate, which would
then reduce the specific energy consumption per unit of output.

Methods. To solve this problem, we modeled the motion of a particle of the material on a rotating
curved surface. To do this, we used the basic law of particle dynamics (dynamics of a material point)
and considered the motion of a particle on the surface of an axisymmetric spinning bowl. We used
step-by-step numerical integration, which allowed us to obtain data for analyzing the particle.

3. Results and Discussion

3.1. Modeling Results

The curved surface rotates around the vertical axis z (Figure 3). The equation of the surface is
described in cylindrical coordinates by the equation

η(ρ, ϕ, z) = 0 (1)

where ρ is the cylindrical radius, ϕ is the polar (vectorial) angle, and z is the application (z-axis).
The radius vector of a material point moving on a curved surface in the coordinate axes, rotating

with it, is a function of these three coordinates, which can transform over time without breaking
Equation (1):

→
r =

→
r (ρ,ϕ, z). (2)

The differential equation of the relative motion of a point on a rotating surface is written in
vector form [40]

m
d2→r
dt2 = m

→
g +

→
N +

→
FTR +

→
Φe +

→
Φc, (3)

where m is the mass of a particle, d2→r
dt2 is its acceleration, m

→
g is the gravity force,

→
N is the normal reaction

of a bowl surface,
→

FTR is the friction force from the surface directed opposite to the relative velocity of a

particle,
→
Φe is the centrifugal inertial force, and

→
Φc is the Coriolis inertial force.

Forces and accelerations on the direction of the cylindrical axes of coordinates are projected. The
gravity force is opposite to the z axis,

m
→
g = m

→
g (0, 0, −mg), (4)
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where
→
g is free-fall acceleration. The normal reaction of a rotating curved surface is

→
N = λ·grad( η), (5)

where λ = λ(t) is Lagrange’s indeterminate multiplier [44], grad(η) is the vector gradient to the equation
of surface (1), which has projections on the axial cylindrical coordinate system with the ϕ axis directed
perpendicular to the ρ, z, axes and passing through the moving point, so that the axes ρ, ϕ, z form the
right-hand system of vectors: ⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

(grad(η))ρ =
∂η
∂ρ

(grad(η))ϕ =
∂η
∂ϕ

(grad(η))z =
∂η
∂z

· 1
ρ

. (6)

 

Figure 3. Design diagram of the motion of a particle on a rotating curved surface.

The projections of the normal reaction
→
N are:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
Nρ = λ

∂η
∂ρ

Nϕ = λ
∂η
∂ϕ

Nz = λ
∂η
∂z

· 1
ρ

. (7)

The modulus of the normal reaction is found by

N =

∣∣∣∣∣→N∣∣∣∣∣ = |λ|
√(
∂η

∂ρ

)2
+

(
∂η

∂ϕ
1
ρ

)2
+

(
∂η

∂z

)2
. (8)

At a constant angular velocity of rotation (spin rate) of the curved surface
→
ω, the centrifugal

inertial force
→
Φe is directed along the radius ρ in accordance with the result of vector products in

its definition →
Φe = −m

→
ω ×
(→
ω ×→r

)
, (9)
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where
→
r is determined by Equation (2), then⎧⎪⎪⎪⎨⎪⎪⎪⎩

Φeρ = mω2ρ
Φeϕ = 0
Φez = 0

. (10)

Coriolis inertial force
→
Φc is by definition equal to

→
Φc = −2m

→
ω ×→v , (11)

where
→
v is the relative velocity of a material point in the moving axes of coordinates, and the modulus

of relative velocity is associated with the cylindrical coordinates by

v =

√
.
ρ

2
+
(
ρ

.
ϕ
)2
+

.
z2. (12)

Then, the projections of the Coriolis force equal⎧⎪⎪⎪⎨⎪⎪⎪⎩
Φcρ = 2mω

.
ϕρ

Φcϕ = −2m
.
ρω

Φcz = 0
. (13)

The friction force of a particle on the bowl surface
→

FTR is determined by Coulomb’s law through a
normal reaction and it is opposite in direction to the relative velocity:

→
FTR = −

∣∣∣∣∣→N∣∣∣∣∣ f →vv (14)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
FTRρ = −

∣∣∣∣∣→N∣∣∣∣∣ f .
ρ
v

FTRϕ = −
∣∣∣∣∣→N∣∣∣∣∣ f .

ϕρ
v

FTRz = −
∣∣∣∣∣→N∣∣∣∣∣ f .

z
v

. (15)

Let us project Equation (3) on the axis of the moving system of cylindrical coordinates rotating
together with the curved surface by using the found projections of all forces:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

m
( ..
ρ− ρ .

ϕ
2)

= λ
∂η
∂ρ −N f

.
ρ
v + mω2ρ+ 2mω

.
ϕρ

m 1
ρ

d
dt

(
ρ2 .
ϕ
)
= −N f

.
ϕρ
v − 2m

.
ρω

m
..
z = −mg + λ∂η∂z −N f

.
z
v

. (16)

Let us transform the second equation of the system, taking into account the projection of
acceleration on the ϕ axis:

1
ρ

d
dt

(
ρ2 .
ϕ
)
= 2

.
ρ

.
ϕ+ ρ

..
ϕ. (17)

By bringing all forces to a unit mass of a particle m = 1, we obtain⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
..
ρ = ρ

.
ϕ

2
+ λ

∂η
∂ρ −N f

.
ρ
v +ω2ρ+ 2ω

.
ϕρ

..
ϕ = 1

ρ

(
−2

.
ρ

.
ϕ−N f

.
ϕρ
v − 2

.
ρω
)

..
z = −g + λ∂η∂z −N f

.
z
v

. (18)
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To obtain a closed system of equations, we supplement the system (18) with a coupling equation
(of constraints) (1) (see Supplementary Material). Then, four unknown functions ρ(t), ϕ(t), z(t), λ(t) can
be found by solving a system of three differential (18) and one algebraic (1) equations.

In the equation, various forms of execution of the surface of revolution are possible (1). Let us
define the coupling equation in the form of an axisymmetric surface described by a power function
passing through the given starting and final points of motion, written as

z
zK

= a0 +

(
ρ

ρK

)n
, (19)

where a0 is a summand determined from the condition of belonging to a given surface of revolution of
the initial point of the trajectory with the coordinates

ρ(0) = ρ0, ϕ(0) = 0, z(0) = 0 (20)

ρK, zK are coordinates of the final point of the trajectory, where the surface described by Equation (19)
ends for all values of the polar (vectorial) angle ϕ; n is an exponent in the equation of surface, which
changes the degree of the bowl concavity and which can be varied to achieve the required parameters
of the particle motion.

Thus, the origin of coordinates of the moving frame of reference, in which the particle motion
is described, always corresponds along the z axis to the starting point of the motion trajectory, and
the parabola vertex in the axial section of the surface of revolution lies on this axis below zero by
the value a0:

a0 = −
(
ρ0

ρK

)n
. (21)

Let us reduce Equation (19) to the form (1)

η(ρ,ϕ, z) =
z

zK
− a0 −

(
ρ

ρK

)n
= 0, (22)

and calculate the partial derivatives in the gradient expression to the constraint surface⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
∂η
∂ρ = −n

( ρ
ρK

)n−1 1
ρK

∂η
∂ϕ = 0
∂η
∂z = 1

zK

. (23)

These expressions in Equation (23) should be substituted in the projection of force
→
N , a normal

reaction to the constraint surface in Equation (18).
From the last equation of the system (18) we find the Lagrange multiplier

λ =
1(
∂η
∂z

) (..z + g + N f
.
z
v

)
. (24)

Since, when moving along the surface, only two cylindrical coordinates are independent, then for
step-by-step numerical integration, we take the first two differential Equations (18) as the basis and
calculate the coordinate z and its time derivatives through coupling Equation (22):

z = zKa0 + zK

(
ρ

ρK

)n
(25)
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.
z = nzK

1
ρK

(
ρ

ρK

)n−1
.
ρ (26)

..
z = nzK

1
ρK

(n− 1)
(
ρ

ρK

)n−2 .
ρ

2

ρK
+ nzK

1
ρK

(
ρ

ρK

)n−1
..
ρ. (27)

In Equations (24)–(27), the coordinate values ρ and ϕ, as well as their time derivatives
.
ρ,

.
ϕ at

the next integration step, are assumed to be equal to their value at the end of the previous integration
step. The procedure of numerical integration of the system of Equation (18) was carried out by the
method of averaged acceleration [45], using the original algorithmic program for “Windows” coded in
C# under MS Visual Studio.

3.2. Results and Discussion

The results of the analysis of the kinematic parameters of the motion and trajectory of the particle,
which initiate motion, with no initial linear velocity v0 and with an angular velocity ω0 equal in
magnitude to the angular velocity of rotation ωe, for different curvilinear surfaces (Figure 4) of the
accelerator, are presented in Figure 5. It shows that the use of a concave curvilinear surface (na = 2)
allowed to double the value of the acquired velocity vabs in comparison with the flat surface (na = 0)
and to increase it 1.7 times compared to a conical surface (na = −0.1) at a descent from a rotating surface,
which is a consequence of the time spent by the particle on the surface, for example, when na = 2,
the time was t = 2.05 s, when na = 0, the time was t = 0.84 s, and when na = −0.1, the time was t = 0.38 s.
When the shape of the rotating surface changed from concave na = 2 to convex na = −0.1, the total
length of the path traveled by the particle—that is, its trajectory—decreased.

Figure 4. Variants of generates of the studied curvilinear surfaces of the accelerator.
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(a) 

 
(b) 

Figure 5. Cont.
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(c) 

Figure 5. Data for analyzing the velocity and trajectory of the particle motion, which is introduced
with no initial linear velocity and with angular velocity equal in magnitude to the angular velocity of
rotation for different curvilinear surfaces of the accelerator: (a) na = 2 (concave); (b) na = 0 (straight
line); (c) na = −0.1 (conical curvilinear).

The calculations were carried out for different variable characteristics of the surface, initial
indicators of kinematic parameters, and friction coefficient. Figure 6a presents an example of tabular
data with the results of calculations and diagrams of changes in the motion trajectory, velocity, and
acceleration of a particle along the cylindrical axes ρ and z.

Analysis of the diagrams presented in Figure 6b, c made it possible to note that the particle reached
its maximum velocity in 0.313 s, being at a distance of ρ = 0.0092 m from the axis of rotation. At the
same time, the subsequent changes in velocity, down to its descent from the concave surface, had a
damped harmonic nature.

Thus, curvilinear surfaces of concave nature combining conical and concave surfaces are of great
interest for further research. The trajectories of the particles and their kinematic indicators can be used
to determine the relationship between the design factors and the process parameters of centrifugal
choppers, such as the time when the particle is on a dispensing bowl, the descent velocity of the particle
from the bowl, and the shape of accelerating blades.
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(a) 

 
(b) 

Figure 6. Cont.
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(c) 

Figure 6. Example of the results of calculations of the particle motion trajectory and kinematic indicators
for na = 2; (a) tabular data; (b) diagrams of particle displacement, velocity, and acceleration along the
axis ρ; (c) diagrams of particle displacement, velocity, and acceleration along the axis z.

The ability to achieve the assumed performance parameters of the production process planned
for implementation depends on the degree of reliability of the machines and technological devices
included in the designed system [2]. Based on previous research [34], it can be confirmed that with the
optimal values of the technological process (efficiency, time of a given operation—mixing or mining,
coefficient of friction, and particle movement), it is possible to reduce energy consumption. Data on the
possibility of improving the operation of production processes of various enterprises in Germany are
presented by Steinhofel and others [46]. As we know, many factors influence the production process,
for example, technical, economic, and social factors. Due to the above reasons, obtaining such large
benefits in the whole production process, where various technological machines operate (technological
operations), is difficult; nevertheless, it enables the introduction of sustainable production processes.
The conducted simulation tests show possibilities of improving process efficiency and shortening the
operation times, which results in economic benefits. The lower energy consumption and the increase
in the efficiency of technological processes will also lead to the generation of less post-production
waste (ecological benefits), which is in line with the principles of sustainable development.

4. Conclusions

In this study, a closed system of equations was obtained with a coupling equation (of constraints)
that allows modeling a particle motion on a rotating surface; when numerically integrating them,
it is possible to evaluate the use of a particular accelerator surface of a centrifugal rotary chopper
machine to achieve the desired results in terms of downsizing, increasing productivity, or improving
the quality of shredding. The use of numerical integration methods allows to consider the influence
of physical and geometrical processes and kinematic parameters on the output result, for example,
traveling time and velocity in cylindrical coordinates. Thus, the simulation of the particle motion
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along an accelerator allows choosing rational geometrical dimensions of the chopper machine and its
optimal operating practice.

Supplementary Materials: The Supplementary Materials are available online at http://www.mdpi.com/2071-1050/
11/18/4873/s1.
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Abstract: Forage from grain plays a special role in animal nutrition because it constitutes feed with
a high content of readily available carbohydrates. Unfortunately, the equipment used to prepare
forage is often manufactured without the necessary justification and confirmation of the declared
sizes and indicators of the work process. This forms the basis for our theoretical and experimental
studies. Research has been carried out to provide justification of the design and operating parameters
of the patented station for producing forage from cereal crops. This article describes the technology
for preparing forage from grain and provides a detailed description of the station used and the
principle of its operation. During the experiments, we studied the influence of the angle α of setting
the grid-work (plate) and the distance S from the nozzle to the grid-work on the quality of forage.
Qualitative, quantitative, and energy indicators have been evaluated using up-to-date measuring
instruments and equipment. The method is described, and the studied factors and evaluation criteria
for the preparation of forage from grain are indicated. The forage quality results are presented,
as determined by the content of whole grains in it via the residue on a sieve with a sieve size of
3 mm when preparing it with a different combination of the studied factors. The analysis of the
energy consumption results of the process of preparing forage from grain under various operating
conditions of the plant is shown. As a result, the optimal location parameters of the passive grinder
have been found, allowing to obtain high-quality forage with minimal power consumption of the
electric motor. A grid-work should be used as a grinder. Its installation angle should be 30◦, and
the distance between the grid-work and the nozzle should be 205 mm. With this combination of
parameters, the specific energy consumption is minimal and amounts to 41.5 W·h/L.

Keywords: forage from grain; cereal grain; energy consumption

1. Introduction

Obtaining high performance indicators for farm animals is determined by a scientifically validated
diet and feeding regime, which must include properly processed cereal grains [1–6]. Preparation of feed
directly on the farm will give a positive result if a producer has his/her own grain raw materials. With
this knowledge, agricultural producers are trying to find feed preparation equipment that is optimal in
terms of quality and quantity, separately or as part of a line, depending on the volume of production [7].
These are mainly crushers or flatteners for producing dry concentrates, which are the most known
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and proven [8–13]. However, studies show that processing carried out using this type of equipment
does not ensure full utilization of the energy value of the grain [11–17]. As previous studies [16,18–22]
show, it is possible to obtain feed in the form of forage from grain with a high content of readily
available carbohydrates (this kind of feed has great value, primarily for dairy cows). Unfortunately,
corresponding equipment is manufactured for such needs without the necessary justification and
confirmation of the declared sizes and indicators of the work process [21–24]. Recognizing the practical
importance of addressing these issues, theoretical and experimental studies have been carried out to
provide justification for the design and operating parameters of the plant for producing forage from
cereal crops on the basis of an agreement between the leading manufacturer of animal feed equipment
“Doza-Agro” LLC and the Nizhniy Novgorod State Engineering and Economic University (NNSEEU).
The article presents the data reflecting the key research insights obtained in the framework of R&D.

2. Materials and Methods

To study the process of preparing forage from grain, a laboratory-scale plant has been developed
consisting of a frame on wheels, a tank with a built-on passive grinder, a 1SM65-50-160/2 centrifugal
pump and a NGD-1.1 disperser, material pipelines, and a control cabinet (Figure 1). The measuring
station operates as follows. Water is poured into the tank based on the required volume of prepared
forage at the outlet, which is 2:1 with respect to the grain. The amount of water poured was recorded by
a water meter SVK 15-3-8 (Figure 2). Next, the centrifugal pump is turned on, and the heating process
to 30 ◦C takes place. When this temperature is reached, the tank is uniformly filled with pre-processed
and cleaned grain at the given water:grain ratio. Next, enzymes are added. Through special inspection
ports in the built-in grinder (chopper), the uniformity and homogeneity of the working mass are
visually monitored, and, upon reaching a temperature of 60 ◦C, the pump is switched off. The prepared
mass is allowed to infuse for one hour for the more efficient operation of enzymes. The result is a
high-carbohydrate forage from grain recommended for feeding farm animals as a single feed or as a
part of feed mix.

 

Figure 1. The measuring station for preparing forage from grain.
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Figure 2. Water meter SVK 15-3-8 used for recording the amount of water poured into the tank of the
measuring station.

While the plant pump is operating, the grain is crushed by its blades. To accelerate the process
of grain grinding and to obtain a more even forage composition, it was proposed to install a passive
grinder in the form of a grid-work (grill) or a plate in the upper part of the tank (Figure 3). During
the experiments, the influence of the angle α of setting the grid-work (plate) and the distance S from
the nozzle to the grid-work (Figure 4) on the quality of forage have been studied. It was modified by
moving the grid-work (plate) between the holes of the fixture of the laboratory-scale plant (Figure 5).
The distance S between the grid-work (plate) and the nozzle was adjusted by moving the grid-work
(plate) along the slots in the cover (Figure 6).

  

a b 

Figure 3. Passive grain grinder made in the form of (a) grid-work and (b) plate.
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a b 

Figure 4. A device for adjusting the inclination angle of the grid-work (plate) and its distance to the
nozzle. (a) Diagram; (b) General vie: (1) tank with a built-in passive grinder, (2) case of the passive
grinder, (3) cover of the passive grinder, (4) grid-work (plate), (5) nozzle, (6) nozzle flange.

 

Figure 5. The system for adjusting the inclination angle of the grid-work (plate).

 

Figure 6. Cover with slots for adjusting the clearance S between the grid-work (plate) and the nozzle.
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To determine the performance of the proposed plant under scientific laboratory conditions, a
technique was developed to assess the influence of design and operating parameters on the work
process of preparing forage from grain. Wheat was used as the source raw material. To carry out
the fermentation process, the multi-enzyme composition MEC-AC-3 produced by Vostok LLC, Kirov
Region (Russian Federation), was used. The volume of forage prepared was 50 L.

Routine of the experiment was as follows. First, 17 kg of grain was put into 33 L of water
pre-heated to a temperature of 30 ◦C, and 80 g of enzyme was added, previously weighed with the
accuracy of up to 0.01 g using the Biomer VK-300.01 laboratory balance (Novosibirsk) (Figure 7). From
that moment, the process timing began using the HUAWEI P20 lite stopwatch (China). Every 7 min 30
s before the working mass temperature reached 60 ◦C, a test batch was taken from the tank: the tank
cover was opened, and a 1 L volume bucket was placed under a stream and filled up. Within the same
time intervals, in addition to recording the temperature values, the power consumed by the pump
electric motor was recorded using the Mastech MS2203 clamp meter (Pittsburg U.S.) (Figure 8). After
that, the feed sample was poured onto a sieve with a sieve size of 0.5 mm. Free water was removed by
vigorous stirring with a brush. The resulting mass was poured into a plastic bag, which was assigned
an information tag (Figure 9). Three to five packets with samples were obtained before the temperature
reached 60 ◦C. After that, the pump was turned off, and one hour was timed until the forage from
grain was completely prepared.

 

Figure 7. Weighing the multi-enzyme composition MEC-AC-3 using the VK-300.01 laboratory balance.

 

Figure 8. Measuring the power consumption of the electric motor using the Mastech MS2203
clamp meter.
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Figure 9. Bags with samples of forage from grain.

Temperature of the forage from grain (and water) was recorded using the TST81 sensor, the
data from which was transmitted to the TL-11-250 temperature controller (Figure 10). During the
experiment, the dynamics of temperature changes was recorded from the digital display of the
temperature controller (Figure 10).

  

a b 

Figure 10. Temperature controller TL-11-250 with a temperature sensor TST81 (a) and recording the
temperature of the forage from grain (b).

Next, a 100 g sample weight was selected from each bag and distributed on the sieve with a sieve
size of 3 mm. After that, the sample was rinsed out in a bath with water. Next, the sieve residue was
weighed, and the number of whole grains was counted.

An hour later, a control sample was taken from the premixed forage from grain. To determine
the uniformity, screen sizing was collected using sieves of the following sizes: 2; 1.4, 1; 0.5 mm and
the bottom. Then, 100 g of the sample weight was fed to the upper sieve, and then the plansifter (RL
brand) was turned on for 5 min (Figure 11). First, the dry sieves were weighed, and their mass was
determined. Then, they were weighed with the residue, and the difference was determined. For best
data reliability, this analysis was performed in triplicate.
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Figure 11. Laboratory plansifter RL brand with a set of sieves for determining the granulometric
composition of the forage.

For energy estimation of the plant operation, specific energy consumption was used referred to a
unit volume of the working mixture, w1:

w1 =
W·τ

V
, (1)

where

W is the average power consumption, kW;
τ is the process time, s;
V is the volume of water and working mixture, l.

3. Results

After the experiments, tables and graphs were constructed that characterize the change in the
quality of forage from grain depending on the installation parameters (α and S) of the grid-work and
the time t of the fermentation process (Tables 1 and 2, Figures 12–15). According to the results of
experiments and calculations according to the formula (1), histogram 16 was constructed. Histogram
16a shows what full electric motor power is spent on preparing the forage. Figure 16b presents the
change in the specific costs of electricity calculated using the expression (1). The constructed histograms
show how the power consumption of the electric motor changes when the angle α of setting the
grid-work (plate) and the distance S between the grid-work (plate) and the nozzle are modified.

Regardless of the angle α of setting the grid-work and the distance S, the number of whole grains
decreases to 0 after 1350 s (22.5 min) of the plant operation (Figure 12). After 900 s (15 min) of the
plant operation, the minimum number of whole grains is observed when the grid-work is installed
according to options 1 and 3 (Figure 12). That is, according to the indicator m1 “the number of whole
grains in the forage,” we can recommend the grid-work installation scheme using options 1 and 3.

The number of whole grains reaches the value of 0 in 1350 s (in 22.5 min) when the plate is installed
at an angle α = 90◦ at S = 140 mm (Figure 13). In other cases, in order to avoid the presence of whole
grains in the forage, the operation time of the plant should be at least 30 min. The graph also shows
that with decreasing angle α, the number of whole grains in the forage increases. This is explained by
the fact that, when the angle α is decreased, the impact force of the grain on the plate goes down. From
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the analysis of the graphs presented in Figure 13, we can conclude that the best results of preparing
forage using a plate are obtained when it is installed according to options 3, 4, and 5 (Figure 13).

The best performance in terms of the indicator “residue on the sieve with a sieve size of 3 mm” is
also achieved when the plate is installed according to options 3, 4, and 5 (Figure 14). In these cases, the
m2 indicator is close to zero after 1800–1850 sec of the plant operation. When the plate is installed at
an angle of 30 and 45◦ for a time t = 1800 s, m2 equals 0.1% and 0.4%, respectively, and a zero value
is reached only after 2080 and 1989 s, respectively. That is, in terms of the indicator “residue on a
sieve with a diameter of 3 mm,” it can be recommended to prepare forage when the plate is installed
according to options 3 and 5.

The average power consumed by the engine while preparing forage did not exceed 5 kW. The
lowest value was recorded when the grid-work was installed at an angle of 30◦ and at a distance of
205 mm from the nozzle—it was 4 kW. In general, the average engine power during the preparation
of forage using a grid-work is lower than when using a plate. When using the grid-work, it did not
exceed 4.5 kW, and when using the plate, it varied from 4.51 to 5 kW (Figure 16a).

Change in specific energy consumption required to prepare 1 L of forage from grain is shown in
Figure 16b. In general, it can be seen that when a grid-work is used, the specific energy consumption
is lower than when a plate is used. Based on the findings presented, we can recommend the use
of a grid-work installed at an angle of 30◦ at a distance of 140 and 205 mm from the nozzle, or a
plate installed at an angle of 90◦ at a distance of 140 mm from the nozzle. With this combination of
parameters, the minimum specific energy consumption is observed, which amounts to 41.5–48.4 W·h/L.
In other cases, there is an increase in this indicator to 50–52 W·h/L (Figure 15c).

Table 1. The change in the quality of forage from grain depending on the installation parameters (α
and S) of the grid-work (where M is average, SD is standard deviation, and SKE is skewness factor).

Czas [s]
Number of whole grains in molasses when

prepared using a grid-work (pcs.)
The residue on the sieve with a sieve size of 3

mm when prepared using a grid-work (%)
M SD SKE M SD SKE

1—distance from the grid-work to the nozzle is 140 mm, grid-work inclination angle is 30 degrees

450 916 5.18 −0.68 35.95 0.95 0.18
900 1 0.63 0 0.8 0.13 0
1350 0 0 0 0.1 0.05 0
1800 0 0 0 0 0 0
1857 0 0 0 0 0 0

2—distance from the grid-work to the nozzle is 140 mm, grid-work inclination angle is 45 degrees

450 780 2.9 0.73 28.81 2.21 −0.01
900 2 0.63 0 1.17 0.07 −0.06
1350 0 0 0 0.43 0.1 0
1800 0 0 0 0 0 0
1984 0 0 0 0 0 0

3—distance from the grid-work to the nozzle is 205 mm, grid-work inclination angle is 30 degrees

450 255 2.28 −0.91 7.45 0.69 −0.6
900 1 0.63 0 0.75 0.05 −1.1
1350 0 0 0 0.17 0.01 0
1800 0 0 0 0.01 0 0
1998 0 0 0 0 0 0

4—distance from the plate to the nozzle is 205 mm, grid-work inclination angle is 45 degrees

450 653 3.52 −0.61 24.26 2.21 0.19
900 4 1.67 −1.15 1.55 0.18 −0.6

1350 0 0 0 0.07 0.01 0
1800 0 0 0 0.01 0 0
1878 0 0 0 0 0 0
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Table 2. The change in the quality of forage from grain depending on the installation parameters (α
and S) of the plate (where: M—average, SD—standard deviation, SKE—skewness factor).

Czas [s]
Number of whole grains in molasses when

prepared using a plate [pcs.]
The residue on the sieve with a sieve size of 3

mm when prepared using a plate [%]
M S SKE M S SKE

1—distance from the plate to the nozzle is 140 mm, plate inclination angle is 30 degrees

450 615 68.77 0.56 51.21 4.86 −0.81
900 56 10.53 0.68 2.7 0.21 0.47

1350 20 3.16 0 0.59 0.04 0
1800 0 0 0 0.4 0.08 0
2080 0 0 0 0 0 0

2—distance from the plate to the nozzle is 140 mm, plate inclination angle is 45 degrees

450 41 4 0.98 28.29 1.16 −0.44
900 9 2.28 1.21 4.9 0.3 −0.19

1350 2 0.63 0 0.67 0.06 0
1800 0 0 0 0.09 0.02 0
1989 0 0 0 0 0 0

3—distance from the plate to the nozzle is 140 mm, plate inclination angle is 90 degrees

450 680 41.42 −2.13 44.53 3.55 −0.85
900 3 1.1 1.36 1.02 0.13 −0.1

1350 0 0 0 0.08 0.02 0
1800 0 0 0 0.04 0 0
1851 0 0 0 0.01 0 0

4—distance from the plate to the nozzle is 205 mm, plate inclination angle is 90 degrees

450 400 4.69 −0.26 400 15.61 0.72
900 5 2.76 −0.09 5 1.67 −0.38

1350 1 5.18 0 1 0.46 0
1800 0 2.83 0 0 0 0
1852 0 6.42 0 0 0 0

5—distance from the plate to the nozzle is 305 mm, plate inclination angle is 90 degrees

450 400 1.41 2 400 17.52 1.93
900 12 4.05 3 12 2.53 2.1
1350 1 4.69 4 1 0.38 −0.25
1800 0 3.85 5 0 0 0
1852 0 7.21 6 0 0 0

Figure 12. Number of whole grains in molasses when prepared using a grid-work: 1—the distance
from the grate to the nozzle is 140 m the angle of inclination of the grate is 30 degrees; 2—the distance
from the grate to the nozzle is 140 mm, the angle of inclination of the grate is 45 degrees; 3—distance
between the grate and nozzle 205 mm, angle of inclination of the grate 45 degrees; 4—distance between
the grate and nozzle 205 mm, angle of inclination 30 degrees.
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Figure 13. The residue on the sieve with a sieve size of 3 mm when preparing forage using a grid-work:
1—distance from the grid-work to the nozzle is 140 mm, grid-work inclination angle is 30 degrees;
2—distance from the grid-work to the nozzle is 140 mm, grid-work inclination angle is 45 degrees;
3—distance from the plate to the nozzle is 205 mm, grid-work inclination angle is 45 degrees; 4—distance
from the grid-work to the nozzle is 205 mm, grid-work inclination angle is 30 degrees.

Figure 14. The number of whole grains in forage when it is prepared using a plate: 1—distance from
the plate to the nozzle is 140 mm, plate inclination angle is 30 degrees; 2—distance from the plate to the
nozzle is 140 mm, plate inclination angle is 45 degrees; 3—distance from the plate to the nozzle is 140
mm, plate inclination angle is 90 degrees; 4—distance from the plate to the nozzle is 205 mm, plate
inclination angle is 90 degrees; 5—distance from the plate to the nozzle is 305 mm, plate inclination
angle is 90 degrees.
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Figure 15. Residue on the sieve with a sieve size of 3 mm when preparing forage using a plate:
1—distance from the plate to the nozzle is 140 mm, plate inclination angle is 30 degrees; 2—distance
from the plate to the nozzle is 140 mm, plate inclination angle is 45 degrees; 3—distance from the plate
to the nozzle is 140 mm, plate inclination angle is 90 degrees; 4—distance from the plate to the nozzle is
205 mm, plate inclination angle is 90 degrees; 5—distance from the plate to the nozzle is 305 mm, plate
inclination angle is 90 degrees.

 

a b 

Figure 16. The influence of the studied parameters on: a—power consumption of the electric motor;
b—specific energy consumption; 1—distance from the grid-work to the nozzle is 140 mm, grid-work
inclination angle is 30 degrees; 2—distance from the grid-work to the nozzle is 140 mm, grid-work
inclination angle is 45 degrees; 3—distance from the plate to the nozzle is 205 mm, grid-work inclination
angle is 45 degrees; 4—distance from the grid-work to the nozzle is 205 mm, grid-work inclination angle
is 30 degrees; 5—distance from the plate to the nozzle is 140 mm, plate inclination angle is 30 degrees;
6—distance from the plate to the nozzle is 140 mm, plate inclination angle is 45 degrees; 7—distance
from the plate to the nozzle is 140 mm, plate inclination angle is 90 degrees; 8—distance from the plate
to the nozzle is 205 mm, plate inclination angle is 90 degrees; 9—distance from the plate to the nozzle is
305 mm, plate inclination angle is 90 degrees.
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4. Conclusions

As a result of studies of the working process of the developed patented plant for preparing forage
from grain, and taking into account the aggregate estimate of the quality indicators of forage and the
cost of electricity for its preparation, the optimal location parameters of the passive grinder have been
found, allowing us to obtain high-quality forage with minimal power consumption of the electric
motor. A grid-work should be used as a grinder. Its installation angle should be 30◦, and the distance
between the grid-work and the nozzle should be 205 mm. With this combination of parameters, the
specific energy consumption is minimal and amounts to 41.5 W·h/L.
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Abstract: The aim of the study was to determine the possibility of using ultraviolet fluorescence to
evaluate the quality of the mixing process of industrial feed. A laboratory funnel-flow mixer was
used for the mixing process. The studies were carried out using three different feeds for pigs. A key
component in the form of ground grains of yellow maize covered with the fluorescent substance
Rhodamine B was introduced into the mixer before the mixing process began. After the illumination
of the sample by UV lamps, the images were taken with a digital camera. The images were analyzed in
Patan® software. The information obtained on the percentage content of the key component was used
for further calculations. At the same time, the tracer content was determined using the control method
(weight method). The comparison of the results obtained by the two methods (statistical comparative
analysis) did not indicate significant differences. Therefore, the usefulness of the proposed method to
track the share of the key component by inducing it to glow in the ultraviolet light has been proven.
The introduced tracer is also one of the components of the feed, which translates into the possibility
of observing the material having the characteristics of a mixed material.

Keywords: mixing of granular materials; fluorescence; tracer; industrial feed; image analysis

1. Introduction

Mixing granular materials is a difficult and multifaceted process which, although it was already
described in the 1940s, is still a current research problem. This is due, among other things, to the
development and availability of new tools, thanks to which it is possible to precisely observe the
process itself, as well as to describe the behavior of selected components of the mixed bed. The degree
of mixing of granular components is an important quality parameter of the final product in the context
of e.g., nutrition [1–3]. It seems to be particularly important to conduct research on the process of
mixing components with considerable fineness, such as powders. This is due, among other things,
to the scale of production of products in the form of granules or powders, which reaches up to one
billion pounds a year [4–7] and the aspects of safety [8].

The correct level of mixing ingredients in the mixture is important to obtain satisfactory results
(mixture of good quality) in the production of farm animals; the preparation of feed in accordance
with the given recipe. Incomplete mixing may result in negative nutritional effects. The appropriate
uniformity of a mixture is important also for the granulation process [1,8,9]. In industrial conditions,
ensuring safe feed production requires the implementation of Quality Management Systems such as
Good Hygienic Practice—GHP, Good Manufacturing Practice—GMP, and Hazard Analysis and Critical
Control Points—HACCP [10]. Quality control in feed production consists of verifying the correctness
of the key stages and is carried out by eliminating possible biological, chemical and physical hazards.
In the HACCP system, the mixing stage is often indicated as a critical control point. The assessment of
homogeneity is an important Critical-To-Quality (CTQ) factor and it must be contolled periodically.
This allows us, inter alia, to determine the required mixing time to obtain a high-quality product
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and involves the homogeneity analysis of samples taken from the mixer or from bags containing the
finished mix. Determining the exact mixing time is important due to the fact that both too long and
too short mixing can cause incorrect homogeneity. Moreover, the mixing time recommended by the
mixers’ manufacturers may not give the declared results in industrial conditions. This is due to the
multi-threading of the process of mixing granular materials, which underlies research problems. Of
course, determining the effective mixing time translates into production costs. Optimizing the work of
mixing devices requires quantitative means to evaluate mixing [8,11]. Moreover, even a slight change
in the parameters of the mixing process, such as humidity of the mixed material, degree of filling of
the mixer and others, affects the degree of mixing [5,12,13]. The quality of the feed’s raw materials is
another important issue. Due to its properties (biologically active material), the feed may undergo
contamination with pathogenic microflora [8,14]. However, as shown by some research carried out in
Poland, this type of contaminant does not exceed accepted standards, and the use of thermal treatment
such as drying allows for the additional reduction of this risk [14–16].

The degree of mixing of granular materials is described by various mathematical relationships in
which the main element is the content of a given ingredient in the mixed bed. The determination of
the state of the mixture is usually based on its deviation from the state of segregation or the state of
perfect mixture. When mixing a two-component material, the determination of the state of the mixture
is quite simple and is based on the analysis of sample composition [2]. When mixing heterogeneous
multicomponent systems, is often impossible to analyze the composition of the samples accurately.
There are only a few items in the literature where the authors have evaluated the mixing process
based on the analysis of the content of each component of the mixture. However, methods of this
type are very labor- and time-consuming [17,18]. A new method for determining the mixing index
based on determining the distance from the adjacent particle and coordination number concept in
multiple-spouted bed was proposed by Chen et al. [19].

However, most often the condition of a multicomponent granular mixture is determined on
the basis of the content of the selected key component in the taken samples. The key ingredient
can be a deliberately introduced element like microtracer—colored uniformly sized iron particles or
microgrits [20–24]. This solution allows the quick assessment of the homogeneity of grain mixtures in
industrial conditions. However, iron filings have different characteristics from mixed components,
e.g., feed components or biologically active materials. This does not allow us to use them to track the
behavior of actually mixed materials.

A number of methods for assessing the homogeneity of granular mixtures (indicator methods) are
based on the determination of the content of specially dyed particles or on the use of the fluorescence
emission phenomenon. Many researchers have used laser-induced fluorescence (LIF method) for
this purpose. Lai et al. [25,26] used it to describe the kinetics of the pharmaceutical powder mixing
process. A similar methodology was also used by Karumanchi et al. [27] for determining the dead
zones in the mixer during powder mixing. Meanwhile, Durao et al. [28] determined in this way the
concentration of five different substances in a multicomponent vitamin preparation. The phenomenon
of X-ray fluorescence (XRF) was used, among others, in the assessment of sulphur and chlorine content
in feeds for ruminants. The research was conducted for the following feeds: grass, grass silage and
maize silage [29]. The use of a laser does not require physical sampling, which is the main advantage
of this solution. However, it is necessary to prepare the mixer properly (window to take the sample)
and the possible falsification of the results with the contaminants present. In addition, the window
must be kept sufficiently clean, which may not be possible if the mixed components are very fine [30].

The analysis of the distribution of the stained components is often based on computer image
analysis of the mixed material. Realpe et al. [31] used image analysis to evaluate the homogeneity
of colored powders mixed in a cylindrical device. Berthiaux et al. [32] used this tool to assess the
homogeneity of the mixture flowing out of the mixer. The homogeneity of the mixture at the mixer
outlet was tested by Muerza et al. [33] based on on-line image analysis, and Dal Grande et al. [34]
proved the usefulness of the HSV color model description for the analysis of binary grain mixture
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images. Computer image analysis to assess the impact of vibration intensity on the segregation of a
bed consisting of steel and glass balls was used by Yang [35] and then by Tai et al. [36]. Hu et al. [37]
analyzed images of samples taken during mixing in a rotating conical mixer with and without a mixing
blade. Liu at al. [38] used an interesting optical technique consisting of the simultaneous acquisition of
images with an infrared thermal camera and an ordinary RGB camera. Red (heated to 40 and 80 ◦C)
and white balls (at room temperature) were used in this test. Techniques of this type are a relatively
cheap and good tool, especially for analyzing the surface of a mixed material or its flow, and are
most often used in laboratory conditions [30,39]. The limitation of these methods results from certain
difficulties in obtaining information, e.g., a lack of access to the free space of the mixed bed, covering
of the tracer by loose material [30].

In the research carried out by the authors of this work, an optical method was used that combines
the fluorescence of a tracer in ultraviolet light with the acquisition of images by means of a digital
camera with a standard lens. The usefulness of the proposed method in the mixing of whole grains
in two- and multicomponent systems was confirmed, and the results obtained were described in the
works of Matuszek et al. [40–42]. Referring to the commonness of powders in industrial practice and
the limitations of computer image analysis in the evaluation of their mixing [4–6,30], the developed
method was tested in the mixing of multicomponent feed consisting of ground grains and additives in
the form of powders—so-called micronutrients. The aim of the study is to determine the possibility of
using the method based on UV-induced fluorescence to assess the mixing of multicomponent industrial
ground feed. The tests were carried out under laboratory conditions; however, the mixtures were
obtained from feed factories. This makes the work more functional.

2. Materials and Methods

The mixtures used for the research consisted of components used for feed production, i.e., cereal
grains and feed additives aimed at improving the nutritional value or sensory attractiveness (flavors).
To assess the homogeneity of this type of mixture, indicator methods based on the assessment of the
content of the key component (tracer) in feed samples were used. Therefore, there was the question
of choosing the component that would properly represent the state of the mixed bed. Based on the
previous experience of the author of this study and the literature information, it was decided that
this ingredient may be maize. The choice was dictated, among others, by the widespread use of this
ingredient in feeding farm animals and the ease of grinding or coating by coloring matter. Determining
the size and number of samples is another research problem. On the one hand, the sample may consist
of a single grain; on the other hand, the whole mixed system. The most important thing for the sample
is to be representative. In the tests, 10 samples were taken due to the construction of the mixer. The
mass of a single sample was determined experimentally. Finally, one of the most frequently appearing
problems, i.e., how to assess the content of a particular ingredient against the background of many
components that differ in color or fineness. The authors, using a known and proven tool, namely image
analysis, attempted to eliminate this disturbance–for this, the fluorescent phenomenon was used.

Feed mixes obtained from a local feed factory were used in the study. These were one of the most
commonly used mixtures intended for pigs. The mixtures were multicomponent systems (10-, 13-
and 14-component systems) consisting of ground products of plant origin, such as cereal grains and
minerals, and chemical additives. The types and proportions of the individual components and the
degree of fineness (assessment by sieve analysis) of the tested feed are shown in Table 1.
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Table 1. Characteristics of the tested feed mixture.

Type of Component
Percentage of Component [%]

Mixture 1 Mixture 2 Mixture 3

Fodder chalk 9 1.5 7.1
Barley - 30 -
Maize 8 9 7

Triticale - 20 -
Wheat - 20 -

Soya meal 65.55 12 72
Rape meal - 5 -

Dry maize decoction 5.45 - 4.3
Sodium chloride 2.5 0.5 2

Phosphate 3.5 1 2.8
Premix 2.5 1 2
Lysine 2.5 - 1.8

Methionine 0.5 - 0.4
Threonine 0.35 - 0.3

Phytase 0.05 - 0.05
Grindazyn 0.05 - 0.05

Luctarom (aroma) 0.05 - 0.05
Neubaciol - - 0.15

Number of components 13 10 14
Fineness degree M [mm] 0.64 0.61 0.63

A tracer was introduced to the mixing process (before it started). The seeds of yellow maize were
used as the tracer—they were subjected to grinding and then wet treated with 0.01% Rhodamine B
solution (C28H31ClN2O3, red-violet powder, wavelength 627 nm, excitation area 553 nm). The dyeing
was carried out in laboratory conditions and the obtained materials (after drying) were stored in
identical conditions in tightly closed packages, protecting against light. Two types of tracer were
obtained in this way—maize of average particle size d1 = 2.00 mm and d2 = 1.25 mm. Before starting
the mixing process, the tracer was placed in the upper part of the mixer (ring 10) in the amount of 100
g (10% of the mixture). The remaining part (rings 1–9) was an industrial feed mix of 900 g (90% of the
mixture). After filling the mixer, the mixing process started. Mixing was carried out in a laboratory
funnel-flow mixer by means of subsequent flows from 1 to 10. The characteristics of the mixer were
presented in detail in another work by the authors [43]. The mixing was completed after the 10th flow
and sampling were carried out. Single samples of 10 g were taken from ten mixer locations (levels).
This was possible by the special design of the mixing tanks—10 removable rings.

The samples on the Petri dishes (120 mm × 20 mm) were placed in a chamber equipped with
ultraviolet fluorescent lamps (2 lamps with 15 W each, mounted inside in the upper part of chamber).
The chamber was made of black material, which limited the influence of light from outside. The sample
was placed on a pull-out drawer. The chamber was then closed and the lighting controlled from outside.
In the upper part of the chamber was a hole for a digital camera lens. A digital camera with a standard
lens, 20.1 Mpix resolution and 35 mm focal length was used. When taking pictures, the exposure
correction was set to −0.5 EV. After the illumination of the sample, images with a resolution of 1600 ×
1200 pixels were obtained. The images obtained were analyzed in Patan®. This program analyzes the
image based on the RGB 256 scale. After the loading of the image, three areas (designation of surface
fragments, assignment of pixels) responsible for individual classes were marked in the examined area
(circular area): 1—tracer (fluorescent maize) and 2 and 3—background (industrial mix). Thanks to this,
it was possible to capture the desired information (the tracer’s share) against a multicolored sample.
The results obtained referr to the percentage content of particular classes. For further research, data on
the percentage share of the first class, i.e., tracer, were used. In the next stage, the manual separation
of the taken samples was performed and the separated tracer was weighed on an analytical balance
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with accuracy of ±0.01 g. In this way, the share of the tracer was estimated using two methods: (1)
computer image analysis, (2) weighing method. The second method was used as a tool to verify the
results obtained by method one. The selected stages of the methodology are schematically presented
in Figure 1. On the basis of the results, the arithmetic mean, the standard deviation, the difference
between the results obtained by the two methods and the coefficient of variation were calculated.
The coefficient of variation (CV) was treated as a parameter indicating the degree of homogeneity
of the obtained mixture. The calculations were made according to the instructions of the National
Veterinary Institute [44]. The coefficient of variation was in the range from 0% to 100%. According
to these instructions, the mixture is considered homogeneous when the CV ≤ 15%. In this range, a
good mix of the tracer in the mixture is obtained. CV > 15% means bad homogeneity of the mixture,
meaning there is poor mixing of the tracer in the mixture.

 
Figure 1. Schematic diagram of the methodology for the determination of fluorescent maize in the feed.

In order to verify the results obtained by the two methods, statistical comparative analysis was
carried out. After checking the normality of distribution (Shapiro–Wilk test) and homogeneity of
variance (Levene test), appropriate parametric (Student t-test) and non-parametric (U Mann-Whitney
test) tests were used. The significance level α = 0.05 was assumed for calculations. The null hypothesis
regarding no differences in results obtained by the two methods was tested compared to the alternative
hypothesis about the occurrence of such differences.

3. Results

3.1. Results Obtained by Means of Computer Image Analysis and the Weighing Method

The share of the tracer and the difference in results obtained by the two methods and selected
statistical parameters (arithmetic mean, standard deviation, coefficient of variation) are presented in
Tables 2 and 3. Graphical interpretations of the results are presented in diagrams (Figures 2–4).
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Table 2. Results of the tracer’s share (maize d = 2.00 mm).

Series of Tests Method 1 1 Method 2 2 Difference 3

Mixture 1

1 8.00 ± 0.88 8.12 ± 0.94 0.30 ± 0.20
2 9.04 ± 0.79 9.05 ± 0.73 0.33 ± 0.18
3 8.98 ± 1.14 9.25 ± 1.06 0.41 ± 0.17

mean, % 8.67 ± 1.08 8.81 ± 1.06 0.34 ± 0.19
CV, % 10.83 ± 1.62 10.37 ± 1.66 0.55 ± 0.09

Mixture 2

1 10.04 ± 1.20 10.03 ± 1.21 0.27 ± 0.17
2 10.38 ± 1.59 10.24 ± 1.58 0.26 ± 0.07
3 9.90 ± 1.27 9.85 ± 1.18 0.26 ± 0.09

mean, % 10.10 ± 1.41 10.04 ± 1.37 0.26 ± 0.12
CV, % 13.46 ± 1.32 13.17 ± 1.60 0.41 ± 0.16

Mixture 3

1 9.34 ± 0.93 9.51 ± 1.04 0.41 ± 0.23
2 8.66 ± 0.92 8.84 ± 1.05 0.43 ± 0.23
3 9.45 ± 0.76 9.35 ± 0.91 0.29 ± 0.16

mean, % 9.15 ± 0.96 9.23 ± 1.06 0.38 ± 0.22
CV, % 9.55 ± 1.10 10.87 ± 0.87 0.56 ± 0.01

1 arithmetic mean of the tracer’s share obtained by computer image analysis ± standard deviation; 2 arithmetic mean
of the tracer’s share obtained by weighing ± standard deviation; 3 difference of results obtained by two methods ±
standard deviation.

Table 3. Results of the tracer’s share (maize d = 1.25 mm).

Series of Tests Method 1 1 Method 2 2 Difference 3

Mixture 1

1 9.13 ± 0.87 9.37 ± 0.78 0.53 ± 0.20
2 9.49 ± 0.93 9.42 ± 0.96 052 ± 0.30
3 8.94 ± 1.09 8.89 ± 0.97 0.44 ± 0.17

mean, % 9.18 ± 1.01 9.23 ± 0.96 0.50 ± 0.23
CV, % 10.50 ± 1.19 9.83 ± 1.07 0.44 ± 0.09

Mixture 2

1 9.39 ± 0.76 9.13 ± 0.79 0.38 ± 0.26
2 9.22 ± 0.75 9.21 ± 0.84 0.42 ± 0.26
3 9.56 ± 0.81 9.53 ± 0.89 0.33 ± 0.14

mean, % 9.39 ± 0.80 9.29 ± 0.87 0.38 ± 0.23
CV, % 8.25 ± 0.16 9.04 ± 0.28 0.58 ± 0.11

Mixture 3

1 9.35 ± 0.75 9.61 ± 0.85 0.62 ± 0.26
2 9.09 ± 1.02 9.21 ± 0.94 0.64 ± 0.26
3 9.13 ± 0.92 9.19 ± 0.77 0.50 ± 0.25

mean, % 9.19 ± 0.92 9.33 ± 0.89 0.59 ± 0.30
CV, % 9.75 ± 1.33 9.15 ± 0.76 0.49 ± 0.06

1 arithmetic mean of the tracer’s share obtained by computer image analysis ± standard deviation; 2 arithmetic mean
of the tracer’s share obtained by weighing ± standard deviation; 3 difference of results obtained by two methods ±
standard deviation.
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Figure 2. Results of the tracer’s share (2.0 mm maize) in individual samples obtained by two methods
for three compound feed mixes.
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Figure 3. Results of the tracer’s share (1.25 mm maize) in individual samples obtained by two methods
for three compound feed mixes.
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Figure 4. Box plot graph (mean, standard error, min-max) of the difference between the results obtained
by the two methods for the mean tracer dimension d1 = 2.00 mm and d2 = 1.25 mm.

The results presented in Tables 2 and 3 show the great similarity of the results obtained by the
two methods. The mean difference of the results obtained by the two methods for the tracer with
mean particle size d = 2.00 ranged from 0.3 to 0.41 for mixture 1, 0.26–0.27 for mixture 2 and 0.29–0.43
for mixture 3 (Table 2). In the case of mixing with a smaller average particle size (d = 1.25 mm),
slightly larger differences were obtained: 0.44–0.53 for mix 1, 0.33–0.42 for mix 2 and 0.50–0.64 for mix
3 (Table 3). In one case, a zero difference was obtained and this concerned the results of mixing feed 1
with the maize of larger average particle size. However, the highest level of the difference of 1.42 was
recorded for mixing feed 3 with the d = 1.25 mm tracer. Similar values of the tracer’s share obtained by
method 1 and 2 in particular segments (samples) of the mixer after the mixing process was completed
are also visible on the diagrams (Figures 2 and 3). By analyzing these charts, you can also track the
tracer’s distribution in the individual mixing zones (rings). For example, when mixing feed 2 with 2.00
mm maize, the tracer gathered in the lower part of the mixer (rings 1 to 3). Then, there is a decrease
in its share (rings 4–8) and again a slight increase (rings 9 and 10). The graphical interpretation also
shows that when using a tracer with an average particle size (d = 1.25 mm), larger deviations from
the average value (average ± standard error) were obtained than in the case of a tracer with a smaller
degree of fineness. Similarly, by analysing Figure 4, lower values of the differences obtained in mixing
with the d = 2.00 mm tracer can be observed. In this case, lower mean values were obtained (0.34%,
0.26%, 0.43% respectively for mixtures 1, 2 and 3) than in tests with finer d = 1.25 mm (mean values
0.50%, 0.38%, 0.59% respectively for mixtures 1, 2 and 3). Additionally, in the same case, the values are
more favorably (lower values) distributed in the min-max range (0–0.7, 0.03–0.51, 0.02–0.82 respectively
for mixtures 1, 2 and 3). The values within the same range, for a series of tests with a d = 1.25 mm
tracer, are 0.15–1.25, 0.01–0.93 and 0.13–1.42, respectively.

Referring to the results of the coefficient of variation, each of the mixtures achieved good
homogeneity, and thus good mixing of the tracer. In each case, a coefficient of variation at CV ≤ 15%
was obtained. This observation concerns the results obtained with two methods and with the use of
two different tracers of different degrees of fineness.
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3.2. Results of Statistical Comparative Analysis

The results of the statistical analysis are presented in Tables 4 and 5 and their graphical interpretation
in Figures 5 and 6.

Table 4. Results of statistical comparative analysis (Student’s t-test) of the results obtained by the two
methods using the tracer d1 = 2.00 mm.

Mixture No. t p

1 −0.49398 0.62318
2 0.18586 0.85320
3 −0.33460 0.73913

Table 5. Results of statistical comparative analysis (Student’s t-test and U Mann-Whitney’s test) of the
results obtained by the two methods using the tracer d2 = 1.25 mm.

Mixture No. Statistical Test Result p

1 1 −0.16586 0.86884
22 0.34004 0.73383
3 2 −0.73183 0.46427

1 parametric Student’s t-test. Normal distribution of variables, homogeneity of variance; 2 non-parametric U
Mann-Whitney test. No normal distribution of variables, homogeneity of variance.
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Figure 5. Box plot graph of the share of the tracer (maize d = 2.0 mm) obtained by two methods for the
three analysed mixtures. Point: average, box: average ± standard error, whiskers: min-max.
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Figure 6. Box plot graph of the share of the tracer (maize d = 1.25 mm) obtained by two methods for
the three analysed mixtures. Point: average, box: average ± standard error, whiskers: min-max.

The results obtained (Tables 4 and 5) do not allow us to reject the zero hypothesis about the lack
of statistically significant differences in the results of the tracer’s share obtained with both methods
(no significant statistical differences between two methods: image analysis and weighing method).
This statement applies to both tests with fluorescent maize with an average particle size of d1 = 2.00
mm and d2 = 1.25 mm. This confirms the preliminary observations presented in Section 3.1. The high
similarity of the results obtained by the two methods is also confirmed by the graphical interpretation
of statistical analysis (Figures 5 and 6).

4. Discussion

The obtained results confirm the possibility of using fluorescence induced by ultraviolet radiation
to analyze the mixing process of multi-component heterogeneous feed mixtures. This method gives
highly reliable results compared to the control method (weighing method), which was confirmed
by appropriate statistical tests (Student’s t-test and U Mann–Whitney test). It was observed that the
differences in the results obtained by the two methods using a tracer with an average particle size
of d1 = 2.00 mm are smaller than in the case of a tracer with an average particle size of d2 = 1.25
mm. However, in both cases, statistical comparative analysis did not indicate the significance of these
differences. In addition, a mixture with an appropriate level of homogeneity was obtained in each
test series.

In the proposed method, the key component (dyed maize with 0.01% Rhodamine B solution) was
observed on the basis of computer image analysis (software working on the basis of RGB 256 scale) of
particular mixer segments. The special design of the tank made it possible to take significant number
(N = 10) of samples and thus to track the tracer distribution in the entire volume of the mixed bed. In
addition, the phenomenon of fluorescence induced by ultraviolet radiation was used, which allowed
us to eliminate interference during image acquisition. The main disadvantage of computer image
analysis in the evaluation of mixing of granular components subjected to the milling process is the
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covering of the tracer by a loose material [30]. In such a situation, image analysis may give incomplete
and unreliable information. The light of the tracer allowed for its “singling out” against a multicolored
sample. The disadvantage presented has therefore been eliminated. Another limitation of optical
methods in the mixing of granular systems is the necessity to take samples, i.e., to interfere with the
mixed bed. The proposed methodology is also based on sampling. This does not explicitly exclude its
use to track the tracer’s behavior on line. Of course, this requires careful analysis and testing. It is
worth noting, however, that non-invasive methods to characterize grain mixing require more advanced
technology and can therefore be more expensive.

The authors have not yet come across a study in which a similar solution has been applied in the
evaluation of the mixing of multi-component ground grain systems (degree of fineness M = 0.61–0.64
mm). Most of the studies using image analysis concerned the mixing of two-component systems
differing significantly in colour, e.g., white and red balls [4,34–36,45–48]. What is more, the research
carried out by the authors made use of feed mixes that are produced in a feed factory and the tracer
introduced was one of the components of these mixes. Therefore, the proposed method is more likely
to be used under industrial conditions. In the next stage of the research, the authors plan to verify the
usefulness of the developed method by conducting tests with additional feed mixes differing in the
degree of fineness and composition.

The proposed method uses a well-known computer image analysis tool. However, the use of an
additional stage (illuminating the sample with ultraviolet light) allows the elimination of disturbances
in the case of multi-component systems subjected to a milling process. What is more, the method
allows us to assess the homogeneity of the mixture based on the ingredient used to produce feed, i.e.,
maize. This is important because of the properties of biologically active materials. Their parameters,
such as humidity, brittleness, the ability to agglomerate and many others, can change significantly in
response to the conditions of the mixing process. Materials often used by other authors (presented in
introduction and discussion chapters) like steel, glass or plastic balls have definitely different properties.
As presented in the introduction, slight changes in the parameters of a mixed system or mixer affect the
degree of mixing or segregation. The described method is not a tool without limits. This is due to the
Rhodamine B coloring agent used. This substance is a chemical reagent that has irritating properties.
In laboratory conditions, when applying general precautions, it does not matter much. However,
in industrial conditions, the use of this method would require appropriate handling of mixed feed
(disposal). Therefore, this method is applicable only in laboratory conditions, for now.
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Weterynaryjny: Puławy, Poland, 2007.

45. Weinekötter, R.; Reh, L. Characterization of particulate mixtures by in-line measurments. Part. Part. Syst.
Char. 1994, 11, 284–290. [CrossRef]

46. Boss, J.; Krótkiewicz, M.; Tukiendorf, M. The application of picture analysis as a method to evaluate the
quality of granular mixture during funnel-flow mixing. Agric. Eng. 2002, 4, 27–32.

47. Arratia, P.E.; Duong, N.H.; Muzzio, F.J.; Godpole, P.; Lange, A.; Reynolds, S. Characterizing mixing and
lubrication in the Bohle bin blender. Powder Technol. 2006, 161, 202–208. [CrossRef]

48. Brone, D.; Muzzio, F.J. Enhanced mixing in double-cone blenders. Powder Technol. 2010, 110, 179–189.
[CrossRef]

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

275





sustainability

Article

Risk Assessment for Social Practices in Small
Vegetable farms in Poland as a Tool for the
Optimization of Quality Management Systems

Marcin Niemiec 1,*, Monika Komorowska 2, Anna Szeląg-Sikora 3, Jakub Sikora 3,
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Abstract: Globalization of the food market is associated with the possibility of selling products
into newer markets. However, it is also associated with the necessity to ensure proper quality
products. Quality defined by the ISO 9001:2015 standard consists of factors that are part of customers’
expectations concerning the safety of products and the technology of their manufacture. Currently,
consumers are looking for products with defined and reproducible sensory properties, in which the
content of harmful substances is below the critical values specified by legislation. This is observable
particularly in developed countries. The second quality factor is the use of a production technology
where negative environmental impacts are reduced. Recently, issues associated with protecting
workers’ rights and social needs have also become very important. In successive versions of quality
management systems, such as GLOBAL G.A.P. or SAI Platform, social issues are becoming more
and more important. The aim of this study was to assess the role of risk analysis for social practices
in small farms in building a quality management system. Surveys were conducted in 2018. The
surveys covered 62 vegetables or fruit farms with a cultivated area of up to 20 ha. Their lack of
staffwas due to the character of production. Where mechanic production is possible in small farms,
family members can secure workforce demand. To achieve the research objective, a risk analysis
was carried out for the implementation of social practices according to the guidelines of the ISO
31000:2018 standard. The criteria and inventory of identified risks were carried out, based on the
guidelines of GLOBAL G.A.P. Risk Assessments on Social Practice (GRASP). Based on the identified
risks, the areas relating to social practices, which require improvement in order to satisfy compliance
with the GLOBAL G.A.P. standard, were indicated. The results of the conducted research pointed
to a high risk of good social practices not being carried out and not meeting compliance with the
requirements of the GLOBAL G.A.P. standard. The most important identified problems are associated
with the deficiency of competent workers as well as the lack of facilities where workers can rest, eat
and drink. A considerable problem is the conformity of employment contracts with local legislation
and ensuring that work time and rest time are consistent with the law. In conditions of small farms
in Poland, the problem with ensuring compliance with the standard in question is often the small
number of workers. Creating an organized quality management system in the area of social practices
is difficult in these cases, and sometimes even impossible.
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1. Introduction

The conditions of the modern food market of products are associated with the necessity to increase
the effectiveness of the use of the means of production and to reduce the negative impact on the
natural environment. The need for rationalization of land use, work, and depletable environmental
resources result, on one hand, from the need to lower the costs of food production, and on the other
hand, from the needs of the consumer who seeks food with specific quality. Quality is one of the most
important factors that influence consumers’ choices. It is very often more important than product price,
particularly in developed countries. It is one of the most important factors of achieving a competitive
advantage. According to the used definition in management systems, quality relates to the degree of
customer satisfaction. In the case of agricultural products, the idea of quality has been changing. This
has influenced societies and the economic potential of consumers [1].

At the beginning of the first half of the 20th century, quality of agri-food products was identical
with their price. In that period, the most important problem in the world was to provide developing
societies with an adequate amount of food. Increasing the production efficiency was based mainly
on the intensification of fertilization and on increasing the amount of production-boosting chemicals.
The consequence of such a strategy of production (both plant and animal) was the emission of a
considerable amount of pollutants into the environment, which led to soil and water degradation, as
well as air pollution. The second, and very important, effect of agricultural intensification was the
deterioration in the quality of products in terms of their chemical composition. The biggest problems
included high content of pesticides, nitrates, and heavy metals in plant products, and in the case
of animal products, a high content of hormones and pharmaceuticals. Due to the development of
agricultural sciences and changes in consumer awareness, the quality of products is more and more
associated with the technology of their production. This quality factor has been expressed in the idea
of sustainable development of agriculture. Quality is also associated with the way a product is packed
and presented [2].

Traditional agriculture has a negative impact on the natural environment—both water, soil, air,
and on consumer health [3]. In the 1990s, formalized quality systems in primary production began to
develop in developed countries. Those systems took into account the production principles leading to
an improvement in food safety at the stage of producing raw materials intended for food or fodder
purposes. In that period, the concepts of sustainable production systems for biomass crops began
to appear [4]. The fundamental assessment criterion of a given technology in this case is the energy
fixation potential of plants, taking into account the expenditure incurred on production. Another
important aspect is the issue of the possibility of producing food in areas intended for cultivation of
energy crops. According to the adopted ideology, the introduction of specific principles of a system
should lead to an improvement in the quality of products, in terms of their safety and chemical
composition [5]. Moreover, the principles of modern systems of quality management in agriculture
have involved issues associated with rational utilization of soil resources, water resources, and issues
connected with decreasing energy consumption in the entire production process [6,7]. The efficient
implementation of quality management systems in food production is also associated with creating
no-waste or low-waste technologies, as pointed out by Sikora et al. [8]. More and more attention
has been paid to the optimization of logistic processes, not only at the production stage, but in the
entire supply chain. Optimization of logistic processes is an important part of improving economic
efficiency, which was highlighted by Xiao et al. [8], as well as Cupiał et al. [9]. As regards to food safety,
many countries have safety assurance systems, created and administered at a national level. They
can vary both in scope, as well as in the level of requirements, which result from economic, cultural,
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climatic, or political conditions [10]. The differences concern mainly environmental and societal issues
in production. Therefore, there is a threat that products generated in compliance with local law will not
fulfill qualitative criteria requested by consumers in target countries [11]. This applies particularly to
the issues connected with environmental and social aspects in developing countries. Food production,
compliant with local law of these countries, is very often insufficient to satisfy a conscious consumer.
Therefore, one of the main factors of developing agricultural production and the possibility of exporting
products, is the implementation of quality management systems in primary production.

One of the most popular quality management standards in primary production in agriculture is
the GLOBAL G.A.P. (Good Agriculture Practice) system. It is an independent, optionally-implemented
system of assuring product quality and safety in primary agricultural production. The standard
was introduced into the market in 1997 under the name EUREPGAP. It was elaborated by members
of EUREP (Euro-Retailer Produce Working Group) organization. The purpose of the standard was
to develop principles that would be common for the entire primary production, aimed at ensuring
compliance with Good Agricultural Practice (GAP) and ensuring food safety. The GLOBAL G.A.P.
standard was introduced in exchanged for EUREPGAP on 7 September 2007.

One of the primary objectives of the standard was to minimize the use of fertilizers and plant
protection products, so as to limit the negative impact of agriculture on the environment, and also to
make sure that good soil culture on areas intended for agricultural production is maintained. One
of the most frequently described problems associated with implementation of quality management
systems in primary production is a failure to adapt them to small farms [12,13]. Inadequate support
from state institutions and non-governmental organizations is a factor that limits the development
of quality management systems [14]. To accommodate these problems, the certification system and
the manner of implementing the principles of the GLOBAL G.A.P. standard at a farm level were
adapted to small farms. Certification is possible within option 1 and 2. In the case of option 1, an
individual producer intends to certify their own products in compliance with the requirements of
GLOBAL G.A.P., in the scope associated with specific activities. Option 2 relates to the certification
of a group of producers (e.g., cooperatives or organizations of producers). In this case, certification
concerns agricultural products, in accordance with the requirements of the used range of GLOBAL
G.A.P., complemented with requirements pertaining to managing through the implementation of the
Quality Management System (QMS). In this option, a certificate is issued for the leading organization,
which guarantees that the requirements of the standard are observed by producers that are members
of the group. Due to the higher effectiveness of means of production, producer groups have a bigger
and bigger share in primary production in Poland. A properly organized quality management system
at the level of the producer group allows for the efficient management of quality for all members [5,15].
Within the certification of a producer group, an audit is conducted for the management system in
the context of system tools, and the efficiency of communication with particular group members, as
well as the effectiveness of identifying non-conformities and monitoring corrective actions. Such a
solution makes it possible to minimize the risks associated with the fragmentation of farms and the
scattering of production sites [16]. Due to these factors, small producers can be included into the global
supply chain, which facilitates the development of small family farms. Including small farms as a part
of supply chain, not only on local markets, but also on international scale, is an important part of a
sustainable development of rural areas. This is of great importance in developing countries, where
plants are cultivated on small areas [17]. However, such an approach associated with certification
poses a threat to product quality in the case of an ineffective system of controlling the members of the
producer group by head office, which implements the quality management system. GLOBAL G.A.P. is
a standard that is based on ethical principles of the producers participating in the system [18]. The aim
of this study was to assess the role of risk analysis for social practices in small farms, in building a
quality management system.
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2. Research Methods

To meet the set objective, surveys were conducted in 2018 in small family farms in Poland, in the
following provinces: Świętokrzyskie (11 farms), Mazovia (18 farms), Łódź (19 farms), Lublin (6 farms),
and Wielkopolska (8 farms). The research was conducted using the direct interview method. The study
involved farms, in which the buyers of products reported the need to implement the GRASP standard.
The surveys covered 62 vegetables or farms that grow berry plants, with a cultivated area of up to
20 ha. Among the examined farms, 37 of them grew vegetables, while 25 were growing berry plants.
Nearly 30% of the surveyed farms declared that they did not employ workers. These farms were
excluded from further analysis, due to the lack of possibility of attaining the GLOBAL G.A.P. GRASP
standard. Almost half of the farms employed local workers and family members. Approximately 10%
of the farms hired only foreign workers, and 15% hired foreign and local workers Table 1. Other farms
employ seasonal workers, mainly citizens of the Ukrainian Republic.

Table 1. Employment structure in the surveyed farms.

Research Group
No.

Specification
Number of

Farms
Average Farm Area in

the Group

1 Lack of workers 17 5.19

2 Local workers, close or
extended family 28 9.32

3 Foreign workers 7 14.89

4 Foreign and local workers 10 15.26

Workers were employed on employment contracts only in 10 farms. For separated research
groups, a risk analysis was carried out for the implementation of social practices according to the
guidelines of the ISO 31000:2018 standard. Inventory of identified risks was carried out based on the
guidelines of GLOBAL G.A.P.

In the conducted research, the strategic goal was to adjust the management policy of social
practices on the farm to GLOBAL G.A.P. GRASP standards. Based on the conditions in the surveyed
farms, (the size and assortment of production, infrastructure equipment, cultural factors, and the
mentality of farmers). The matrix used for risk analysis is included in Table 2. According to this table,
the level of risk in a three-level scale is defined as small, medium, and large. The identified risks are
presented in Table 3. Two values have been identified for each identified risk factor; the probability
of risk occurrence and the threat to the strategic goal (compliance with the GLOBAL G.A.P. GRASP
standard) in the case of risk.

Table 2. Matrix used for risk assessment.

The Probability of Occurrence of a
Risk Factor

The Consequences of Risk

Low Medium High

Low L L M

Medium L M H

High M H H

H—high risk, M—medium risk, L—low risk.

3. Results and Discussion

The implementation of quality management systems, both at state and private level, is widely
considered to be a factor that increases the profitability of farms, as well as a method for reducing
the environmental effects associated with agricultural production. Bibliographic data presented by
other researchers point to a relationship between the implementation of a quality management system
and the amount of income [18,19]. Positive effects are perceived also in relation to the effectiveness of
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using natural resources in agricultural production. One of the weak points of quality management
systems in primary production is associating them with the amount of earnings and workers’ lifestyle.
Oya et al. [18] draw attention to this problem and point to the need of putting more emphasis on social
issues in food production at farm level. Despite the fact that quality systems in primary production,
such as Organic Farming, GLOBAL G.A.P., Integrated Production, or sales network quality systems
take social aspects into account in their principles. Nevertheless, they can rarely guarantee that farm
owners will satisfy workers’ social needs. That is the reason why, in many cases, it is essential to certify
producers for compliance with the principles of social systems [20]. In recent years, social aspects have
permanently entered the range of parameters that are part of the notion of food product quality. The
basic components of the quality of agri-food products include:

1. Product safety associated with microbiological, chemical, and physical threats
2. Confirmation that the production principles applied in the used technology are compliant with

the principles of sustainable development.
3. Confirmation that, during production, basic principles associated with hygiene and safety of

workers have been met.
4. Confirmation that, during production, social practices consistent with principles of good social

practices and with principles of international labor conventions have been applied.

All these factors shape the quality of agricultural products and their implementation is connected
with incurring costs for technical infrastructure, consultancy, and for administering the system. The
surveyed farms are associated in producer groups, and the implementation of the GRASP standard was
necessary in order to win a new market in Great Britain. Prior to making a decision about implementing
the GRASP standard, a risk analysis was carried out. GRASP is a voluntary, additional module, which
not part of the accredited GLOBALG.A.P. certification. It completes the requirements of the standard
with respect to good social practices. GRASP certification is only possible when producers are certified
for compliance with the GLOBALG.A.P. system or certified in compliance with an equivalent system
subjected to benchmarking. The interpretation of GRASP control points depends on the country in
which activities are conducted. According to the principles of the standard, the requirements of national
legislation replace the GRASP requirements when appropriate legal regulations are more demanding
of the GRASP requirements. If there are no legal regulations or if the law is not as demanding, GRASP
principles provide minimum compliance criteria.

The foundation of the GRASP standard is a structural organization of a farm that will allow it to
eliminate the influence of the management on the workers’ representatives. According to the standard,
an enterprise must have people acting as the workers’ representatives. The workers’ representatives
are obliged to represent their interests. These representatives should be independent and not work
in a position associated with managing the company. The introduced system should guarantee
regular meetings between the workers’ representatives and the Board, where workers’ issues are
addressed. Transcripts of these meetings should be made available in company documentation.
Workers’ representatives should be chosen through voting. They should be chosen by workers and
recognized by the Board. A representative can be nominated only in exceptional circumstances. The
voting or nomination must take place in the current year or season. Workers’ representatives should
be aware of their role and rights, and they should be able to have discussions with the Board regarding
complaints and suggestions. They should also have knowledge about current legislation and principles
of international labor conventions. A quality management system in a farm should be armed with
an effective procedure of filing complaints and motions. The manner of filing complaints should
be clear and should not generate sanctions for the person who files a complaint or for the workers’
representatives who speak for the said person.
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Table 3. Risk assessment for social practice in the researched farms.

Specification
Group of Farms

1 2 3 4

Selection of the workers’ representative n.a. H H H

Establishing the date of selecting workers n.a. H H H

Adapting the issue of employee discrimination n.a. L L M

Adapting the issues relating to contracts with workers n.a. H L M

Adapting the issue of minimum wages and equal salary n.a. H L M

Adapting the issues connected with documenting the
work time, as well as the level of remuneration

connected therewith, overtime hours
n.a. H M M

Adapting the issues relating to employing minors n.a. H L M

Adapting the issues connected with ensuring proper
social conditions for workers living on the farm n.a. L M H

Total risk n.a. H M M

H—high risk, M—medium risk, L—low risk, n.a.—not applicable.

Assuring the above identified principles of the standard in the surveyed farms is problematic for
objective reasons. In the farms which employ workers, nominating a potential worker’s representative
eventuated as the biggest problem. The organizational structure of most farms are based on the
management and production workers. Among the seasonal workers, it is very difficult to find a person
who can assume the responsibility of representing workers’ interest and who is knowledgeable of the
principles of labor law that are in force in Poland and who knows about international labor conventions.
In the majority of the surveyed farms, the only workers who possess the necessary knowledge are
those connected with the owner. Establishing the date of selecting the workers’ representatives might
also be problematic. Therefore, the risk in this respect was assessed as high Table 3. The harvest season
is short in the majority of the surveyed farms, and before the season, a limited number of workers are
hired. If the election is carried out at the beginning of the vegetation season, then the workers hired in
the harvest season will not have the ability to choose their representative. If the election is carried out
after hiring pickers, in the period from the beginning of the vegetation season to harvest, the workers’
representatives will not operate. In both cases there is a risk that the principles of the standard will not
be observed and the certificate will not be granted.

Another principle of the GRASP standard is signing and implementing a declaration to ensure
that good social practices and the observance of human rights for all employees. Such a declaration
should contain the obligation to comply with the ILO (International Labor Organization) convention
with respect to discrimination, legal working age, and the eliminating forced labor. The declaration
should have an obligation regarding the acceptance of the rights to freedom of association and to
equal remuneration.

In all the studied farms, the risk associated with signing and implementing a declaration of good
social practices was assessed as low. Medium risk was determined in farms that employ both foreigners
and local population Table 3. An identified risk associated with this field of activities were issues of
equal remuneration and minimum wages. To this extent, the functioning systems generally needed
improvement, although, to a smaller extent in farms employing foreign workers Table 3.

One of the most significant sources of risk to implementing the GRASP standard was the issue of
contracts with workers. According to the principles of the standard, each worker should be employed
on a contract consistent with the legislation of the country where activities are carried out. The
contract must be signed, should include a full name, nationality, description of work position, date of
birth, date of commencing work, working time, remuneration and employment period. For foreign
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workers—their legal status and work permit. In the case of farms that employ only foreign workers,
the risk for the area in question was estimated as low, due to Polish law regarding hiring foreigners. In
the case of seasonal local workers, issues associated with employment contracts were assessed at a
high level Table 3. During harvest and other activities associated with production, neighbors or both
nuclear or extended family members are often hired. Due to the seasonal nature of production and
problems with acquiring workers, the turnover of people employed in the farm is very high. In such a
situation, the reorganization of the human resources management system would be very difficult and
entail incurring additional costs. In addition, adapting employment to legal regulations in many cases
may be connected with difficulty in finding employees.

Employing minors on farms is part of a tradition of small farms in many countries [21]. Among
the surveyed farms, in group no. 2 that uses local labor force, minors are very frequently hired as help.
This particularly applies to producers growing strawberries and raspberries. Because of the harvest
period which takes place during school summer holidays, pupils are often hired for the harvest. In
these farms, resigning from this source of labor is associated with an increase in costs incurred on
production and with the risk of a shortage of workers.

Assurances of adequate social conditions for workers living on the premises of the farm is key to
good social practices in agriculture. The parameters of assessment of housing conditions for seasonal
workers should be selected by taking into account the workers’ nationality and cultural identity that
lead to their specific needs [22]. Regardless of the workers background, providing basic social needs
is essential to ensuring proper quality of life and conditions for rest. Ensuring adequate housing
conditions in farming, particularly in the case of seasonal workers, is a crucial factor associated with
social practices on farms, and regardless of the place of agricultural production, which was highlighted
by Vallejos et al. [23], Rima et al. [24]. On the other hand, the possibility of living on a farm is a
factor which makes it easier to obtain seasonal workers. As a result of the conducted risk analysis, in
compliance with the guidelines of the ISO 31000:2018 standard, the risks associated with the scope of
these activities was assessed as low in farms using local labor force and medium in the group of farms
that offer apartments to their employees Table 3. All the surveyed farms, that offer apartments to their
employees, carry out actions for the improvement of housing conditions as this is what employees
expect. In the case of farms with low income, adjusting housing conditions to the requirements of the
standard can be a considerable strain.

The implementation of quality systems in primary production is associated with the necessity of
incurring high costs, consisting of charges incurred on the certification, consultancy, infrastructural
changes, as well as changes in production technology, which are frequently related with increasing cost
intensity. These factors restrict, and sometimes prevent, the implementation of quality management
systems, particularly in countries where small farms with a small production scale are dominant.
A consequence of the development of quality management systems in primary production, and of
increasing market demand for certified products can be the restructuring of agriculture towards
creating large commercial farms, where the implementation of a quality management system is
easier. Such changes might be disadvantageous in social and societal terms, particularly in countries
where the efficient functioning of small farms is part of local tradition [25,26]. Despite the image
benefits and facilitation of selling products from certified farms, economic factors play a key role
when deciding to implement a quality management system [27,28]. One of the main problems of the
certification of quality management systems is their mal-adjustment to the producer market based
on small farms [12,29]. The results of the conducted surveys point to a high risk associated with
implementation of the GRASP standard in the group of the smallest farms which use local labor force
as well as family. In these cases, the benefits of owning a certificate may not cover the costs arising from
implementation of the standard. In bigger farms, which employ foreign workers, the risk associated
with the implementation was assessed as medium Table 3. When analyzing the current situation in the
market, at a high level of risk, implementation of the GLOBAL G.A.P. GRASP standard is unreasonable.
In the case of the medium risk, the decision about implementing the standard should be made basing

283



Sustainability 2019, 11, 3913

on a risk analysis carried out for an individual farm. Due to the changing requirements of retail chains,
one should expect an increase in farmers interest in the GLOBAL G.A.P. GRASP. Based on the obtained
results, it was found that they need to continue in the conditions of small commercial farms.

4. Summary

The results of the conducted surveys point to a substantial level of risk associated with the
implementation of the GRASP standard in small vegetable and horticultural farms in Poland. The
effective implementation of the standard can be problematic, due to there being no one who fulfils
the criteria for workers’ representatives. Another problem is establishing a proper date for choosing
the workers’ representative because of considerable staff rotations during the vegetation season. The
obligation to conclude employment contracts or civil law agreements, and to create a system for
recording workers’ work time is a problem for a lot of farms. Ensuring proper housing conditions
is a factor preventing the implementation of the GRASP standard for some farms. In approximately
35% of the surveyed farms, the workers are people from local communities who do not want to work
based on civil law agreements. It is the traditional model of purchasing labor in small farms in Poland.
Adapting the system to the requirements of the standard would involve the necessity to build, from
scratch, a system for managing human resources in farms. This may be problematic, not only in terms
of costs, but also because it would require changing the mentality. The results of the conducted surveys
indicate a high risk associated with reorganizing the surveyed farms. Based on the conducted risk
analysis, it was established that the implementation of the standard in the surveyed farms, which use
the local labor force, is currently unreasonable. In the case of bigger farms, which use foreign workers,
making a decision about certification should be preceded by an individual risk analysis carried out for
a specific farm.
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6. Niemiec, M.; Komorowska, M.; Szeląg-Sikora, A.; Kuzminova, N. Content of Ba, B, Sr and as in water and
fish larvae of the genus Atherinidae L. sampled in three bays in the Sevastopol coastal area. J. Elem. 2018, 23,
1009–1020. [CrossRef]
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Abstract: Functional foods include cold-pressed oils, which are a rich source of antioxidants and
bioactive n-3 and n-6 polyunsaturated fatty acids. The aim of this study was to assess the quality of
rapeseed oils supplemented with Spanish sage and cress oils. Seven oil mixtures consisting of 70%
of rapeseed oil and 30% of sage and/or cress oil were prepared for the analyses. The oil mixtures
were analyzed to determine their acid value, peroxide value, oxidative stability, and fatty acid
composition. In terms of the acid value and the peroxide value, all mixtures met the requirements
for cold-pressed vegetable oils. The enrichment of the rapeseed oil with α-linolenic acid-rich fats
resulted in a substantially lower ratio of n-6 to n-3 acids in the mixtures than in the rapeseed oil. The
mixture of the rapeseed oil with the sage and cress oils in a ratio of 70:10:20 exhibited higher oxidative
stability than the raw materials used for enrichment and a nearly 20% α-linolenic acid content. The
oils proposed in this study can improve the ratio of n-6:n-3 acids in modern diets. Additionally,
mixing the cress seed oils with rapeseed oil and chia oil resulted in a reduction in the content of erucic
acid in the finished product. This finding indicates that cress seeds, despite their high content of
erucic acid, can be used as food components. The production of products with a positive effect on
human health is one of the most important factors in the sustainable development of agriculture.

Keywords: cold-pressed oils; functional food; oxidative stability; rapeseed oil; Spanish sage seed oil;
cress seed oil

1. Introduction

The results available from health and nutrition research increase public awareness of the
relationship between health and diet. Therefore, functional food is becoming increasingly popular
among consumers. The idea of functional food originates from Japan, where a national program of
studies on the relationship between food science and medicine was introduced in 1984. Functional
food is defined as follows: “a food can be regarded as ‘functional’ if it is satisfactorily demonstrated to
affect beneficially one or more target functions in the body, beyond adequate nutritional effects, in
a way that is relevant to either an improved state of health and well-being and/or reduction of risk
of disease. Functional foods must remain foods and they must demonstrate their effects in amounts
that can normally be expected to be consumed in the diet: these are not pills or capsules, but part of a
normal food pattern” [1–3]. The production of such food may be one of the most important aspects of
strategies for sustainable development. The essence of the sustainable development of food production
is the production of products with a positive effect on human health [4].

Sustainability 2019, 11, 5638; doi:10.3390/su11205638 www.mdpi.com/journal/sustainability287
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Functional foods include cold-pressed oils, as they are a rich source of antioxidants such
as tocopherols and polyphenols, and hence exhibit high antioxidant activity. These also contain
polyunsaturated fatty acids from the n-3 and n-6 groups as well as sterols, which exert a bioactive
effect [5,6]. Seeds or fruits of plants that are traditionally regarded as oil-bearing species, e.g., rape,
soybean, sunflower, olives, etc., are used for pressing oils. Also, oils pressed from unusual plant
materials such as nuts and sage or garden cress seeds are gaining popularity.

Rapeseed oil is one of the most frequently consumed vegetable oils, and it is one of the most
valuable edible fats, mainly due to the high content (approx. 90%) of 18-carbon unsaturated acids. It is
produced from rapeseed varieties with a low level of erucic acid and is characterized by the presence
of fatty acids that are desirable in human and animal diets and are present in ratios that are similar to
those in the most valuable oils, e.g., olive oil. Furthermore, it is rich in many bioactive compounds,
whose presence in food is the current focus of attention. These are primarily antioxidant compounds.
The oil is also a source of essential unsaturated fatty acids from the n-6 and n-3 groups. The content
of linoleic and α-linolenic acids in rapeseed oil is usually approx. 20% and 10%, respectively [7,8].
It also exhibits good oxidative stability, which is better than that of soybean and sunflower oils [9].
The oxidative stability of rapeseed oil can be improved by supplementation with natural antioxidants
contained in spices (dried rosemary, oregano) and in resin from trees of the Burseraceae family [10,11].
Research was also conducted on the stability of mixtures of rapeseed oil with linseed oil. Mixtures of
rapeseed oil with 25% and 50% linseed oil were found to have the best properties [12].

It is important to maintain an appropriate n-6:n-3 ratio of polyunsaturated fatty acids. Most
reports in the literature indicate that the n-6:n-3 ratio should range from 1:1 to 4:1. However, modern
diets usually contain up to 20-fold higher levels of n-6 than n-3 fatty acids [13]. Therefore, in terms
of sustainable development strategies, it is vital to enrich food with n-3 acids, e.g., α-linolenic acid,
which originates from vegetable oils such as Spanish sage or garden cress oils [14,15]. The production
of products that have a positive effect on human health is one of the most important element in the
sustainable development of agriculture.

Seeds of Spanish sage (Salvia hispanica L.) contain large amounts of fat (30%–40%), which is rich in
essential fatty acids, in particular α-linolenic acid. This may account for 68% of all fatty acids [14,16].
Sage seeds are also characterized by a high level of antioxidants, which may be helpful in preventing
diseases related to oxidative DNA damage [17,18].

Garden cress (Lepidium sativum L.) is a good source of n-3 fatty acids. It is an annual plant from
the family Brassicaceae (Cruciferae). Its seeds contain large amounts of fat (28%). Its main fatty acids
are oleic acid (30%) and α-linolenic acid (32%) representing the n-3 group. Cress seeds also contain a
high level of polyphenols and are a source of bioactive glycosides [15,19]. It has been found that the
isoflavone glycoside isolated from L. sativum seeds can improve liver function and the serum lipid
profile. It can also reduce the generation of free radicals through induction of an antioxidant defense
mechanism and acts as a potential antioxidant against paracetamol poisoning [20].

Polyunsaturated fatty acids from the n-3 group enhance the nutritional value of food products
but also increase the susceptibility to fat oxidation. Spanish sage seeds are rich in essential fatty acids;
yet, the low oxidative stability of the oil pressed from this raw material is a shortcoming. Additionally,
the nutritional value of cress seed oil may be reduced by the elevated content of erucic acid.

The aim of this study was to verify the quality of a composition of rapeseed oil supplemented
with oils from Spanish sage and cress seeds in various proportions.

2. Materials and Methods

2.1. Research Material

The research material included seven different oil mixtures based on rapeseed oil. Seeds of winter
oilseed rape (Brassica napus L.), Spanish sage (Salvia hispanica L.), and garden cress (Lepidium sativum
L.) were used to obtain the experimental oils. The seeds were analyzed for moisture [21] and fat
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content [22]. The moisture contents were approximately 7% and the fat contents were typical for the
seeds of the plants (Table 1).

Table 1. Humidity and fat content in the seeds used for oil pressing and pressing yields.

Seeds Humidity (%) Fat Content (%) Pressing Yield (%)

Rape 6.97 a ± 0.01 38.40 b ± 0.06 79.0
Spanish sage 7.11 b ± 0.01 36.59 a ± 0.31 60.7
Garden cress 7.61 c ± 0.03 20.53 c ± 0.01 41.9

abc—Statistically significant differences in columns (p ≤ 0.05). The results are expressed as mean ± SD (n = 3).

Individual batches of seeds were cold pressed in a Farmet DUO screw press (Czech Republic)
with a capacity of 18–25 kg·h−1, engine power 2.2 kW, and screw speed 1500 rpm equipped with a
10-mm diameter nozzle. Before starting, the press was heated to 50 ◦C. After pressing, the oil was
left for natural sedimentation for 5 days in refrigerated conditions (10 ± 1 ◦C) and then decanted.
The pressing efficiency was calculated based on the weight of the seeds used for the process, the fat
content of the seeds, and the weight of the pressed oil. The following formula was used to calculate
the pressing efficiency (W):

W =
mo·104

f ·ms
(%) (1)

where:

mo—weight of oil (kg),
ms—weight of seeds (kg),
f —fat content in seeds (%)

The highest yield of 79% was obtained from the rapeseeds, whereas the lowest value, i.e.,
approximately 42%, was noted for the cress seeds (Table 1).

The acid value (AV), peroxide value (PV), oxidative stability, and fatty acid composition in the
pressed oil were also determined.

2.2. Research Methods

The oils were mixed in 500-ml amber glass bottles at appropriate weight ratios. Seven mixtures of
oil marked from M1 to M7 were prepared for the analyses with 70% of rapeseed oil (R) and 30% of
Spanish sage and/or cress oils. The proportions of the individual oils and the symbols denoting the
individual mixtures are presented in Table 2. The oil mixtures were analyzed for their acid value (AV),
peroxide value (PV), oxidative stability, and fatty acid composition.

Table 2. Experimental setup.

Oil
Proportions of the Individual Oils in the Mixtures (%)

M1 M2 M3 M4 M5 M6 M7

Rapeseed oil 70 70 70 70 70 70 70
Spanish sage seed

oil - 5 10 15 20 25 30

Cress seed oil 30 25 20 15 10 5 -

The acid value was determined with the titration method using a cold solvent and expressed in
mg KOH per 1 g oil [23]. The peroxide value was estimated by titration with iodometric determination
of the end point and expressed in mmol O2 per 1 kg of oil [24]. Oxidative stability was assessed in the
Rancimat accelerated oxidation test [25]. The test was carried out using a Metrohm 893 Professional
Biodiesel Rancimat device. Oil samples (3.00 ± 0.01 g) were weighed, placed in a measuring vessel,
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and exposed to air at a flow rate of 20 l/h at 120 ◦C. The results were expressed as the induction time
determined from the curve inflection point using the StabNet1.0 software provided by the manufacturer.
The fatty acid composition was determined using gas chromatography (a Bruker 436GC chromatograph
with an FID detector) following the relevant standards [26,27]. Fatty acid methyl esters were separated
on a BPX 70 capillary column (60 m × 0.25 mm, 25 μm) with nitrogen as the carrier gas.

2.3. Statistical Analysis

All determinations were made in triplicate. The arithmetic mean of the replicates was assumed as
the result. The results were analyzed statistically using the StatSoft Polska STATISTICA 10.0 program.
The significance of differences between the mean values of the determined parameters was verified
using Tukey’s test. The calculations were made at the significance level α = 0.05.

3. Results and Discussion

The determined acid and peroxide values, which determine the quality of pressed oils, are
presented in Table 3.

Table 3. Chemical properties of the analyzed oils.

Oil
Acid Number
(mg KOH·g−1)

Peroxide Number
(mmol O2·kg−1)

Induction Time (h)

Rapeseed oil 0.66 a ± 0.02 1.85 a ± 0.25 4.40 a ± 0.09
Spanish sage seed oil 4.77 b ± 0.02 1.00 b ± 0.01 0.65 c ± 0.07
Cress seed oil 0.64 a ± 0.03 1.24 ab ± 0.07 2.67 b ± 0.04

abc—Statistically significant differences in columns (p ≤ 0.05). The results are expressed as mean ± SD (n = 3).

The highest acid value (4.77 mg KOH·g−1 fat) was determined for the chia seed oil. This value
was only slightly higher than the requirements specified for this parameter (LK ≤ 4 mg·g−1) in the
Codex Alimentarius [28]. As demonstrated by Krygier et al. [29], the acid value of oil depends on the
quality of seeds used for pressing and increases with the increasing amounts of damaged seeds, which
is explained by the authors by the greater activity of lipolytic enzymes present in such material.

The peroxide value, which reflects the amount of primary oxidation products, ranged from 1.00 to
1.85 mmol O2·kg−1 in the analyzed oils and did not exceed the maximum value of 10 mmol O2·kg−1

specified in the Codex Alimentarius [28].
Sample gas chromatograms of each oil are shown in Figure 1. The analyzed rapeseed oil had a

typical fatty acid composition [30]. The content of unsaturated fatty acids exceeded 91% (Table 4).
Oleic acid was the main fatty acid (55.22%). The rapeseed oil contained the highest amount of

linoleic acid (24.24%) and the lowest level of α-linolenic acid (10.34%). The ratio of n-6 to n-3 acids of
2:3 was equally low.

The Spanish sage oil had a high level of unsaturated fatty acids (89.43%), which is consistent with
results reported by other authors [31,32]. The main acids were represented by α-linolenic acid (63.40%)
followed by linoleic acid (20.80%). Such a high amount of α-linolenic acid resulted in a very low ratio
of n-6 to n-3 acids in chia seed oil, i.e., 0.3.

The cress seed oil exhibited the greatest variety of fatty acids. Palmitic acid (9.02%), stearic acid
(3.06%), and arachidonic acid (3.64%) represented saturated fatty acids. Mono-unsaturated fatty acids
were represented by oleic acid (20.68%) as well as eicosenoic acid (13.8%) and erucic acid (5.98%). The
content of essential unsaturated fatty acids (linoleic and linolenic) accounted for 9.08% and 30.03%
of the sum of fatty acids, respectively. The lower content of linoleic acid than that determined in the
other oils resulted in a low ratio of n-6 to n-3 acids, as in the Spanish sage oil (0:3). Additionally, there
were small amounts of eicosadienoic, eicosatrienoic, lignoceric, and nervonic acids, which were not
present in the other oils. The results obtained in the present study are similar to those reported by
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other authors investigating cress seeds [33,34], although the analyzed oil had almost two-fold higher
content of erucic acid than the value determined by Moser et al. [34]. Due to its properties, erucic acid
is classified as an anti-nutritional compound. The presence of erucic acid in cress oil is a drawback and
limits the application of cress seeds as a raw material for oil pressing.

Figure 1. Typical gas chromatogram of: A—rapeseed oil, B—Spanish sage seed oil, C—cress seed oil.
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Table 4. Fatty acid composition of the oils (% of FA sum).

Fatty Acids Rapeseed Oil Spanish Sage Seed Oil Cress Seed Oil

Myristic acid 14:0 0.25 ± 0.01 - -
Palmitic acid 16:0 6.06 ± 0.18 7.46 ± 0.02 9.02 ± 0.17
Palmitoleic acid16:1 0.28 ± 0.01 0.15 ± 0.01 0.18 ± 0.01
Stearic acid 18:0 2.08 ± 0.09 2.79 ± 0.01 3.06 ± 0.05
Oleic acid 18:1 55.22 ± 0.85 4.71 ± 0.02 20.68 ± 0.02
Linoleic acid18:2 24.24 ± 1.13 20.80 ± 0.03 9.08 ± 0.01
α- linolenic acid 18:3 (n-3) 10.34 ± 0.91 63.40 ± 0.02 30.03 ± 0.25
γ- linolenic acid18-3 (n-6) - 0.19 ± 0.01 -
Arachidic acid 20:0 0.27 ± 0.01 0.32 ± 0.01 3.64 ± 0.01
Eicosaenoic acid 20:1 1.00 ± 0.03 0.18 ± 0.01 13.83± 0.11
Eicosadienoic acid 20:2 - - 0.54 ± 0.01
Eicosatrienoic acid 20:3 - - 0.75 ± 0.01
Behenic acid 22:0 0.23 ± 0.01 - 1.11 ± 0.03
Erucic acid 22:1 0.03 ± 0.01 - 5.98 ± 0.12
Lignoceric acid 24:0 - - 0.58 ± 0.01
Nervonic acid 24:1 - - 1.52 ± 0.08
ΣSFA 1 8.89 10.57 17.41
ΣMUFA 2 56.53 5.04 42.19
ΣPUFA 3 34.58 84.39 40.40
n-6/n-3 2.3 0.3 0.3

1 SFA—saturated fatty acids; 2 MUFA—monounsaturated fatty acids; 3 PUFA—polyunsaturated fatty acids.

The oils used in the analyses had different values of oxidative stability (Table 3). The longest
induction time was recorded for the rapeseed oil (4.40 h). It was similar to values reported by other
authors [30,35]. The oxidative stability of vegetable oils is determined by the fatty acid composition:
the greater the number of unsaturated bonds, the greater the susceptibility to oxidation. The chia
seed oil exhibited the highest content of polyunsaturated fatty acids (over 84%) and hence the lowest
oxidative stability (0.65 h).

The chemical properties of the oil mixtures are shown in Figures 2–4 and Table 5. The oils differed
in their acid value and oxidative stability. The acid value ranged from 0.79 to 2.00 mg·g−1 and increased
with higher amounts of the Spanish sage oil.

 
Figure 2. Comparison of the acid value of rapeseed oil (R) and oil mixtures (abc—statistically significant
differences, p ≤ 0.05).
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Figure 3. Comparison of the peroxide value of rapeseed oil (R) and oil mixtures (abc—statistically
significant differences, p ≤ 0.05).

Table 5. Fatty acid composition of the oil mixtures (% of FA sum).

Fatty Acids
Oil Mixtures

M1 M2 M3 M 4 M5 M6 M7

Myristic acid 14:0 0.13 0.18 0.18 0.18 0.18 0.16 0.18
Palmitic acid 16:0 7.01 6.73 6.62 6.85 6.68 6.60 6.45
Palmitoleic acid16:1 0.28 0.28 0.27 0.26 0.26 0.26 0.27
Stearic acid 18:0 2.27 2.18 2.23 2.35 2.34 2.12 2.33
Oleic acid 18:1 44.94 44.05 43.37 42.36 41.59 40.93 40.15
Linoleic acid 18:2 19.83 20.31 20.74 21.40 22.07 22.65 23.02
α- linolenic acid 18:3 (n-3) 16.18 17.82 19.72 21.26 22.92 24.61 26.30
γ- linolenic acid 18-3 (n-6) - 0.01 0.02 0.03 0.04 0.05 0.06
Arachidic acid 20:0 1.29 1.11 1.02 0.75 0.61 0.45 0.29
Eicosaenoic acid 20:1 4.62 4.30 3.52 2.80 2.09 1.44 0.77
Eicosadienoic acid 20:2 0.16 0.14 0.11 0.08 0.05 0.03 -
Eicosatrienoic acid 20:3 0.23 0.19 0.15 0.12 0.09 0.04 -
Behenic acid 22:0 0.52 0.46 0.36 0.32 0.25 0.22 0.16
Erucic acid 22:1 1.81 1.69 1.25 0.92 0.62 0.33 0.02
Lignoceric acid 24:0 0.18 0.15 0.12 0.09 0.07 0.03 -
Nervonic acid 24:1 0.55 0.40 0.32 0.23 0.14 0.08 -
ΣSFA 1 11.40 10.81 10.53 10.54 10.13 9.58 9.41
ΣMUFA 2 52.20 50.72 48.73 46.57 44.70 43.04 41.21
ΣPUFA 3 36.40 38.47 40.74 42.89 45.17 47.38 49.38
n-6/n-3 1.2 1.1 1.1 1.0 1.0 0.9 0.9

1 SFA—saturated fatty acids; 2 MUFA—mono-unsaturated fatty acids; 3 PUFA—polyunsaturated fatty acids.

Since the oils used to prepare the mixtures did not differ significantly in their peroxide value,
the values of this parameter were similar in the oil mixtures as well (1.73–1.91 mmol O2·kg−1). All
mixtures met the requirements of acid and peroxide values for cold-pressed vegetable oils [28].

The fatty acid profile of the prepared oil mixtures reflected their raw material composition (Table 5).
The highest content of saturated and mono-unsaturated fatty acids (11.40% and 52.20%, respectively)
was determined for the M1 mixture consisting of 70% of rapeseed oil and 30% of cress seed oil, which
was reflected in it showing the highest oxidative stability of all the oil mixtures. The induction time
was only 0.73 h shorter than that of the rapeseed oil. The content of α-linolenic acid in the oil mixtures
ranged from 16.18% to 23.02%.
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The highest value for α-linolenic acid was determined for the M7 mixture containing 30% Spanish
sage oil. Enrichment with this acid resulted in a substantially smaller ratio of n-6 to n-3 acids, i.e.,
in the range of 1.2 to 0.9, in the oil mixtures than in the rapeseed oil. As suggested by nutritional
recommendations, there is a need to increase the intake of long-chain fatty acids from the n-3 group in
the diet [36,37]. The oil mixtures proposed in this study can be used to enrich food with this component.
According to the EU Commission Regulation of 2014 [38], the maximum allowable level of erucic acid
in vegetable oils and fats is 50 g·kg−1, i.e., 5%. By mixing the cress seed oil (containing 5.98% of this
acid) with the rapeseed and Spanish sage oils, the erucic acid content was reduced below 2% in all of
the analyzed mixtures.

The oxidative stability of the oils, which was expressed as the induction time ranged from 3.67
to 1.92 h and decreased with the increasing content of the Spanish sage oil. However, there were no
statistically significant differences in the values for this parameter between mixtures with 5 and 10%,
15 and 20%, as well as 20 and 25% of the chia seed oil (Figure 4).

 
Figure 4. Comparison of the oxidative stability of rapeseed oil (R) and oil mixtures (abc—statistically
significant differences, p ≤ 0.05).

Fat oxidation susceptibility increases proportionally to the number of unsaturated bonds in
individual fatty acids [30]. The dependence of oxidative stability of the experimental oil mixtures on
the content of polyunsaturated fatty acids is presented graphically (Figure 5) as a linear function.

 
Figure 5. Correlation between the oxidative stability of the oil mixtures and the content of
polyunsaturated fatty acids.
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As shown by the equation, a 5% increase in the PUFA content in the oil mixtures reduces oxidative
stability by shortening the induction time by 0.65 h.

4. Conclusions

The oil mixtures proposed in this study are characterized by higher contents of n-3 fatty acids
compared to rapeseed oil, and can therefore improve the n-6 to n-3 ratio in the modern diet. This is
beneficial in terms of consumers’ health and complies with the principles of sustainable development
of food production. The regression equation, developed using the study results, facilitates the precise
determination of the properties of rapeseed, cress, and chia oil mixtures. The results indicated that a
mixture of rapeseed, chia, and cress oils at a ratio of 70:10:20 exhibits higher oxidative stability than the
individual enrichment raw materials, and a nearly 20% level of α-linolenic acid.

Furthermore, the mixture of cress seed oil with rapeseed and Spanish sage oils ensured reduced
erucic acid content in the finished product. Hence, cress seeds, which are characterized by a high content
of erucic acid can be used in the food industry, which is important for the sustainable development of
agriculture and extensive use of its resources. This issue is also related to food security, which is one
of the specific objectives of the strategy for sustainable development of rural areas, agriculture and
fisheries for the years 2012–2020 in Poland. Within this objective, one of the priorities is the production
of high-quality, agri-food products, which are safe for consumers [39].
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Komitet Normalizacyjny: Warsaw, Poland, 2010.

24. PN-EN ISO 3960:2012. Oleje i Tłuszcze Roślinne oraz Zwierzęce—Oznaczanie Liczby Nadtlenkowej—Jodometryczne
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oksydacyjnej wybranych olejów roślinnych. Zesz. Probl. Post. Nauk Roln. 2013, 572, 43–52.

36. Marciniak-Łukasik, K. Rola i znaczenie kwasów tłuszczowych omega-3. Zywn Nauk. Technol. Ja. 2011,
6, 24–35.

37. Sawada, N.; Inoue, M.; Iwasaki, M.; Sasazuki, S.; Shimazu, T.; Yamaji, T.; Takachi, R.; Tanaka, Y.; Mizokami, M.;
Tsugane, S. Consumption of n-3 fatty acids and fish reduces risk of hepatocellular carcinoma. Gastroenterology
2012, 142, 1468–1475. [CrossRef]

38. Commission Regulation (EU) No 696/2014 of 24 June 2014 amending Regulation (EC) No 1881/2006 as
regards maximum levels of erucic acid in vegetable oils and fats and foods containing vegetable oils and fats.
Off. J. EU 2014, L184, 1–2.
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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 μm), 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.

Keywords: grinding; organic dust; sustainable agriculture

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
concentration in the air and the use of equipment protecting against dust. Dust is one of the main
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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 m3 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 μm 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 μm, while PM1.0 to the particles with the diameter smaller than 1 μm. Dust with
dimensions smaller than 10 μm (PM10) enters the respiratory system and those with particle size
smaller than 1 μm, 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 μg·m−3, while in the case of PM2.5
the acceptable level is 25 μg·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 Zwoździak 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 μg·m−3, while that of PM2.5 was
46.4 μg·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:

MW =
x2 − x1

100− x2
·MN

where:

Mw—amount of water necessary for moistening,
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MN—moistened grain mass,
X1—initial moisture content,
X2—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: ϕ = 3,
ϕ = 5 and ϕ = 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].

Figure 1. The layout of the dust measuring station: 1—hammer mill, 2—roller mill, 3—DustTrak II 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.

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].
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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

W9-h3
Grain moisture content of 9%,

the diameter of openings in the
screen of the mill equal to 3 mm

W9-h0.4
Grain moisture content of 9%,

the working gap between rollers
of the mill equal to 0.4 mm

W9-h5
Grain moisture content of 9%,

the diameter of openings in the
screen of the mill equal to 5 mm

W9-h0.7
Grain moisture content of 9%,

the working gap between rollers
of the mill equal to 0.7 mm

W9-h8
Grain moisture content of 9%,

the diameter of openings in the
screen of the mill equal to 8 mm

W9-h1
Grain moisture content of 9%,

the working gap between rollers
of the mill equal to 1 mm

W14-h3
Grain moisture content of 14%,
the diameter of openings in the
screen of the mill equal to 3 mm

W14-h0.4
Grain moisture content of 14%,

the working gap between rollers
of the mill equal to 0.4 mm

W14-h5
Grain moisture content of 14%,
the diameter of openings in the
screen of the mill equal to 5 mm

W14-h0.7
Grain moisture content of 14%,

the working gap between rollers
of the mill equal to 0.7 mm

W14-h8
Grain moisture content of 14%,
the diameter of openings in the
screen of the mill equal to 8 mm

W14-h1
Grain moisture content of 14%,

the working gap between rollers
of the mill equal to 1 mm

W18-h3
Grain moisture content of 18%,
the diameter of openings in the
screen of the mill equal to 3 mm

W18-h0.4
Grain moisture content of 18%,

the working gap between rollers
of the mill equal to 0.4 mm

W18-h5
Grain moisture content of 18%,
the diameter of openings in the
screen of the mill equal to 5 mm

W18-h0.7
Grain moisture content of 18%,

the working gap between rollers
of the mill equal to 0.7 mm

W18-h8
Grain moisture content of 18%,
the diameter of openings in the
screen of the mill equal to 8 mm

W18-h1
Grain moisture content of 18%,

the working gap between rollers
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 μg·m−3,
for PM4.0—35 μg·m−3, and for PM10—53 μg·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 μg·m−3, for PM4.0—328 μg·m−3, and for PM10—101 μg·m−3.

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.

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.

Mill
Moisture

Content of the
Raw Material [%]

Screen
[mm]

Max.
[μg·m−3]

Min.
[μg·m−3]

Dusts Average
[μg·m−3]

Dusts—S.D.
Homogeneous

Group

Hammer mill

- Control 50 33 38.7 4.4

9
3 121 69 84 14.3
5 82 69 77.5 3.7 d
8 77 59 65.3 4 c

14
3 71 57 63.6 4.4 c
5 66 51 55.9 2.9 b
8 49 39 42.2 2 b

18
3 77 63 69.4 3.6
5 83 72 77.7 2.6 d

8 92 66 74 5.5 d

Roller mill

- Control 39 25 27.1 3 a

9
0.4 39 28 32.3 3.2
0.7 29 26 27.7 0.9 a
1 36 26 28.6 2 a

14
0.4 68 51 56.2 3.8
0.7 58 52 54.9 1.6 b
1 56 52 54.2 1 b

18
0.4 52 43 48.6 1.9
0.7 38 29 31.6 1.9
1 34 28 30.7 1.6 a

Table 3. Statistical analysis of dust concentration PM4.0 during grinding.

Mill
Moisture

Content of the
Raw Material [%]

Screen
[mm]

Max.
[μg·m−3]

Min.
[μg·m−3]

Dusts Average
[μg·m−3]

Dusts—S.D.
Homogeneous

Group

Hammer mill

- Control 140 106 120.4 7.5 b

9
3 530 344 421.6 46.9 d
5 463 404 423.6 15.5 d
8 375 307 345.8 17.1 c

14
3 354 234 272.2 26.7
5 213 156 183.1 15.6
8 131 81 110.7 15 b

18
3 445 342 391.5 28.9
5 451 391 421 15 d
8 359 296 335 13.6 c

Roller mill

- Control 55 37 41.9 3.7

9
0.4 105 42 57.7 15.8
0.7 65 49 57.6 4.5
1 84 48 63.1 9.5 a

14
0.4 90 75 82.3 4.1
0.7 104 74 86.8 8.7
1 94 78 86.2 3.9

18
0.4 94 68 81 6.1
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.

Mill
Moisture

Content of the
Raw Material [%]

Screen
[mm]

Max.
[mg·m−3]

Min.
[mg·m−3]

Dusts
Average
[mg·m−3]

Dusts—S.D.
Homogeneous

Group

Hammer mill

- Control 294 158 200.3 30.4

9
3 1200 832 1011.9 87.7
5 837 670 746.6 43.8 c
8 698 552 620.3 32.9

14
3 795 647 720.9 48.1 c
5 460 297 387.2 40
8 314 184 262.8 35.7

18
3 1020 702 842.3 63.5
5 811 637 730.9 41 c
8 667 525 583.2 39.4

Roller mill

- Control 86 54 68.8 8.8 a

9
0.4 160 78 113.1 18.7
0.7 157 80 111 18.7
1 150 90 102.8 13.6 a,b

14
0.4 165 106 129.3 16.9 b
0.7 178 134 154.5 13.5
1 161 100 129.6 16.1

18
0.4 129 104 117.4 8
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 μg·m−3), while the
lowest concentration was measured for the moisture content of 14% and the screen openings size of
8 mm (263 μg·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 μg·m−3). 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 μg·m−3).
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 μg·m−3).
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 μg·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 μg·m−3 for the gap
of 0.7 mm, followed by the gaps of 0.4 and 1 mm (approximately 129 μg·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 μg·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 μg·m−3 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 μg·m−3 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 μg·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 μg·m−3 was measured for the gap of 0.7 mm). In the research by Dacarro [28],
the average concentration of organic dust of 790 μg·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 μg·m−3, with the concentration of dust of the smallest particulate size
(respirable dust) was, respectively: 321 and 1400 μg·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 μg·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 μg·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 Karpaciński [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 μg·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 μg·m−3 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
0.1 mm [%]

3.98 1.08 0.6 1.99 0.51 0.31 1.78 0.34 0.06

The average size of
particles [mm] 0.563 0.975 1.094 0.651 1.067 1.309 0.609 1.106 1.693

Roller mill W9-h0.4 W9-h0.7 W9-h1 W14-h0.4 W14-h0.7 W14-h1 W18-h0.4 W18-h0.7 W18-h1

The share particles
smaller than
0.1 mm [%]

2.78 1.57 1.7 1.26 0.46 0.24 0.38 0.22 0.14

The average size of
particles [mm] 1.003 1.334 1.942 1.928 2.521 2.877 2.775 2.955 2.997

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 μg·m−3 [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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Abstract: As a result of agri-food production large amounts of organic waste are created in the form
of press cakes. Until now, they were mainly used as animal fodder and also utilized for biofuels
production. No other way usage has been found yet. A large quantity of these by-products is
usually discarded in open areas, which leads to potentially serious environmental problems. The rich
chemical composition of these waste products makes it possible to use them for producing other
food products valuable for consumers. Based on the test results obtained, it can be stated that
moisture content of press cakes is varied and depends on the input material. However, appropriately
composed mixtures of various waste products and a properly conducted compaction process allows
for obtaining a new product with functional properties. In addition, application of honey powder
and starch tablet coating creates a product of resistant to compression and cutting. Results seem to
have commercial importance, as they demonstrate that properly processed by-products can be used
in food preparations as dietary supplements.

Keywords: press cakes; compaction; disposal; sustainable development; modern products

1. Introduction

In the food industry, during processing of raw materials, waste products are generated. Their
substantial amounts accumulated in a short time causes serious problems for processing plants,
primarily due to the instability of these by-products, including the microbiological one. Therefore,
they should be used as an intermediate for further processing. In general, around the world waste
management is carried out to convert into useful components as much waste products as possible
without endangering the natural environment [1–5].

A particularly large amount of waste is produced during cold-press edible oil extraction.
A common method of using press cakes from rapeseed, flaxseed, and sunflower extraction, is
their utilisation for animal nutrition as a high protein vegetable fodder or as a component for enriching
the protein content in the production of maize silage, which is intended for high-yielding cows. The use
of press cakes reduces the cost of animal nutrition products [6–8]. They can also be successfully used
as organic fertilizer rich in minerals (Ca, Mg, P, Fe, and Mn) and organic compounds, as well as for
energy purposes [9–12] after a compaction process that turns them into pellets [13,14]. Press cakes
can be used for manufacturing formulated products such as functional foods. Compaction could be a
particularly important method for processing press cakes in the areas where there is a surplus of them,
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there is no possibility for their fast processing into fodder, and transport over long distances is not
economically viable [15].

Production of coconut oil also entails generation of waste. The research done by Ramachandran
et al. [16,17] confirms that these press cakes are characterised not only by a clearly sweet taste, but
also high content of amino acids (mainly arginine). They are also used as a potential raw material
in bioprocesses, as they are an excellent substrate for growing microorganisms (substrates for the
production of phytase based on the use of Rhizopus spp. strain).

Avocado oil, pressed from fruit pulp, is nowadays used as a dietary supplement reinforcing body
resistance and improving skin appearance. Moreover, it is used for production of cosmetic goods [18].
At the same time avocado pit, until lately considered inedible, has recently been the subject of scientific
interest. As reported by Soong et al. [19] and Wang et al. [20] this hard part of the fruit contains many
more polyphenols, exhibiting intense antioxidant activity, than the pulp itself. According to the ORAC
scale for determining the free radical absorbance capacity of antioxidants, the pit of the fruit has high
antioxidant potential, equal to 428.8 μmolTE/g for the Hass variety. For comparison, the same quantity
of pulp only has a potential of 11.6 μmolTE/g. Avocado extracts, thanks to their polyphenol content,
expressed as gallic acid equivalents, are already used in cosmetic care [21], as well as a means to delay
the oxidation of sunflower oil [22]. Moreover, many studies confirm [23–26] that avocado pit has
cytotoxic properties, inter alia, against breast, lung, colon, and prostate cancer cells.

Individual types of waste are increasingly used in various industries [27,28]. In the scientific
literature, however, there are no reports on their comprehensive use to obtain a valuable products
intended for human consumption. In addition, there are difficulties in the proper preparation of
this organic waste (ensuring adequate moisture content, disintegration and chemical composition)
and their appropriate concentration [14,15]. Therefore, the aim of the study is to determine the
potential use of organic waste and combine it in such a way as to obtain a new, stable product with
pro-health properties.

2. Materials and Methods

2.1. Research Material

Materials used for the study consisted of flax, sunflower, pumpkin, and coconut press cakes, and
powder avocado pit created during cold-press oil production. In order to obtain a uniform product all
raw materials were mixed and subjected to compaction in a chamber equipped with a piston (Figure 1),
where they were formed into a tablet. Before blending the compound press cakes were ground to a
uniform size. The percentage share of particular components constituting the blend is shown in Table 1.
The press cakes were sampled immediately after cold-press oil extraction using a screw press (model
DUO Farmet, Česká Skalice, Czech Republic), while the avocado pit was cut into smaller pieces, dried
in an SLN 15 STD type laboratory drying oven, manufactured by the POL-EKO Company (Wodzislaw
Śląski, Poland), at a temperature of 40 ◦C for 1.5 hours, and then ground in a mill so that powder
was obtained.

Table 1. Percentage share of individual raw materials in the compound.

Type of Raw Material Compound 1 Compound 2

Flax press cake 30 29
Sunflower press cake 20 20
Pumpkin press cake 30 29

Avocado pit 5 5
Coconut press cake 15 15

Honey powder 0 2

Shares of particular components were selected having in mind the possibility of obtaining value
products in form of a stable tablet. To Compound no. 2 a 2% of dried honey was added. The purpose

312



Sustainability 2020, 12, 1567

of this admixture was to obtain a stable tablet form by combining particles of honey with the remaining
raw materials.

Then the tablets were divided into two groups and one of them was coated with a thin layer of
starch solution. For this purpose a 40% solution of potato starch was prepared which was heated to the
temperature of 40 ◦C in order to obtain lower viscosity. Surface of the tablets was coated using a spray
nozzle. Afterwards, the tablets were left to dry at room conditions for 24 hours.

2.2. Measurement of Chemical and Physical Properties of Post-Production Waste

Fat content was determined in the obtained press cakes as well as in the fragmented and dried
avocado pit using an automatic Soxhlet apparatus (Tecator Soxtec System HT 1043 extraction unit,
Gemini, Apeldoorn, Sweden). Total protein content measurements were carried out according to the
Kjeldahl method using a Kjeltec 8400 automatic distiller (Foss, Foss Anatytical AB, Höganäs, Sweden).
The total protein content was calculated using a 6.25 conversion factor. Determination of the ash
content in the press cakes was done in a muffle furnace according to PN-EN ISO 18122:2016-01 [29]
standard. Analysis of mineral composition included the determination of the amount of: calcium,
copper, iron, potassium, magnesium, and zinc by using ICP OES spectrometer (SpectroBlue, SPECTRO
Analytical Instruments GmbH, Kleve, Germany). Analytical curves were prepared by dilutions of
VHG SM68-1-500 Element Multi Standard 1 in 5% HNO3. Moisture content of the raw materials was
determined using a laboratory drying oven with forced air circulation. Samples of raw materials were
placed in the oven chamber and then dried at the temperature of 105 ◦C until constant weight was
achieved, in accordance with PN-EN-ISO 18134-3:2015-11 [30] standard.

2.3. Methodology of the Tablet Forming Process

The tablet forming process was carried out with a ZO20/TN2S machine (Zwick.Roell AG,
BT1-FR0.5TN.D14, Ulm, Germany) using the designed attachment shown in Figure 1.

Figure 1. Workstation for forming tablets out of the compound: 1—piston, 2—feed hopper, 3—base.

The pressing force exerted by the piston was constant, equal to 20 kN. The head pressing the
piston, allowed for the formation of a single agglomerate with the weight of 2 g. Compaction work
and specific density of the obtained tablets was designated by means of testXpert software, which is
used to operate the Zwick devices.

313



Sustainability 2020, 12, 1567

2.4. Methodology for Assessing Strength of the Tablets

The tablets (Figure 2) were analysed by examining the cutting force and hardness. The stress tests
were carried out using a Micro Stable Pro TA.XT Plus system (Stable Micro Systems Ltd, Surrey, United
Kingdom).

Figure 2. Tablets obtained out of the compound.

The method of placing a single tablet for the cutting force test and hardness test is depicted
in Figure 3. In the cutting test a knife with the cutting edge angle of 45◦ was used. The test was
run until the tablet was cut into half. The hardness test was made using a flat head and recording
the compression force until reaching half the diameter of the tablet. The tests were performed in
10 repetitions.

1

2

3

Figure 3. Method of placing the sample for the cutting force test: 1—sample, 2—cutting knife,
3—measuring table.

2.5. Statistical Analysis

Results were statistically analysed with Statistica 10.0 software (Statistica 10, StatSoft Inc., Tulsa,
OK., U.S.A.), using one-way analysis of variance. The significance of differences between the mean
values was tested using Tukey’s procedure.
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3. Results and Discussion

3.1. Characterization of Chemical Properties of Post-Production Waste

The results of carried out experiments are shown in Tables 2 and 3.

Table 2. Chemical composition of the press cakes and obtained compounds.

By-products Compound

Discriminant
Flax Press

Cake
Sunflower
Press Cake

Pumpkin
Press Cake

Coconut
Press Cake

Avocado
Pit

1 2

Protein [%] 32.47 ± 0.11 37.65 ± 0.36 53.98 ± 0.07 17.40 ± 0.41 4.78±0.06 36.2± 0.26 36.1± 0.23
Fat [%] 11.52 ± 0.07 31.42 ± 0.25 14.23 ± 0.05 15.02 ± 0.04 1.30±0.21 18.1± 0.04 17.1± 0.06
Ash [%] 5.56 ± 0.02 4.69 ± 0.01 8.09 ± 0.01 4.13 ± 0.01 2.30±0.01 5.75± 0.01 5.70± 0.01

Means of three determinations ± SD (standard deviation).

Table 3. Content of selected elements in the press cake.

Content of Selected Elements [ppm]

By-Products Ca Cu Fe K Mg Zn

Flax press cake 3489.355 11.808 135.916 8067.798 4035.281 69.089
Sunflower press cake 1421.465 23.737 66.131 <0.005 3708.333 111.364
Pumpkin press cake 602.551 6.378 134.694 <0.005 6707.143 155.102
Coconut press cake 394.628 20.661 75.000 10017.355 2021.694 32.645

Avocado pit 913.545 7.977 31.909 7143.500 759.023 8.568

By-products resulting from processing of pumpkin seeds had the highest protein content of
53.98%. In the flax and sunflower press cakes the value of this parameter ranged between 32.39 and
37.91%, while in the case of coconut press cakes its quantity was about half the amount. The avocado
pit was characterised by the lowest protein content, equal to 4.78%.

Sunflower press cakes had the highest fat content of 31.415%. The coconut, pumpkin, and flax
press cakes were characterised by a significantly lower fat content, i.e. between 15.02 and 11.52%.
Ground avocado pit contained a negligible amount of fat equal to 1.30%.

The ash content in the analysed samples varied between 2.30% (for the avocado pit) and 8.09%
(for the pumpkin seed press cakes).

As it can be seen in Table 3, the calcium content varied very significantly. Flax press cake contained
the highest amount of this element, i.e. 3489 ppm. In the by-products of coconut oil extraction process,
calcium content was about 74% lower. Copper content in the analysed production by-products was
less varied and fell within the range from 6.378 ppm (for the pumpkin press cake) to 23.737 ppm (for
the sunflower press cake). Iron content in the waste originating from flax and pumpkin processing
was at a similar levels. The analysis showed that avocado pit was characterised by the lowest amount
of this element. Potassium content was also determined in the tested by-products. Coconut press cake
had the highest amount of this element, equal to 10017.355 ppm. Concentration of potassium in the
waste resulting from flax seed oil extraction and in the avocado pit was lower respectively by approx.
20% and 29%. In the remaining by-products subject to the study amount of potassium was below limit
of quantification. Magnesium content in the analysed samples varied within the range between 759.023
and 6707.143 ppm. The lowest content of this element was measured for the avocado pit. Pumpkin
press cake was characterized by a several times higher magnesium content. For the entire studied
material the highest zinc content was measured for the pumpkin press cake and sunflower press cake.
In turn, the lowest amount of this element was recorded in the case of avocado pit.

The chemical composition of the press cakes can be highly variable, depending on the quality of
seeds, method of oil extraction, storage parameters, and so on. As confirmed by the studies done by
other authors these oil pressing by-products are characterized by high nutritional value. For example,
the by-product obtained in the course of oil extraction from dried pumpkin seeds has a high amount of

315



Sustainability 2020, 12, 1567

valuable protein and hydrolysates produced from it have antioxidant and functional properties [31].
Research conducted by Salgado et al. [32] shows that sunflower press cakes are also a source of protein
with high solubility in water, good physicochemical properties, and high antioxidant activity. The data
presented by Ramachandran et al. [17] demonstrate that coconut press cake contains a high level of
residual oil consisting of saturated short-chain fatty acids. Moreover, it is characterised by a high
content of protein and crude fibre. Literature on chemical composition of sesame press cake [33,34],
rapeseed press cake [35], Camelina sativa, and flax press cake [36] also provides a lot of information
about their high nutritional value, and confirms that in future by-products will be an important
resource for use as a food ingredient for direct human consumption.

3.2. Analysis of the Compaction Process

Before the compaction process moisture content of individual components as well as that of the
compound was measured (Figure 4).
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Figure 4. Moisture content of the individual press cakes and the compound.

Avocado pit press cake had the highest moisture content (22.63%). For the remaining raw materials
moisture content varied within the range between 4.79% (for the coconut press cake) and 7.29% (for
the sunflower press cake). The obtained compound had the moister content of 6.61%.

Moisture content of press cakes is varied and depends on the input material. As reported by
research moisture content for oil press cakes ranges from 5 to 9% [13]. Wojdalski et al. [15] conducted
research on the compaction process of apple pomace resulting from juice production, for which, at
the temperature of 20 ◦C and relative humidity of the air equal to 31.7%, the total compaction energy
in the case of unfragmented apple pomace ranged from 66.60 to 150.00 J/g, while for pellets made
from fragmented pomace this parameter was between 34.79 J/g and 149.95 J/g. Specific density of the
obtained tablets was respectively within the range of 1114.0-1166.3 and 1114.0-1168.1 g/dm3. In the
case of examined here compounds a significantly smaller compaction work, i.e. of approx. 9.7 J/g, was
necessary to obtain tablets. This is due to high fat content, which for compound 1 was equal to 18.1%,
while for compound 2 to 17.1% (Figure 5).
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Figure 5. Compaction work and specific density obtained after forming tablets out of the compound.

3.3. Evaluation of the Obtained Tablets

In accordance with the accepted methodology the obtained tablets were subject to stress tests in
order to determine the impact of adding honey and coating technology. Figures 6 and 7 and Table 4
show results of respectively the cutting test and hardness test.
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Figure 6. Maximum cutting force for individual tablets.
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Figure 7. Hardness of the obtained tablets.

Table 4. Analysis of variance (ANOVA).

Source Variables SS df MS F Value Probability

Compaction work [J/g] 0.1652 1 0.1652 3.578845 0.063046
Specific density [g·dm−3] 659.469 1 659.469 1.038803 0.311938

Cutting force [N] 570,115 3 190.038 61.1161 0
Hardness [N] 3598.742 3 1199.581 117.406 0

As confirmed by the study tablets with starch coating are characterized by greater resistance
to cutting. The maximum cutting force was recorded for tablet 2, i.e. the one with honey powder
admixture. Temperature increase caused by friction force resulting from compression transforms
powdered honey into a viscous liquid which reinforces produced tablet. In order to obtain high
quality agglomerate it is necessary to combine this raw material with other raw materials that provide
appropriate strength properties [37,38].

A similar relationship was obtained during the tablet hardness tests. The tablets with addition
of honey powder and coated with starch were characterised by highest hardness (26.11N). Statistical
analysis of the results confirmed the significance of the differences between the tablets with honey
powder admixture and those without it. This greater hardness of the tablets with honey results from
its bonding with the other components constituting the compound, as well as with the applied starch
coating. Tablets without coating were characterised by low hardness of 1.3–1.4 N, regardless of the
admixture of honey powder. Studies on the impact of coating on the properties of final product were
done for many sectors of the food industry. As demonstrated by the research done by Fijałkowska et
al. [39] after applying a coating of thermally hardened starch on dried apple a slight increase in the
hardness of dried apple was recorded as compared with the control sample [40]. Another advantage
is extending the freshness of a variety of fruits by applying a coating and thus controlling the water
content in the fruits, as well as their colour and firmness [41].

The presented diagram (Figure 8) illustrates the technologies of producing a new product that can
be used in food preparations as dietary supplements.
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Figure 8. Prospects for using by-products of oil production.

4. Conclusions

The potential of some organic wastes is not always fully appreciated. They can be useful basic
raw materials which can be sources of valuable, previously unknown or overlooked ingredients.
The studies carried out suggest the possibility for using post-production press cakes in the manufacture
of food products immediately after oil pressing (without the need of transport of post-production
press cakes). The products obtained have a high protein content and significant amounts of minerals.
An appropriate compaction process of the ingredients and application of a coating also allows for
obtaining tablet of appropriate quality. Products with starch (40% solution of potato starch) coating and
enriched with 2% honey powder are characterized by greater resistance to cutting and better hardness.

The proposal for organic waste compaction process resulting from cold-press oil extraction
presented here can significantly increase profitability of processing raw materials. Moreover,
manufacture of new products having the characteristics of pro-health food will also enhance the
food market and make it more attractive. Through the admixture of various flavor coatings (honey,
chocolate, caramel) they could become a product for direct consumption.
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Abstract: In this paper, the dairy cattle waste management systems on farms in Aydın region in
Turkey were investigated. Number of farms and livestock herd size, type of barn, type of machinery
and farm labour force were studied. The collection, management and storage systems of manure
produced in dairy cattle farms were taken into consideration. Additionally, biogas amount, which
is produced from animal waste, was calculated for all districts of Aydın by using the number of
livestock animals and various criteria such as the rate of dry matter. Results show that the typical
and representative farm in the Aydın region is facility with a total head over 100 heads. 89.6% of the
farms have heads in the range of 100 to 200. The amount of biogas that can be produced from all
manure collected in Aydın region in the biogas plants is approximately 160,438 m3/day (based on
0.5 m3/day biogas per cattle), which would produce around 100 GWh/year that can be used for own
needs of farms owners.

Keywords: animal waste; biogas; dairy cattle farms; energy potential; waste management

1. Introduction

Nowadays, expansion and intensification of large-scale animal feeding operations has resulted
in an increase in the size of farms and in the amount of waste produced from farms causing serious
problems such as a negative impact on environment and public health in rural areas.

By the end of 2014, according to FAOSTAT [1], 24.99 billion animals were produced on farms all
over the World. The livestock sector is one of the fastest growing parts of the agricultural economy.
In recent years there has been an increasing demand for cattle production. The large cattle producers
are Brazil about 218 million, India 186 million and China 83 million heads [1].

In Turkey, the greatest livestock production belongs to cattle farms, with about 17 million heads
of cattle being bred in 2018, resulting in an increase of 33% compared to 2010. Dairy cattle produced
about 22 million tonnes of milk and 1 million tonnes of meat in 2018 [2]. Table 1 presents the total
amount of animal production from species across years in Turkey.

The breeding and agricultural activities, especially livestock production on an industrial scale,
are seen as one of the main sources of natural environment pollution [3,4]. Depending on the farming
system, animal farms generate solid (dung) and liquid (liquid manure) animal excrement. In this day
and age, no-mulch systems are becoming more and more popular, particularly for livestock production
on a large scale. The excrement in this system is so-called liquid manure, i.e., liquid, or a semiliquid
mixture of faeces, urine, water and feed leftovers.
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Table 1. Total amount of animal production in Turkey by species [1].

Animal Unit 2008 2010 2012 2014

Buffaloes Head 84,705 87,207 107,435 121,826
Camels Head 1057 1041 1315 1442
Cattle Head 11,036,753 10,723,958 13,914,912 14,223,109
Sheep Head 25,462,292 21,794,508 27,425,233 31,140,244

Chickens Head ×1000 269,368 229,969 253,712 293,728
Goats Head ×1000 6,286,358 5,128,285 8,357,286 10,344,936

Turkeys Head ×1000 2675 2755 2761 2990

It is estimated that the cattle residues produced in Turkey reached the value of 1.3× 106 tonnes/year
in 2012 [5]. The amount of wet manure from animals could be a major problem for farms. If the wet
manure cannot be utilized properly, it can create pollution risk with a potentially disastrous impact on
the environment.

Manure management depends on many factors such as the size of the herd and type of manure,
as well as available labour, soil type, climate and region [6,7]. Additionally, intensive animal production
can be significantly problematic with respect to manure storage and removal [3].

Effluents of unproperly stored manure can flow directly or indirectly into surface waters in open
lagoons. As a result, gaseous emissions and odours can also be released upon decomposition of manure,
with negative consequences for farmers’ fields and livestock farms [8,9]. Fangueiro [10] reported that
greenhouse gas (NH3, N2O, CH4) emissions during storing depend on type of manure, i.e., emission
from separated solids, are typically higher than from liquid or unseparated manure. Animal manure
contains a wide range of micro-organisms which could be a source of hazards to humans and animals.
These micro-organisms can cause food contamination and epidemics and are dangerous to public
health [3,11]. Therefore, sustainable manure management systems on farms must minimize risks for
the environment associated with storage, handling and utilization of manure.

Animal manure contains essential nutrients such as nitrogen, phosphorus, potassium and can be
applied to land as a natural fertilizer [7,8], which is the most common method of manure application.
Organic matter improves the physical and biological properties of soil, as well as aeration and soil
water infiltration [12].

However, in recent years, we have observed a large problem of environmental pollution caused by
nitrates connected with irrational use of natural fertilizers in agriculture [13,14]. The manure contains
large amount of N in organic form and converted to inorganic form through mineralization process
which is ultimately a serious risk to the environment. Manure is applied to the soil at one time (usually
by spreading out on the field), so more leaching occurs as compared to chemical fertilizer and the N
content may reach the ground and surface waters [15].

Animal manure can also be used as substrate for biogas production in the process anaerobic
digestion [16–18]. Biogas is a product of methane fermentation of organic fraction of many types
of biomass.

The methane fermentation process consists of four phases (hydrolysis, acidogenesis, acetogenesis
and methanogenesis) [19]. The main stages of anaerobic digestion are presented in Figure 1.
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Figure 1. Stages of anaerobic digestion (methane fermentation process) [20].

The composition of biogas is different and depends on the applied substrates; however, typically it
consists mostly of CH4 (40%–70%) and CO2 (15%–60%), as well as other compounds in small amounts:
H2O (2%–7%), N2 (2%–5%), O2 (0%–2%) < 1% H2, NH3 (0%–1%) and H2S (0.005%–2%) [8,21].

In the process of biochemical transformations in the absence of oxygen instead of biogas is also
produces the nutrient rich organic fertilizer which is easy assimilated by the plants, with a reduction in
the odours and the disease-causing agents [19].

The biogas energy potential of Turkey was found to be 2.18 billion m3 based on the animal numbers
in the last agricultural census. The total biogas potential originates from 68% cattle, 5% small ruminants,
and 27% poultry. The biogas energy equivalence of Turkey is approximately 49 PJ [5]. After comparing
the biogas potential for animal manure of Turkey with that for different countries (Germany 20.6 billion
m3, Poland 6.4 billion m3, Italy 1.9 billion m3 and Sweden 7.04 billion m3) [22], Turkey has a high
biogas potential, which is associated with the increasing production in the livestock sector.

As of now, only 7% of this potential is used. There are 19 biogas power plants that produce
electricity from animal manure in Turkey. The total installed power capacity of the biogas power plants
is 43.41 MWe. The range of the installed power capacity is from 0.33 to 6.40 MWe [23].

The collection, storage and utilization of animal manure are the major problems for local livestock
farmers. Problems and strategies with respect to manure management should be taken care of on a
local scale and adapted to the existing conditions in a given area. There are several studies focused on
cattle in Turkey [24–27]. However, region-based studies are few and limited [28,29].

The aim of this study was to investigate the collection and management of manure in the cattle
farms in Aydın region. Number of farms, livestock herd size, type of barns, type of machinery for
collecting manure, farm labour force and manure management were also studied to evaluate the
possibility of using manure as a feedstock for biogas production for energy generation.

2. Materials and Methods

2.1. Study Area

Aydın province is located in Aegean Region of western Turkey (Figure 2). The Aegean Region has
a typical Mediterranean climate with hot-dry summer and warm-rainy winter. The average annual
temperature is 17.6 ◦C, 26.77 ◦C in summer and 9.33 ◦C in winter.
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Figure 2. Turkey and Aydın province [30].

The relative humidity of the air is between 48% and 55% and the average rainfall is on the level of
647 mm [31].

The area of Aydın province with 17 districts is 8007 km2. The population was 1,097,746 with
density of 140 people/km2 in 2018. The cultivated area is about 395,494 ha corresponding to 49.3%
of soil sources of Aydın and 75,000 ha of cultivated area is used fo cereal production. The main
agricultural products in Aydın province are fig, olive, chestnut, cotton and fruits [32].

2.2. Methods

The aim of this study was to investigate manure collection and management in cattle farms in the
Aydın region of Turkey and determine the energy potential of the waste generated on farms.

In this study, a survey was conducted by interviewing the owners of 87 farms located in 17 districts
of Aydın province and each farm was photographically documented.

The survey included general topics presented below:

• education level of farmers and the possibility of using new technologies,
• livestock herd size,
• type of barns,
• type of machinery for collecting manure,
• manure storage systems,
• methods of manure application.

In addition, the energy parameters of manure waste as a potential substrate for the biogas
production were also examined. The tests were carried out in accordance with the following standards:

• moisture—EN ISO 18134:2015,
• ash—EN ISO 18122:2015,
• organic matter—EN 12176:2004,
• high heating value (HHV)—EN 14918:2009, ISO 18125:2015 using IKA C 5000 Calorimeter,
• elementary analysis (C, H, N, S, O)—EN ISO 16948:2015 using Elementary Vario Macro

Cube analyser.

Based on the data obtained from 87 farms livestock size in the study region, potential of biogas
and electricity production were calculated using equation 1 and 2 below:

Biogas production (BP) [33]:
BP = Nc × C, (1)

where: Nc—the number of cattle, C—production of manure per day/cattle (on the basis of an assumption
of 0.4 m3/day/cattle [34].

Electricity production (EP) [21]:

EP = BP × LHVx%CH4, (2)
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where: %CH4—methane content in the biogas (on the basis of an assumption it is 62%), LHVCH4—low
heating value of methane (21 MJ/m3)—1.7 kWh in cogeneration process: 1.7 kWh electricity and 2 kWh
heat) [34].

3. Results and Discussion

In Aydın province, many of farms are located in the districts: Efeler (18 farms), Cine and Kuyucak
(12 farms) and Söke (10 farms). Table 2 presents number of cattle in districtes of Aydın.

Table 2. Total amount of cattle in Aydın’s districts [35].

Aydın’s Districts Number of Cattle, Head

Efeler 34,300
Bozdoğan 26,244
Buharkent 2025

Çine 62,376
Didim 3047

Germencik 19,144
İncirliova 9048
Karacasu 10,219
Karpuzlu 27,027

Koçarlı 23,953
Köşk 8757

Kuşadası 1283
Kuyucak 21,713
Nazilli 26,000
Söke 24,145

Sultanhisar 4595
Yenipazar 17,000

Total 320,876

Farms in Aydın province usually have more than 100 cattle and the number of animals in the
89.6% of the farms range between 100 and 200 heads.

The study shows that 69.55% of the farmers are under age 50. The ages of the youngest and oldest
farmers are 28 and 74, respectively. The percentage of owners who have a university degree was 14.9%,
whereas most of the owners have an elementary school degree (43.7%). Only farmers with higher
education showed an interest in application of new technologies.

Manure storage type is of importance in terms of impacts on gaseous emissions and the flexibility
it offers for land application and hence the potential for nutrient losses to ground and surface waters.

Generally, owners of farms have noticed the problem of disposal of manure, the facility must
minimize the impact on water quality, especially on groundwater and surface water. It is indicated
that the manure storage facility should be located at least 100 m away from the water resources [36].

In the Aydın region, the distance between open-air manure storage and water resources, as well as
source of drinking water supplies, is 96 m on average. Çayır and Atılgan [37] examined about 74 farms
in Burdur province and determined the distances to be 1–10 m in 39 farms, 11–20 m in 20 farms and
21–30 m in 10 farms, and 31 m or more in 5 of 74 farms. According to Mutlu [38], Jacopson et al. [39]
and Nizam et al. [40], this distance should be much longer.

In the study area, manure storage facilities are located in the open area. The most common type of
manure storage is midden (60%), and 30% and 10.3% of farms store the manure on flat ground and
on leak-proof pits, respectively. Figure 3 presents the types of manure storage used in Aydın region.
Manure stored on flat ground is shown in Figure 4.
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Midden
60%

Flat ground
30%

Leak-proof pit
10%

Figure 3. Types of storage used in Aydın region.

Figure 4. Manure storage on flat ground.

Study shows that 66.6% of farms do not have manure storage pits on protected ground (concrete
floor). Therefore, there is a danger of contamination of ground water with nitrogen compounds.

For example, according to the survey by Smith et al. [6], manure is stored in concrete floor
compounds (40%) and temporary field heaps (60%) in England. Loyon [41] stated that 23% of facilities
for storing manure are covered in France.

Manure is usually stored for many months, and during its decomposition, manure emits unpleasant
gases such as ammonia and hydrogen sulphide and impacts the health and comfort of surrounding
people. Another problem is to minimize odour from manure storage locations as well as from open
barns, which depends on the size of the intensive livestock operation, the type of livestock or manure
management system and storage time.

The results of this study show that 48.2% of farms have closed-wall barns, 41.4% semi-open barns
and rest of them have open sheltered barns. Semi-open barns are shown in Figure 5.

The conventional method of handling manure has been to use sufficient bedding to keep the
manure relatively dry and then to move it out of the confinement area and deposit it into a manure
pile [42].

In large production units, manure is handled both mechanically and hydraulically.
Mechanical removal of the wastes is normally done with tractors, manure spreaders or scrapers
with permanently installed equipment, such as shuttle conveyors, floor augers or pumps.

The information collected from the dairy farms assessed in this study showed that 67.8% of the
farms used tractor shovels for the collection of manure produced in barns. The percentage of manual
collection was 14.9%, and there were only 9 farms (10.4% of the farms evaluated) in which the manure
was collected with scrapers equipped with chain. 89.7% of the farms do not have any impermeable
manure pits.
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Figure 5. Semi-open barns.

The most common waste management strategy on farms is to apply the manure to the land.
Atılgan et al. [43] divided it according to content of solids, i.e., above 25% solid fertilizer; 10–20%
semi-solid and 0–10% content of soils is called liquid manure. All produced manure in the studied
farms is used in agriculture as fertilizer, mostly for their own purposes, and only 12.6% of farms sell it.
The studied farms utilize only the solid manure, which provides minimum benefit because of the loss of
organic nitrogen content during long storage, while it can also cause serious environmental pollution.

It is stated that the main source of nitrate contamination in groundwater is agricultural fertilizers.
In the Aydın region the high level of nitrite (0–124 mg/L) [44] in groundwater used for the irrigation

was noted. The average level of nitrite in the surface water is in the range of 0.01–0.7 mg/L, nitrate
1.20–3.70 mg/L, ammonia 004–5.20 mg/L [45]. According to the World Health Organization (WHO) [46],
the standard nitrate level in drinking water is 50 mg/L. Groundwater is used as irrigation (from 8–32 m
deep) and drinking (>32 m deep). Elevated nitrate concentrations in groundwater can cause public
health problems. Now Turkey has updated regulations aiming to combat agricultural nitrate pollution
in rivers and soil. The revised rules include procedures and principles for determining, reducing and
eliminating nitrate pollution [47].

Due to the increase in the Turkish population, and therefore the increase in demand from the animal
sector, contamination from pollutants may also cumulatively increase in the next years. Regulations are
required in order to control manure management, especially the localization of manure storage and type
of floor construction for its temporary storage, as well as the limits for the use of manure as fertilizer.

Baytekin [33] claims that, under normal conditions, a healthy cow produces 40–45 kg of manure
per day. According to this value, the total manure amount obtained from the research area is as
presented in Table 3.

Table 3. Total amount of produced manure in farms.

Production of Manure *
Daily Tonnes Weekly Tonnes Monthly Tonnes Annual Tonnes

13,637 95,460 409,116 4,977,588

* calculated from obtained data.

The production of biogas from manure, in particular, is one of the alternative utilization methods
of organic wastes that can be implemented in this region. This study also attempts to identify the
biogas potential of the Aydın region basing on obtained data of animal manure production.

As a first step for this application, the energy parameters of manure, as a potential feedstock for
the biogas production were tested. Obtained energy parameters of manure is presented in Table 4.
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Table 4. Energy properties of manure.

Parameter
Moisture

% wt

Dry
mass
% wt

Ash
%wt

Organic
Matter
%wt

C
%

dm

H
%

dm

N
%

dm

S
%

dm

O *
%

dm

HHV
MJ/kg

Value 79.9 20.1 11.50 74.62 48.09 7.13 2.14 0.27 42.66 16.48

wt—weight percentage; dm—dry mass; HHV—High Heating Value; *—calculated on the basis of the
obtained difference.

One of the key parameters in terms of the efficiency of biogas production is associated with the
high content of organic matter in wastes, and this determines the course of the fermentation process
and the volume of the biogas [21]. The tested samples have a high content of organic matter (74.62%),
which is comparable with data obtained by Zue et al. [48], it may range from 68% to 76%. For methane
fermentation, especially for the growth of microorganisms, one of the important factors is the ratio of
C:N (optimum 20–30:1) [49]. The ratio of C:N in the waste (24:1) is adequate in this respect.

For the Aydın province, based on the amount of produced waste, it is possible to obtain about
160,438 m3 biogas/day, assuming 0.5 m3/day biogas per cattle. Table 5 contains total amount of
produced biogas in Aydın and LPG equivalent.

Table 5. Total amount of produced waste and biogas in Aydın and its LPG equivalent.

Production of
Biogas *

Daily m3 Weekly m3 Monthly m3 Annual m3 Equivalent of LPG m3/year

160,438 1,123,066 4,813,140 58,559,870 93,895,792

* calculated from obtained data.

It gives production of electricity on level 99,552 MWh annually. In Aydın in 2012 electricity
consumption was 1,860,667 MWh. In the case of the use of biogas, which can be substituted for
conventional fuels, 5.4% of electricity can be covered by biogas.

There is only one biogas power plant—Efeler BGEPP—in the Aydin region, with a max installed
power of 4.8 MWe. Because of the distributed allocation of small-capacity livestock farms in the region,
and also due to the low interest of farmers in installing their own small biogas installations, it is
proposed to build centralized facilities.

Considering the use of only half of the manure generated in the region, it is possible to install
7 biogas power plants with a capacity 4.8 MWe in different locations. Because of the topography and
the distances between farm locations, the Aydın region can be divided into four districts, in which
3-4 biogas power plants can be installed with capacities similar to the Efeler BGEPP facility.

There are some funds that support investments in renewable energy sources in Turkey such as:
Renewable Energy Resources Support Mechanism (YEKDEM), coordinated by the Energy and Natural
Resources Ministry, the regional scale Agriculture and Rural Development Support Institution (TKDK),
supported by the Agriculture and Forestry Ministry, and also local development agencies subordinate
to teh Ministry of Development, for example, the South Aegean Development Agency (GEKA) serving,
i.a., the Aydın region.

According to the Turkish National Energy and Mining Strategy, it is a top priority for Turkey to
generate 30% of its electricity from local and renewable resources by 2023. The costs of achieving this
target by 2023 are estimated to require investment in renewable energy generation of around 21 billion
USD (1,5 billion USD/year) [50]. In the case of Turkey, which is a net energy importer, 73% of its energy
needs come from foreign suppliers, and investments in a local and secure energy supply is main pillar
of the energy sector.

Biogas, biomass, and geothermal energy resources are expected to comprise a considerable part of
RES with the rapid growth in utilization of these resources in the market [51].

Biogas can be used for heating and electricity production, providing local autonomy for the region
in the face of the increasing cost of fossil fuels.
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Manure storage facilities on farms should be considered to be a temporary solution, and farmers
should have knowledge about the negative influence on the environment caused by improper treatment
of manure. Education and financial support in changing the approach to animal waste management
can be a key factor.

The conversion of animal waste to biogas through anaerobic digestion processes can provide added
value to manure as an energy resource and reduce the environmental problems associated with animal
waste. It is worth mentioning that dairy cattle manure is endowed with considerable biogas production,
offering numerous benefits with respect to environmental, agricultural and socio-economic standards.
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Abstract: Currently, the level of efficiency of an effective agricultural production process is determined
by how it reduces natural environmental hazards caused by various types of technologies and means
of agricultural production. Compared to conventional production, the aim of integrated agricultural
cultivation on commercial farms is to maximize yields while minimizing costs resulting from the
limited use of chemical and mineral means of production. As a result, the factor determining the
level of obtained yield is the soil’s richness in nutrients. The purpose of this study was to conduct a
comparative analysis of soil richness, depending on the production system appropriate for a given
farm. The analysis was conducted for two comparative groups of farms with an integrated and
conventional production system. The farms included in the research belonged to two groups of
agricultural producers and specialized in carrot production.

Keywords: soil fertility; integrated agricultural production; conventional agricultural production;
management

1. Introduction

In an agronomic sense, the agricultural system is defined as a way to manage the space for
the production of plant and animal products. The agricultural system also includes the processing
of primary products [1,2]. In modern agriculture, there are three basic management systems [3,4]:
conventional, ecological, and integrated. The basis for this distinction is the extent of dependence of
agriculture on the industrial means of production, mainly mineral fertilizers and pesticides, and the
degree of their impact on the natural environment [5]. Conventional production is a management
method aimed at maximizing profits. It is based on increasing the use of means of production and
minimizing the number of agrotechnical operations in order to maximize profits [6,7]. Integrated
agriculture is a form of alternative farming, which is based on harmonizing the premises of conventional
agriculture with elements of biological plant protection in order to increase the safety of food products.
This form of agriculture treats the farm as an agricultural ecosystem (agro-ecosystem). Its main goal
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is to maintain a high level of agricultural production, while protecting the population of beneficial
organisms that inhabit the ecosystem and preventing soil degradation. The integrated production (IP)
of plants is a more restrictive system, in terms of both environmental protection and product safety.
To ensure compliance with the principles of IP, quantitative and qualitative restrictions on the use of
pesticides, as well as quantitative and technological restrictions related to the use of fertilizers, are
introduced. Restrictions related to the use of agrochemicals require more precise application that
takes into account a wide range of agrotechnical, climatic, and habitat factors. This requires greater
knowledge and experience of producers [8–10]. Due to the smaller number of restrictions related to
fertilization and protection, conventional agriculture is a greater burden on the natural environment
and is therefore much less effective in achieving ecological goals. However, it should be noted that in
both integrated and conventional agriculture, production capacities are not yet fully utilized. Similarly,
in both systems, there are opportunities to better achieve environmental goals [11,12].

Created in 2001, the European Initiative for the Sustainable Development of Agriculture (EISA)
was developed to promote and defend consistent principles of integrated production in the European
Union. One of the first tasks of this organization was to create the Common Codex of Integrated
Farming. The document, which presented EISA’s policy in terms of integrated agriculture, was
published in 2006 and reviewed in 2012. FAO (Food and Agriculture Organization) used the latter
version to determine sustainable practices in agriculture [13]. The state of research on implementations
of integrated agriculture systems in many Western European countries is advanced [14]. Research
by Dutch scientists shows that an integrated farm can achieve income at 94% of the income of a
conventional farm. In Germany, where the average area of an integrated farm in Germany is approx.
17 ha [15], the implementation of an integrated system is carried out by, e.g., the Institute for Plant
Protection in Stuttgart. In Poland, the integrated production system is currently regulated by the
provisions of art. 5 of the Act on Plant Protection of 18 December 2003 (Journal of Laws [Dz. U.] of
2008 No. 133, item 849, as amended) and the Regulation of the Minister of Agriculture and Rural
Development of 16 December 2010 on integrated production (Journal of Laws [Dz. U.] of 2010 No. 256,
item 1722, as amended). Since 14 June 2007, due to the decision of the Minister of Agriculture and Rural
Development, integrated production, as understood by art. 5, par. 1 of the Act on Plant Protection, has
been recognized as a national food quality system. Detailed guidelines for the production technology
of each plant species are included in methodologies developed by the Main Inspectorate of Plant
Health and Seed Inspection. A producer wishing to join the integrated production system is obliged to
continue agricultural production based on the methodologies approved by the Chief Inspector of Plant
Health and Seed Inspection. Each methodology contains practical information about the planting, care,
and harvesting of the crop. At the request of the plant producer, a certificate of integrated production
is issued by the regional inspector consistent with the place of cultivation, along with an integrated
production trademark signed with the producer’s number.

The aim of this research was to assess the soil properties on farms using integrated crop production
and on conventional farms.

2. Materials and Methods

2.1. Material

The research objects were two producer groups, varying in terms of the available land
resources, direction of production, and the number of members. The main grouping factor was
the type of production, i.e., integrated production (22 farms) and conventional production (8 farms).
On conventional farms, fertilization was carried out without reference to actual nutritional needs
under given agrotechnical and environmental conditions. Therefore, the amounts of biogen introduced
into the soil were much higher than the nutritional needs of plants. Plant nutrient balance was not
maintained on conventional farms.
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The soil sampling scheme included taking 20 primary samples per pooled sample, with one
pooled sample per max. 4 ha. The weight of a single sample was approx. 0.5 kg.

2.2. Analytical Methods

Within the assumed objective, in 2016, tests were carried out on 22 farms producing in accordance
with the IP standard (Integrated Plant Production) and on eight conventional farms carrying out
intensive production with no certified quality management system. All integrated farms were subject
to the control of a certification body and were certified based on inspections. The examined farms were
located in the Małopolskie (22) and Śląskie (8) provinces and their area ranged from 30 to 90 ha. A soil
sample from the 0–20 cm layer was collected from each farm, in accordance with the PN-R-04031:1997
standard at the end of the growing season. The collected soil samples were dried and sieved with a
1 mm mesh sieve. Next, their parameters determining the greatest agricultural usefulness, including
the pH, organic carbon content, assimilable forms of phosphorus, potassium, calcium, and magnesium,
were designated. The content of assimilable forms of phosphorus and potassium was determined by
the Egner Riehm method. The content of the remaining macro- and micronutrients was determined by
atomic emission spectrometry (ICP-OES), following prior extraction with acetic acid at a concentration
of 0.03 mol·dm−3. Soil pH was determined using the potentiometric method, in a KCl suspension at
1 mol·dm−3.

3. Results and Discussion

Carrot (Daucus carota L.) is a two-year plant belonging to the celery family (Apiaceae), formerly
umbellifers (Umbelliferae). Carrots are characterized by a high capacity for an excessive accumulation
of heavy metals, especially cadmium and lead [16,17]. For this reason, the soil with the lowest content
of these elements should be selected for the cultivation of this plant. Growing carrots in the first
year after fertilizing with manure is not recommended as it fosters an increased accumulation of
nitrates, resulting in distorted and forking roots, which significantly worsen the quality of the produce.
In rational pest management, the plant should not be cultivated in monoculture, as well as following
other umbelliferous plants [18].

Phosphorus is the basic fertilizer macronutrient that must be delivered to agroecosystems.
Intensification of plant production has led to a high demand for this element. As a consequence,
the plants’ ability to nourish with this element through the soil’s ecosystem has become impaired.
Phosphorus is taken in the form of phosphoric acid (V) ions. In the plant cell, the element is a
component of nucleotides, phospholipids, and adenosine triphosphate (ATP), the latter of which
plays a fundamental role as an energy carrier in the plant cell. It participates in the activation of
enzymes by their phosphorylation or dephosphorylation. The availability of phosphorus in the initial
stage of plant development affects the proper development of roots and thus results in drought and
nutrient deficiency resistance. The deficiency of this macronutrient negatively affects the growth
and development of plants, which leads to reduced crops and the deterioration of their quality, both
sensory and technological. Very often, growth inhibition of lateral shoots is observed. Purple spots
appear on the leaves, which, over time, become deformed and dry. The plant blooms; however, it does
not bear fruit. Fertilization with phosphorus is carried out based on the soil’s content of this element,
or when its deficiency in the plant is observed. Phosphorus is a macronutrient, which is very often
deficient in agriculturally used soils. The reason for the low content of phosphorus is due, on the one
hand, to the insufficient level of fertilization with this element, and on the other hand, to processes
related to the chemisorption of this element [11]. Therefore, in addition to application of the phosphate
fertilizer itself, the management of the fertilization process includes the control and maintenance
of soil properties at an optimum level. The most important parameters affecting the availability of
phosphorus for plants are the soil’s pH and its content of organic matter [19–21]. Phosphorus is best
absorbed by plants at a soil pH of 6–7. In a strongly acidic environment, phosphorus is rebound by
combining with aluminum, iron, and manganese cations. On the other hand, at a very high pH, calcium
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phosphate precipitates. In line with the principles of the development of sustainable agriculture,
primary production management should aim not only at the intensification of production, but also at
the quality of yield, as well as at reducing the negative impact of agriculture on individual elements of
the environment [22,23]. The proper management of phosphorus in agrocenoses is associated with
maintaining an adequate amount of assimilable forms of this element in the soil. Both a too high and
too low content of the element in the soil is unfavorable for plants and the environment. Carrot is not
a plant with a high demand for phosphorus. The optimum content of phosphorus in soils intended
for carrot cultivation varies between 40 and 60 mg P·dcm−3 [18]. According to the methodology of
integrated carrot production, the level of phosphate fertilization at average soil fertility should amount
to about 60–80 kg of P2O5·ha−1.

The average phosphorus content in the studied soils from integrated carrot farms was
118.0 mg·kg−1, ranging from 47.87 to 275.2 mg·kg−1. In the soils of farms producing carrots using the
conventional method, an average of 29.5 mg·kg−1 more of this element was found, i.e., 147.5 mg·kg−1.
No low or very low phosphorus content was found in the soil samples collected from carrot producing
farms. In the group of farms with integrated carrot production implemented, an average phosphorus
content was observed in 18% of soil samples, whereas in 23% of cases, the content of this element was
found at a high level. Approx. 60% of the studied soils contained bioavailable phosphorus compounds
at a very high level. In the group of conventional vegetable farms, a high content of phosphorus was
found in only one case. On the other hand, the remaining soils contained a very high amount of this
element. From the point of view of the rationalization of phosphorus management, it is not beneficial
to maintain very high concentrations of this element in the soil. The phosphorus not used by plants
undergoes immobilization processes, and as a result of erosion, it enriches aquatic ecosystems, leading
to the intensification of eutrophication processes. In addition, very high levels of phosphorus in the
soil can lead to a reduced absorption of certain micronutrients, for example, zinc. According to the
methodology of integrated carrot production, for carrot cultivation, the optimal content of assimilable
phosphorus in the soil should be between 40 and 60 mg·dcm−3 [18], which gives approximately
30–75 mg·kg−1. At higher contents of this element, fertilization with phosphorus should be limited.
The results of our own research indicate that on approx. 60% of farms carrying out integrated carrot
production, and on all conventional farms studied, the content of available phosphorus forms was
higher than recommended in the integrated carrot production methodology. On the other hand, in
conventional farms, these quantities were much higher (Table 1).

Table 1. Content of available forms of phosphorus in the soils of the studied farms (mg·kg-1).

Min. Average Max. Median
Standard
Deviation

Integrated vegetable farms 47.87 118.0 275.2 116.2 69

Conventional vegetable farms 134.6 147.5 174.5 151.4 13.4

Potassium belongs to the group of macronutrients. One of its most important functions in plants
is the regulation of water management and maintenance of cellular turgor. As an activator of many
enzymes, it is responsible for regulatory functions and is involved in the synthesis of both simple
and complex proteins and sugars. This element has an active part in the transport of nitrate (NO3

−)
and phosphate (PO4

3−) ions, as well as assimilates. It increases plant resistance to frost, diseases,
and pests. Potassium is responsible for the proper growth of apple fruits, as well as their color and
firmness. A good supply of this element strengthens plants’ resistance to drought. Over 50% of
agricultural land is characterized by a potassium deficit [24–26], which is why rational fertilization
with this element plays a strategic role in the development of modern agriculture. According to the
principles of integrated carrot production, the optimal content of potassium in the soil should be
120–150 mg·dm3. The number of doses of fertilization with this element should be determined on the
basis of a chemical analysis of the soil. However, when the analysis shows that the potassium content
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is equal to or higher than the optimal content, then it is reasonable to reduce the level of fertilization
with this element, or in the case of a very high content, to discontinue fertilization altogether in a given
year [24]. With a potassium content below optimal, the element should be supplemented with doses
higher than that required by the plants. For a fruiting orchard, the level of fertilization should amount
to 50–80 kg K2O·ha−1 [18]. The greatest demand for this nutrient occurs in the period of setting of the
fruit and its intensive growth. Later, potassium takes part in retarding the growth of tree shoots and
entering winter dormancy.

According to the methodology of integrated carrot production, the optimal content of assimilable
phosphorus in the soil for carrot cultivation should be between 120 and 150 mg·dcm−3 [18], which
gives approx. 80–100 mg·kg−1. The results of our own research show that on 18% of farms carrying
out integrated carrot production, and on all conventional farms, the content of assimilable forms of
potassium in soil was much higher than recommended by the methodology (Table 2).

Table 2. Content of assimilable forms of potassium in the soils of the studied farms (mg·kg−1).

Min. Average Max. Median
Standard
Deviation

Integrated vegetable farms 48.35 57.9 148.6 52.10 31.32

Conventional vegetable farms 86.2 100.9 248.3 109.6 74.80

Boron is a common element worldwide; however, in agroecosystems, its deficit is observed
more and more often [27]. It is most common in the form of boric acid and belongs to the group of
micronutrients essential for living organisms [28]. Plants collect boron from the soil through the root
system, in the form of anion H2BO3

− or in the form of undissociated boric acid molecules (H2BO3).
Only a part of this element is fully available to plants; usually no more than 5%–6% of the total boron
content in the soil, and sometimes even less than 1%. Carrot is very sensitive to the deficiency of some
micronutrients, especially boron. The deficiency of this element is most often observed in alkaline soils.
The effect of the boron deficit is the stunting of the plant growth cone and the appearance of black
spots on carrot roots after washing.

The average content of available boron forms in soil on integrated carrot farms was 2.960 mg·kg−1,
whereas on conventional farms, it was 1.70 mg·kg−1. Soil analysis carried out on integrated fruit farms
demonstrated that the average content of available boron was 0.70 mg·kg−1, while for conventional
production farms, this value fluctuated at 0.66 mg B·kg−1. The boron contents indicated the possibility
of a deficit of this element in the agroecosystem [29].

Calcium plays a very important role in the production of vegetables and fruits. As a nutrient that
is not very mobile in the plant, it is absorbed into fruits and vegetables in small quantities, causing a
need for its urgent replenishment [30]. For this reason, even a high content of calcium in the soil may
not provide a sufficient level of plant nutrition. Therefore, foliar feeding of the apple tree is a necessary
element of integrated production, and is an integral part of the full fertilization program. Symptoms of
calcium deficiency on vegetative parts of plants are rare, appearing in the form of brightening apical
leaves with yellow spots. With a deficit of calcium, apples are small and tend to crack and cork. They
are sensitive to sunburn. Regardless of the use of calcium in apple cultivation, its optimal content in
soil is a prerequisite for cultivating fruit plants. It improves the soil structure and prevents it from
crusting, regulates its pH, and supports soil microbes by accelerating the distribution of organic matter
and facilitating the development of the root system. According to the methodology of integrated
carrot production, the optimum level of this component in the soil is 1000–2000 mg·dm−3 [18], which
amounts to approx. 666–1333 Ca mg·kg−1 of soil. The available amount of this element in the soil on
farms carrying out integrated carrot production was 1095 mg·kg−1 on average, whereas for farms from
the conventional group, the average amount of available calcium forms in the soil was 255.9 mg·kg−1

(Table 3). An appropriate content of calcium in carrot increases the strength of cell walls, making the
roots less susceptible to cracking.
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Table 3. Calcium content in the tested soil samples (mg·kg−1).

Min. Average Max. Median
Standard
Deviation

Integrated vegetable farms 416.4 1095 2119 768.4 536

Conventional vegetable farms 174.6 255.9 474.1 204.4 300.8

Copper plays an important role in plant organisms, impacting the regulation of cellular
metabolism [29]. This element controls the transport of electrons in the process of photosynthesis, takes
an active part in nitrogen transformations and in the synthesis of proteins and vitamin C, and binds
and neutralizes free radicals. Plants require small amounts of copper for proper development. In the
majority of soils in Poland, there are shortages of copper. On average, the largest amount of assimilable
forms of copper was recorded in the soil from vegetable farms with an integrated production profile
(0.54 mg·kg−1). Soils collected from vegetable and conventional farms contained 0.39 mg Cu·kg−1 on
average (Table 4).

Table 4. Copper content in the tested soil samples (mg·kg−1).

Min. Average Max. Median
Standard
Deviation

Integrated vegetable farms 0.25 0.54 1.60 0.50 0.32

Conventional vegetable farms 0.23 0.39 0.73 0.35 0.20

The iron content in the soils of Poland is very diverse, ranging from 0.8% to 1.8% [31]. As a rule,
heavy soils contain much more of this element than sandy soils. The physiological functions of this
metal in plants are related to the activation of oxidation-reduction reactions associated with many
metabolic processes, such as respiration, photosynthesis, or the transformation of nitrogen compounds.
The symptom of iron deficiency in plants is iron chlorosis of leaves, which first appears on the youngest
leaves. The most important causes of iron deficiency in agroecosystems include intensive cultivation,
large temperature fluctuations in the growing season, and intensive exposure. The iron content varies
considerably in the individual organs. Its concentration in plant tissues ranges from 50 to 300 ppm [32].
The iron is taken up by plants in the ionic form of Fe2+ and the form of chelates. In the case of this
micronutrient, its deficiencies are most often associated with soil properties. At a pH level above 6, and
with the presence of large quantities of other macro- and micronutrients, the ability of its assimilation
by plants may be limited. The average content of available forms of iron in the soil (Table 5) on the
farms producing carrots using the integrated method was 0.750 mg·kg−1, while on conventional farms,
the average was 1.330 mg·kg−1.

Table 5. Iron content in the tested soil samples (mg·kg−1).

Min. Average Max. Median
Standard
Deviation

Integrated vegetable farms 0.28 0.75 1.65 0.67 0.42

Conventional vegetable farms 0.73 1.33 2.43 1.01 0.49

Most Polish soils are characterized by a low magnesium content [33,34]. The reason for the
deteriorating deficit of this element in the soils is their acidification and low content of organic
matter [35,36]. Magnesium is an element that is easily washed into deeper soil layers. It is estimated
that its annual leaching oscillates between 10 and 40 kg MgO·ha−1 [37]. Magnesium is taken up by
plants in accordance with its osmotic concentration, i.e., passive movement from the soil water. A high
content of dissolved magnesium in the soil water allows it to be better absorbed by the roots. In order
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to prevent soil degradation and to ensure the supply of this element to plants, its content in soil should
be maintained at the level of 60 to 80 mg·dm3, i.e., approx. 40–53 mg·kg−1 [18]. Magnesium is the
basic ingredient of chlorophyll. It determines the course of photosynthesis and energy transformations
taking place in the plant, as well as the synthesis of proteins, carbohydrates, and fats. Magnesium
is an activator of many enzymes. It plays an important role in the construction of cell walls, and
thus increases the resistance of plants to diseases. Magnesium deficiency is most often observed in
young trees, as chlorosis and necrosis between the main nerves of the leaves, or yellow-purple spots
on the lamina. Magnesium deficiency accelerates the generative development of plants and early
maturing of fruits. In addition, plants are less resistant to low temperatures. The average magnesium
content in the soils in which the carrots were grown in the integrated system was 33.63 mg·kg−1

(Table 6). On conventional farms, however, a slightly smaller amount of this element was found, i.e.,
31.90 mg·kg−1.

Table 6. Magnesium content in the tested soil samples (mg·kg−1).

Min. Average Max. Median
Standard
Deviation

Integrated vegetable farms 20.85 33.63 36.95 32.07 3.30

Conventional vegetable farms 29.56 31.90 36.15 3.02 2.05

Manganese is a micronutrient that is essential for the life of plants as it contributes to the processes
of nitrogen absorption and protein synthesis, vitamin C synthesis, respiration, and photosynthesis.
Manganese deficiency leads to excessive iron uptake by plants. The range of manganese content
in the soil varies from 20 to 5000 mg·kg−1 and it occurs in several forms of mineral and organic
compounds [37]. The absorption of manganese for plants is strongly correlated with the pH of the soil.
Acidic soil promotes solubility of this element. In most cases, acidic soils demonstrate no need for
manganese fertilization. Symptoms of manganese deficiency are similar to those of iron deficiency;
however, yellowing of leaves starts from the margin of the lamina and develops in a V-shaped direction
towards the midrib. In the case of an iron deficit, all veins remain green, while with manganese
deficiency, the final vein segments discolor. Most often, manganese deficiency is observed in older
leaves. In the case of apple trees, the symptoms of manganese chlorosis occur on long and short
shoots. The fruits are small and not very juicy and they quickly lose the green color of the skin. In the
case of carrot cultivation, manganese is not as important an element as in the cultivation of apple
trees. However, the deficiency of manganese in carrot causes retarded growth, and thus a reduction in
yield [38].

The average content of assimilable manganese in the soil recorded for samples from conventional
vegetable farms was 41.02 mg·kg−1, while in the integrated production group, it was 33.66 mg·kg−1

(Table 7).

Table 7. Manganese content in the tested soil samples (mg·kg−1).

Min. Average Max. Median
Standard
Deviation

Integrated vegetable farms 5.20 33.56 87.60 29.90 80.0

Conventional vegetable farms 10.95 41.02 97.83 37.54 66.0

Zinc and its compounds are characterized by a good solubility. Its best solubility occurs in acidic
and slightly acidic soils [39]. Organic matter and soil minerals bind zinc ions present in the soil. On
Polish farms, zinc is an element often overlooked in the process of fertilization, because farmers believe
this element has little impact on the yield increase [40,41].
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The results of the conducted research indicate that the average content of available zinc forms in
the studied soil samples on conventional vegetable farms was 0.710 mg·kg−1 (Table 8), while in soils
from integrated farms, this value fluctuated at 0.580 mg·kg−1.

Table 8. Zinc content in the tested soil samples (mg·kg−1).

Min. Average Max. Median
Standard
Deviation

Integrated vegetable farms 0.10 0.58 1.85 0.52 0.41

Conventional vegetable farms 0.20 0.71 1.78 0.56 0.65

Zinc deficiency in agroecosystem plants is often observed at a very high level of phosphorus
fertilization, which has been pointed out by many researchers who studying this problem [42]. On the
studied farms, the results of our own research indicate a too high level of phosphorus fertilization,
inconsistent with the plants’ demand. This may lead to an insufficient supply of zinc, especially under
intense production conditions.

pH is one of the most important soil parameters, determining its fertility. It is influenced by
external and internal factors determined by the applied production techniques. External factors include
the type of parent rock, acid rain, and the leaching of alkaline cations, whilst internal factors are
fertilization and liming treatments [19]. The pH measured in the aqueous soil suspension indicates the
active acidity created by the hydrogen ions found in the soil solution, while the pH measured in the
potassium chloride suspension (KCl) also takes into account the acid ions associated with the sorption
complex [43].

This parameter determines the conditions of plant growth and development, as well as the
direction and speed of biological and physicochemical processes in the soil [43–45]. It is the basic factor
affecting the uptake of nutrients by plants, as well as the transformation of nitrogen and phosphorus
compounds in the soil. The optimal pH of mineral soil for carrot cultivation is within the range of pH
6–7 [18]. The results of our own research (Table 9) indicate that the soil pH on 27% of farms producing
carrot with the integrated methodology was below the optimal values. As a result, on some farms, the
necessity of soil liming was identified, while on others, liming was only recommended. Almost 90% of
conventional farms also had soil pH below optimal values, thus the need for liming was identified.
Only one farm in this group was characterized by a soil with a pH level optimal for carrot production.

The basic element that significantly impacts the formation of soil properties is organic matter
consisting of carbohydrates, proteins, fats, and humus. Hummus is part of the organic matter that
impacts soil fertility, and is characteristic for each soil [46,47]. The content of organic matter in
the soil depends on, e.g., the climate, terrain, parent rock, and water conditions prevailing in the
area. In addition, the amount and type of organic matter in the soil are impacted by anthropogenic
factors such as indirect or direct human influence on the environment, as well as its flora and fauna.
The classification of soils according to the content of humus in soil is presented in Table 10.

The results of tests for humus content in the soils of vegetable and fruit farms indicate large
differences between them (Table 11). In the group of integrated vegetable farms, 13.6% of the samples
were classified as humus-deficient, 63.6% were low-humus soils, and 22.7% were medium-humus soils.
In the above group of farms, there was not a single farm with humus soil. On conventional farms,
no humus-deficient soil samples were identified: 62.5% of samples were low-humus soils, 25% were
medium-humus soils, and 12.5% were humus soils.
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Table 9. Liming demand of individual farms.

Type of Soil
Reaction

pH Liming

Farms producing carrots in the integrated system

1 III 4.24 necessary

2 III 6.66 unnecessary

3 III 6.3 unnecessary

4 IV 4.89 necessary

5 III 6.85 unnecessary

6 III 5.21 necessary

7 III 6.65 unnecessary

8 III 6.94 unnecessary

9 III 7.63 unnecessary

10 III 6.4 unnecessary

11 IV 7.05 unnecessary

12 III 5.14 necessary

13 III 6.54 unnecessary

14 IV 6.94 unnecessary

15 IV 6.33 unnecessary

16 III 6.75 unnecessary

17 IV 7.06 unnecessary

18 IV 6.92 unnecessary

19 IV 5.28 necessary

20 III 6.68 unnecessary

21 IV 4.69 necessary

22 III 6.94 unnecessary

Farms producing carrots in the conventional system

1 III 5.65 necessary

2 III 4.89 necessary

3 IV 4.92 necessary

4 III 6.93 unnecessary

5 III 5.16 necessary

6 III 4.85 necessary

7 IV 4.99 necessary

8 III 4.8 necessary

Table 10. Soil classification according to the content of humus in the soil [48].

Humus-Deficient Soils less than 1%

Soils with Low Humus Level 1.0%–2.0%

Soils with Medium Humus Level 2.1%–3.0%

Humus Soils above 3.0%
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Table 11. The content of humus in the soils of vegetable farms, based on the obtained test results.

Farms Producing Carrots in the
Integrated System

Farms Producing Carrots in the
Conventional System

Humus-deficient soils
<1%

3 farms
(13.6%) -

Soils with low humus level
1.0%–2.0%

14 farms
(63.6%)

5 farms
(62.5%)

Soils with medium humus level
2.1%–3.0%

5 farms
(22.7%)

2 farms
(25%)

Humus soils
(3.0%)

- 1 farm
(12.5%)

Research carried out in recent years has shown a decrease in humus content in Polish soils [46].
This is related to the disturbance of hydrographic conditions and intensive soil use. Low levels of
humus in Polish soils, as well as risks associated with mineralization, can cause large emissions of
carbon dioxide from soils [1,46]. The mechanism that allows humus depletion to be counteracted
is the development of agri-environmental programs, under which farmers receive subsidies for the
cultivation of after and intercrops improving the balance of organic matter in the soils of their farms.

4. Conclusions

The following conclusions can be drawn from this study:

1. The rational management of plant nutrients and maintenance of appropriate soil parameters are
strategic elements of the quality management system in plant production;

2. The results of our own research indicate that on approx. 60% of farms carrying out integrated
carrot production, and on all conventional farms studied, the content of available phosphorus
forms was higher than recommended in the integrated carrot production methodology. On the
other hand, on conventional farms, these quantities were much higher (Table 1);

3. One of the goals of integrated production is to improve soil properties. In the majority of both
integrated and conventional farms, balanced fertilization was not implemented due to irrational
fertilization with potassium. The result of such a management strategy may negatively impact
both the soil and economic efficiency of production [11,14,31,49]. The calcium content in the tested
soil samples varied significantly within the compared production systems. Unfavorable values,
i.e., below 1000 (mg·kg−1), were observed on farms with the conventional production system;

4. The results of our own research indicate a very small variability in the amount of available forms
of iron in individual samples within the research groups. The value of the coefficient of variation
in the group of vegetable farms carrying out production in accordance with the principles of
integrated and conventional agriculture was 56% and 36%, respectively;

5. The results of the conducted research indicate that on each of the studied farms, both the integrated
and conventional group, the soil had a magnesium deficit. A too low magnesium content in the
soil can cause plant metabolism disorders;

6. Comparative analysis indicates an insufficient effectiveness of the integrated production system
in terms of soil resource management. However, compared to conventional farms, soil resource
management on integrated farms follows the concept of sustainable agriculture more closely.
The implementation of obligatory consulting on practical aspects of fertilization should impact
optimization of the production process.
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Abstract: This study aimed at determining the survivability of probiotic bacteria cultures in model
non-dairy beverages subjected or not to the fermentation and storage processes, representing milk
substitutes. The experimental material included milks produced from desiccated coconut and
non-dehulled seeds of hemp (Cannabis sativa L.). The plant milks were subjected to chemical and
microbiological evaluation immediately after preparation as well as on day 7, 14, and 21 of their cold
storage. Study results proved that the produced and modified plant non-dairy beverages could be
the matrix for probiotic bacteria. The fermentation process contributed to increased survivability
of Lactobacillus casei subsp. rhamnosus in both coconut and hemp milk. During 21-day storage
of inoculated milk substitutes, the best survivability of Lactobacillus casei was determined in the
fermented coconut milk. On day 21 of cold storage, the number of viable Lactobacillus casei cells
in the fermented coconut and hemp milks ensured meeting the therapeutic criterion. Due to their
nutritional composition and cell count of bacteria having a beneficial effect on the human body,
the analyzed groceries—offering an alternative to milk—represent a category of novel food products
and their manufacture will contribute to the sustainable development of food production and to food
security assurance.

Keywords: probiotic; non-dairy beverages; survivability; fermentation; bacteria; coconut; hemp;
sustainable food production

1. Introduction

Sustainable food production should be considered through the perspective of a better
understanding of food security. In recent years, many researchers and policy makers have focused
only on the physical availability of food, owing to the sufficient agricultural production [1,2]. This has
partly been driven by widespread claims that we need to boost the global food production to feed the
world in 2050 [3]. However according to the FAO (Food and Agriculture Organization of the United
Nations) definition [4]: “food security exists when all people, at all times, have physical and economic
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access to sufficient, safe and nutritious food that meets their dietary needs and food preferences for
an active and healthy life”. Hence, it needs to be emphasized that the sustainable food production is
inevitably related to the food security in its three aspects: food security, food safety, and food quality,
without which the development of the food industry sector would not be possible [5,6]. Due to the
current dynamic development of sciences related to food and human nutrition, a correlation has been
confirmed between the health status and nutritional patterns. A well-balanced diet is the key factor in
diseases prevention and treatment. The growing nutritional interests and awareness of consumers
have prompted many producers to manufacture functional food [7–9]. A functional food definition
covers certain strains of microorganisms being constituents of food of plant and animal origin that
contain physiologically active compounds. These compounds are beneficial for human health and help
minimizing the risk of chronic diseases development [10]. One of the multiple examples of functional
food products are these containing microorganisms endogenous to the human gastrointestinal tract
and exhibiting a positive effect on human health [11]. So far, the greatest part of probiotic products has
been offered by fermented beverages made of animal milk. Currently, research is underway into other
products that may be matrix for probiotic bacteria [12,13]. Consumers avoiding milk because of allergies
or lactose intolerance, and consumers following a vegan diet can replace milk with other plant-based
substitutes. Beverages derived from soybeans have for many years been the predominant equivalents
of milk. Today, coconut, almonds, hemp, and various cereals (e.g., oats, buckwheat, and rice) are also
used to produce plant-based beverages [14,15]. A drawback of these products is however their specific
taste that does not suit to everyone. A solution to this problem is offered by lactic acid fermentation,
which imparts a characteristic, pleasant after-taste to these products and contributes to the improvement
of the digestibility [13,16]. Numerous attempts have recently been undertaken to ferment vegan
beverages serving as milk substitutes using various strains of probiotic bacteria, which was expected
to additionally increase their health value [16,17]. However, most of the study results reported in
literature concern the feasibility of producing fermented soybean milk [13–16]. This is related to the fact,
that manufacture of high quality plant-based beverages containing probiotic bacteria poses a serious
challenge [18,19]. According to Yuliana et al. [20], the production of coconut-based beverages is difficult
because of the suppressed growth and survivability of these probiotic microorganisms, compared to
dairy beverages. Difficulties in the manufacture and fortification of hemp milk were encountered by
Batkiene et al. [21]. The first ones were related to the stability of produced emulsions, whereas the latter
ones to the survivability of probiotic bacteria during storage. Worthy of notice is that the production of
hemp-based products has increased in recent years due to the confirmed nutritional value and low
allergenicity of seeds of this plant [22]. This has been feasible owing to new varieties characterized
by a low concentration of a psychoactive compound delta-9-tetrahydrocannabinol (THC) [23] and to
cultivations with the use of elite category sowing material [24].

The current definition of a probiotic means those microbial strains that positively affect consumer
health when taken in the right amount [25]. Accordingly to FAO/WHO guidelines, the count of
probiotic bacteria cannot be less than the value corresponding to 106 cfu per 1 mL of a product through
the entire period of its storage till the end of its shelf life. This value has been deemed the therapeutic
minimum [26–28].

The main problems associated with the fermentation of plant beverages are related to the sensory
quality of the final product and to the resistance of probiotic microorganisms. Producers encounter
difficulties with the physical stability caused by milk coagulation (it occurs at the beginning or in
the course of storage). The appearance of these products resembles that of low-fat yoghurt [29–32].
Additional problems concern the survivability of probiotic bacteria, which is dependent on multiple
factors, including e.g., presence of other microorganisms in the product, time and conditions of strains
culture and product storage, product processing technology or pH value [13,26,33,34].

Considering the above, the major objective of this study was to determine the survivability of
probiotic bacterial cultures in model fermented and non-fermented stored plant beverages being
milk substitutes, because today the plant-based alternative milks provide a huge perspective for the
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sustainable development of the healthy food market and should therefore be widely scrutinized.
Evaluation of the effect of production and processing techniques, and also of fortification techniques,
of plant-based beverages may serve to develop a nutritionally complete beverage with a high overall
acceptability and health values.

2. Materials and Methods

2.1. Plant Material and Beverages Production

The experimental material included non-dairy beverages produced from the following plant
raw materials: desiccated coconut (Bakalland, Warszawa, Poland) and non-dehulled seeds of hemp
(Cannabis sativa L.; Sante, Warszawa, Poland; Figure 1). Seeds and desiccated coconut were ground
in a WZ-1 laboratory mill (Sadkiewicz Instruments, Bydgoszcz, Poland). Chemical composition of
analyzed material is presented in Table 1.

Figure 1. Raw materials used for non-dairy beverages production: (a) hemp seeds and (b)
desiccated coconut.

Table 1. Contents of protein, lipids, and sugars of desiccated coconut and non-dehulled hemp seeds
(nutritional information available on respective product labels).

Product
Protein Lipids Sugars

(%)

Desiccated coconut 5.6 63.2 5.9
Non-dehulled seeds of hemp 25.2 36.1 5.4

Milk substitutes to be analyzed were produced according to the schemes presented in block
diagrams in Figures 2 and 3.

Figure 2. Technological scheme of coconut milk production (own study based on Blasco [35]).
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Figure 3. Technological scheme of hemp milk production (own study based on Szakuła [36]).

Immediately after production, the plant-based milks were subjected to the physicochemical analysis
to determine content of their protein, lipids, and carbohydrates, and their acidity. Their microbiological
status was assessed as well.

Models of non-dairy beverages intended for the determination of counts of viable bacterial cells
during storage were divided into four groups, each containing three samples—two groups included
beverages with probiotic addition and two groups—beverages without the probiotic. Both, the samples
supplemented and not supplemented with a probiotic monoculture were fermented in a laboratory
incubator (Binder BD 260) at a temperature of 37 ◦C for 6 h, and then stored at a temperature of 4 ◦C.
The remaining samples were cold stored. Duration of the fermentation process was chosen based on
results of a study conducted by Zielińska et al. [37], who demonstrated that intensive proliferation of
Lactobacillus casei subsp. rhamnosus cells proceeded till the 6th hour of the process. Optimal parameters
of the fermentation process, established by Zielińska et al. [38], allow producing plant-based fermented
beverages with sensory quality acceptable by consumers [39]. Based these findings, investigations have
not assumed own sensory evaluation.

2.2. Probiotic Microorganisms

The study was conducted with probiotic bacterial strain Lactobacillus casei subsp. rhamnosus LCR
3013 in the form of a lyophilizate (Serowar, Szczecin, Poland). Before analyses, the strain was stored at
a temperature of −18 ◦C to preserve its properties. The bacterial culture was activated by transferring
0.1 g of the lyophilized strain to 5 mL of an MRS broth (Merck, Warszawa, Poland). Next, the suspension
was incubated at a temperature of 37 ◦C for 24 h. The resultant culture was centrifuged at 10,000× g
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for 5 min. Centrifugation was repeated after rinsing the resultant precipitate with a physiological
saline solution. Cell biomass suspended in a physiological saline solution (5 mL) and having the
optical density of 1◦ McF (Densimat, bioMérieux, Grassina FI, Italy) was added to 100 mL of plant milk
(5% v/v), to achieve bacterial cell count of approximately 10 log (cfu/mL) [21].

2.3. Chemical Evaluation of Non-Dairy Beverages

The produced non-dairy beverages were analyzed for content of: protein with the Kjeldahl’s
method [40] (Büchi Distilation Unit, K314) and lipids with the Gerber’s method [41]. Their active
acidity (pH) was measured as well using a VOLTCRAFT KBM-110 m (Conrad Electronic SE, Hirschau,
Germany) with a pH electrode [42].

Additional analyses were conducted to determine the content of reducing sugars. They were
made with the colorimetric method using 3,5-dinitrosalicilic acid (DNS) [43]. DNS acid (1950 μL)
were added to 50 μL of the analyzed non-dairy beverages, and the mixture was incubated in a water
bath at a temperature of 99 ◦C for 10 min. After cooling the mixture, 900 μL of DNS acid were added
to 100 μL of mixture sample. Absorbance was measured at λ = 540 nm (UV-vis spectrophotometer,
VWR UV-6300PC, USA) and results of these measurements were converted based on the standard
curve into equivalents of glucose (g/L) contained in non-dairy beverages.

2.4. Microbiological Status of Plant Beverages

The produced plant beverages were pasteurized and afterwards subjected to a microbiological
analysis based on the pour-plate Koch’s method [44] and the sterile serial dilutions method (from
10−1 to 10−8). For this purpose, 1 mL of each of the two subsequent dilutions (10−6 and 10−8) and
9 mL of each of the appropriately selected medium were transferred onto Petri dishes and left to
solidify [16]. Nutrient agar (BTL, Łódź, Poland) was used to isolate mesophilic and psychrophilic
bacteria, whereas Sabouraud agar enriched with chloramphenicol (BTL, Łódź, Poland) was used for
fungi and yeast isolation from the beverages. Samples were incubated at a temperature of 30 ◦C for
48 h (mesophiles) and at 20 ◦C for 72 h (psychrophiles), and at 20 ◦C for 5 days (fungi and yeast) [44].
Total bacterial count (TBC) was determined as well. Bacterial cultures were inoculated with the
pour-plate method in three replications for each sample. Plates with inoculates were incubated at a
temperature of 37 ◦C for 48 h under anaerobic conditions using anaerostats with anaerocult A inserts
(Merck, Darmstadt, Germany). Nutrient broth agar (BTL, Łódź, Poland) was used for inoculations.
After completed incubation, results were converted into the number of colony forming units per 1 mL
of product (cfu/mL). Dilutions of 10−6 and 10−8 were used for analyses and for TBC determination in
each sample. The above analyses were carried out for plant beverages without probiotic strain addition.

2.5. Microbiological Analyses of Counts of Viable Bacterial Cells During Storage of Fermented and
Non-Fermented Non-Dairy Beverages

Analyses of the survivability of the probiotic strain Lactobacillus casei subsp. rhamnosus in
fermented and non-fermented models of coconut and hemp beverages (with added starter monoculture
of probiotic bacteria) were conducted immediately after their preparation, after their fermentation
as well as on day 7, 14, and 21 of their storage at a temperature of 4 ◦C. The maximal cold storage
time assumed in the study was selected based on results of a research conducted by Gustaw et al. [45]
into the survivability of Lactobacillus casei strain in fermented beverages with the addition of selected
protein preparations.

Having been diluted in sterile water, the analyzed samples were transferred onto sterile Petri
dishes (1 mL of sample from each dilution of 10−6 and 10−8), to which 9 mL of the selective MRS
Agar medium (by de Man, Rogosa and Sharpe) [46] (BTL, Poland) were added afterwards. Next, the
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samples were incubated at a temperature of 30 ◦C for 72 h. The total count of viable lactic acid bacteria
per 1 mL of the sample was computed according to the following formula:

N = nc · dr, (1)

where: N—number of viable bacterial cells (cfu/mL), nc—number of bacterial colonies,
and dr—dilution rate.

2.6. Statistical Analysis

All experiments were carried out in three replications. Results were expressed as arithmetic means.
The Shapiro–Wilk test was used to evaluate the normal distribution of data. Results were analyzed
using a one-way analysis of variance (ANOVA). The significance of differences between mean values
was estimated based on Tukey confidence intervals, at a p < 0.05. Values followed by different small
letters are significantly different at p < 0.05 (effect of storage). Values followed by different big letters
are significantly different at p < 0.05 (effect of treatment). The standard deviation (±SD) value was
determined for all reported mean values. The statistical analysis was performed using Statistica 13.3
software (StatSoft, Kraków, Poland).

3. Results and Discussion

3.1. Evaluation of the Produced Non-Dairy Beverages

One of the key technological aspects in probiotic food production is to maintain optimal conditions
that would ensure the proper growth and viability of potentially probiotic bacteria during fermentation
and storage [47]. This may be accomplished through, i.e., the appropriate choice of a carrier and
product supplementation with nutrients [48]. Hence, raw materials of plant origin need to be analyzed
for the content of nutrients indispensable for probiotic bacteria metabolism, and for the effect of
environment on their survivability [27,49].

In order to identify factors that affect probiotics survivability, a study with non-dairy beverages
produced from desiccated coconut and hemp seeds under laboratory conditions was conducted.
It needs to be emphasized that the nutritional value of non-dairy beverages is largely determined by
their protein content [28,50]. In the study, protein content was determined at 3.23 g/100g in coconut
beverage and at 6.96 g/100 g in hemp beverage (Table 2).

Table 2. Contents of protein, lipids, and glucose, and active acidity of coconut and hemp milks.

Non-Dairy Beverage
Protein Lipids Reducing Sugars Active Acidity

(% ± SD) (g glucose/L ± SD) (pH ± SD)

Coconut milk 3.23 ± 0.28 21.08 ± 0.41 34.53 ± 0.39 6.15 ± 0.15
Hemp milk 6.96 ± 0.19 18.02 ± 0.54 30.21 ± 0.33 6.81 ± 0.11

Differences in protein content were determined depending on the plant raw material used for
beverages production. Discrepancies were also noted when comparing protein content determined
in the study and these declared by selected producers of plant beverages intended for the European
market [13], i.e., obtained results were higher than protein content declared by producers of coconut
and hemp beverages. These differences might be due to the various quality of raw materials used for
beverages production and to treatments applied in the production process (e.g., heat treatment) that
contribute to a decrease in total protein concentration.

Hoffman and Kostyra [15] evaluated plant-based milk substitutes in terms of their nutritional
value and demonstrated that only the beverage made of soybean seeds equaled milk in this respect.
The other plant materials had significantly lower content of protein, i.e., two-fold lower—quinoa,
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and three-fold lower—a mixed beverage made of soybean, rice, and oats. Beverages made of coconuts
and almonds were characterized by trace amounts of protein.

This indicates that although coconut-based milk substitutes provide very low amounts of protein,
they may offer an alternative to consumers who seek for gluten-free food.

Results of study confirm findings reported by Sethi et al. [13], who demonstrated that plant
beverages are inexpensive substitutes of milk, especially for consumers allergic to milk, but are not
comparable nor equal with it in terms of their nutritional value, as hemp milk (living harvest) provides
barely 2 g and coconut milk less than 1 g of protein in 240 mL of the product.

Coconut beverages are food products characterized by a high content of lipids, including significant
content of the following saturated fatty acids: lauric (50%) and myristic (6%–7%). The unsaturated
fatty acids of coconut include oleic acid (monounsaturated) and linolic acid (polyunsaturated) [51].
In turn, the hemp beverage contains approximately 80% of essential unsaturated fatty acids (EFAs),
including linolic acid (56%) and α-linolenic acid (19%). According to dieticians, the optimal ratio of
these acids should reach 3:1, as is the case with the hemp beverage [52]. Figure 4 presents content of
lipids in the analyzed raw beverages made of coconut and hemp seeds. As it results from our study,
the coconut beverage contained 21% and the hemp beverage contained 18% of lipids.

Figure 4. Total count of microorganisms isolated from pasteurized non-diary beverages
(a, b—statistically significant differences, p ≤ 0.05).

Due to the composition of the plant milks, their fatty acid profile differed significantly from
that of milk. Milk contains approximately 1.2% of saturated fatty acids, whereas their content in its
substitutes does not exceed 0.7%. Similar conclusions were formulated by Belewu and Belewu [53],
who determined lipids content in the produced coconut milk at 24.10%. In turn, Sethi et al. [13]
demonstrated that the analyzed plant-derived milks were characterized by a similar concentration of
lipids reaching 6 g in hemp milk (living harvest) and 5 g in coconut milk per 240 mL of the product.

Content and types of carbohydrates in fermented beverages have a significant impact on the
development and activity of health-promoting bacteria. Reducing sugars present in the medium may
be good sources of carbon necessary for probiotics metabolism [54]. This was confirmed by Jurkowski
and Błaszczyk [55], who demonstrated monosaccharides to be indispensable substrates during the
fermentation process by lactic acid bacteria. Hence, control of their content seems necessary in the
production of probiotic foods. In the study, the content of reducing sugars was expressed as glucose
concentration in the produced non-dairy beverages (Figure 4), and reached 34.52 g glucose/L in coconut
milk and 30.21 g glucose/L in hemp milk. Data obtained demonstrate that the coconut milk is a better
raw material for the production of probiotic non-dairy beverages because it is richer in compounds
necessary for fermentation (e.g., glucose). This is in line with results reported by Quasem et al. [17]
who analyzed a sesame beverage as a bacteria matrix. Differences in the content of reducing sugars are
one of the factors, which determine the possibility of using plant-based milk as a natural medium for
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lactic acid bacteria development. According to Sethi et al. [13], however, the choice of a matrix for
these beneficial microorganisms may also be driven by the total content of carbohydrates. In hemp
milk, their concentration reaches barely 1 g, whereas in coconut milk it is high and reaches 7 g/240 mL
of product.

The content of acids is a factor that determines food freshness, but at the same time it largely
affects its color and taste. Acids in beverages and other food products, contribute to control microflora
growth [56]. In our study, the active acidity of coconut beverage (before fermentation) was determined
at pH 6.15 (Figure 4). This value is similar to results reported by other authors. For instance,
when investigating the effect of strawberry beverage supplementation with a soybean protein isolate,
Dłużewska et al. [57] observed changes in the real acidity, values of which ranged from pH 5.82 to
pH 6.61. In turn, acidity of a coconut beverage analyzed by Belewu and Belewu [53] reached pH 6.23.
A negligibly higher active acidity (pH 6.81) was determined in our study for the hemp seed beverage.
Many scientists have reported on the decreased acidity of the medium in the case of fermented products,
which appeared to result from the accumulation of lactic acid caused by the activity of microorganisms.

3.2. Microbiological Purity of Non-Dairy Beverages

From the perspective of health safety, pasteurization is an indispensable process during the
manufacture of plant-based beverages. It contributes to eradication of pathogenic microorganisms and
to inactivation of certain spore-forms. Therefore, in the present study, we evaluated its effectiveness
(Figure 4), which is consistent with provisions of Commission Regulations (EC) 2073/2005 and
229/2019 [58], according to which the safety of food is mainly ensured by a preventive approach
including, e.g., control of heat treatment effectiveness.

It was demonstrated that the type of raw material influenced on the presence of bacteria, both the
mesophilic and psychrophilic ones, in the produced non-dairy beverages. The determined count of
mesophilic bacteria ranged from 2.36 log (cfu/mL; coconut milk) to 3.45 log (cfu/mL; hemp milk).
A more numerous group of the isolated microorganisms turned out to be the psychrophilic bacteria,
with counts ranging from 2.6 to 3.7 log (cfu/mL). In contrast, no fungi or yeast were detected. The total
bacterial count in the produced non-dairy beverages reached 3.81 log (cfu/mL) in hemp milk and
4.39 cfu/mL in coconut milk. It was, therefore, concluded that the short-term temperature increase to
95 ◦C did not contribute to the complete neutralization of the microflora of the non-dairy beverages.
Thus, it seems necessary to develop some other method that would be more effective in ensuring the
appropriate microbiological purity of plant-based beverages. Lee et al. [59] evaluated the effect of
increased hydrostatic pressure coupled with high temperature on counts of viable, spore-forming
cells of pathogenic microorganisms. They reported a significant decrease in the number of active
resting spores to a negligible level (below 1 cfu/mL) upon the coupled use of pressure of 207 MPa and
temperature of 90 ◦C.

3.3. Evaluation of the Effect of Fermentation Process on Chemical and Microbiological Properties of
Non-Dairy Beverages

Immediately after the addition of the inoculum from Lactobacillus casei subsp. rhamnosus
lyophilizate, the total count of viable lactic acid bacteria (LAB) cells reached 11.72 log (cfu/mL)
in coconut beverage and 8.41 log (cfu/mL) in hemp beverage. The fermentation process (37 ◦C/6 h)
caused an increase in bacteria count in the samples to 13.26 and 10.92 log (cfu/mL), respectively
(Figure 5). Initially, the difference in the count of viable LAB cells could be due to the viability of
probiotics themselves in the food matrix, which may be affected by pH (initial pH values were at
6.12 for coconut milk and 6.79 for hemp milk), oxygen level, and presence of competing microorganisms
(bacterial cells and their resting spores undamaged during pasteurization: 4.39 log (cfu/mL) in coconut
milk and 3.81 log (cfu/mL) in hemp milk) [60–62]. Therefore, LABs resistance to inconvenient conditions
appears to be an important technological trait, which enables selecting strains for untypical food matrix
like, e.g., non-dairy beverages [63]. Initial differences in the count of probiotic bacterial cells in both
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analyzed types of plant milks could be due to the fact that viable, metabolically active cells may rapidly
lose their capability for growth, and this dormancy state of a part of the population may occur especially
when the cells are exposed to unbeneficial factors. For explicit confirmation of these assumptions,
fluorescent techniques should be employed that allow monitoring subtle changes in the dynamics of
proliferation and decay of microorganisms that may be in the viable but non-culturable (VBNC) or
active but non-culturable (ABNC) state, i.e., in the state of bacteria transition to the dormancy state
under unfavorable colonization conditions [63–66].

Figure 5. Total count of viable bacterial cells in the analyzed non-dairy beverages before and
after fermentation (a, b—statistically significant differences, p ≤ 0.05).

A similar dependency was demonstrated in the study conducted by Zaręba [67], who noted
that 4-h fermentation process of soybean milk contributed to the proliferation of Lactobacillus species
bacteria by approximately 0.5 log (cfu/mL). A study conducted by Bartkiene et al. [21] also showed
that L. casei cell count in fermented hemp milk reached 8.78 log (cfu/mL) and was higher compared to
the count determined before the fermentation process (8 log (cfu/mL)).

The analyzed models of non-dairy beverages differed in terms of the total bacteria count. TBC was
also determined in the control samples (without the probiotic). Before fermentation it reached 4.39 log
(cfu/mL) in coconut milk and 3.81 log (cfu/mL) in hemp milk; whereas after fermentation for the
respective values were at 6.72 and 6.25 log (cfu/mL; Figure 5). Presumably, these were resting spores
that had survived pasteurization and whose proliferation was promoted by fermentation temperature
(37 ◦C) being optimal for their growth. These speculations may be confirmed by results reported earlier
by Czaczyk et al. [68], who noticed the greatest growth of Bacillus ssp. bacilli under these conditions.
Similar observations were made by Huy et al. [69]. The activity of microorganisms during incubation
is also affected by the type and amount of nutrients available in the medium. However, considering
the “Microbiological Limits for Assessment of Microbiological Quality of Ready-to-eat Foods” [70],
the criterion related to the microbiological quality did not exceed the maximum value of 7 log (cfu/mL),
set by the International Commission for Microbiological Specification of Food.

Monosaccharides, including mainly glucose, present in plant beverages represent a good source
of carbon to bacteria. The physicochemical analysis conducted in the study allowed concluding that
coconut milk (34.53 g glucose/L) was a better source of these compounds compared to hemp beverage
(30.21 g glucose/L). The content of reducing sugars decreased significantly after the fermentation
process (Figure 6).

The non-dairy beverages with probiotic addition were characterized by a greater reduction in
glucose content after fermentation, i.e., to 23.05 g glucose/L in coconut milk and to 19.79 g glucose/L
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in hemp milk. In turn, milks without the probiotic bacteria were characterized by noticeably higher
glucose content, which decreased due to the activity of undesirable microorganisms.

Figure 7 presents results of measurements of active acidity of the non-dairy beverages before and
after fermentation.

Figure 6. Reducing sugars concentration in the analyzed non-dairy beverages before and
after fermentation (a, b—statistically significant differences, p ≤ 0.05).

Figure 7. Active acidity of the analyzed non-dairy beverages before and after fermentation
(a, b—statistically significant differences, p ≤ 0.05).

The greatest differences in the active acidity, before and after fermentation, were demonstrated in
the fermented probiotic beverage made of coconut, i.e., pH 6.12 and pH 5.66, respectively. In turn,
the smallest decrease in the pH value (by 0.21) was noted in the fermented hemp seed milk without
the probiotic. It may, therefore, be concluded that the acidity level is determined by the accumulation
of organic acids caused by monosaccharides metabolism. So negligible pH changes may be due
to the fact that Lactobacillus casei subsp. rhamnosus strain used in the study is a representative of
facultatively heterofermentative bacteria. Apart from lactic acid, these bacteria are capable of producing
CO2, acetic acid (aerobic conditions), acetic aldehyde, and/or ethanol (anaerobic conditions) [71–73].
During the heterofermentation process, glucose degradation proceeds accordingly to the pentose
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phosphate pathway, and the capability of lactic acid bacteria for this fermentation results from a lack of
certain enzymes like, e.g., triphosphate isomerase and aldolase [74].

3.4. Assessment of the Quality of the Produced Non-Dairy Beverages During Cold Storage

Changes of the active acidity of the non-dairy beverages during 21-day cold storage were presented
in Table 3. As expected, storage time had a significant effect on the acidity level of milk substitutes,
causing vast differences in pH values of the fermented samples of coconut and hemp milks between
day 1 and 21 of storage.

Table 3. Changes in the active acidity of fermented and non-fermented non-dairy beverages during
21-day storage.

Treatment
Storage Time

Day 1 Day 7 Day 14 Day 21

Fermented

CP 5.61 ± 0.02 aF 5.11 ± 0.02 bG 4.93 ± 0.02 cB 4.81 ± 0.02 dB

HP 6.47 ± 0.01 aC 6.08 ± 0.02 bA 5.91 ± 0.02 cA 5.78 ± 0.02 dA

C 5.84 ± 0.01 aE 4.85 ± 0.01 bH 4.08 ± 0.01 cG 3.58 ± 0.02 dG

H 6.62 ± 0.02 aB 5.49 ± 0.02 bD 4.39 ± 0.02 cF 3.41 ± 0.01 dH

Non-Fermented

CP 6.15 ± 0.02 aD 5.31 ± 0.02 bE 4.88 ± 0.02 cC 4.21 ± 0.01 dC

HP 6.81 ± 0.02 aA 5.87 ± 0.02 bB 4.65 ± 0.01 cD 3.95 ± 0.02 dE

C 6.15 ± 0.01 aD 5.25 ± 0.02 bF 4.53 ± 0.02 cE 4.01 ± 0.02 dD

H 6.81 ± 0.02 aA 5.71 ± 0.01 bC 4.35 ± 0.02 cF 3.70 ± 0.02 dF

CP—Coconut beverage with probiotic; HP—Hemp beverage with a probiotic; C—Coconut beverage without
probiotic; H—Hemp beverage without probiotic. Means in the rows, followed by different small letters (a–d) are
significantly different at p < 0.05 (effect of storage). Means in the columns, followed by different big letters (A–F) are
significantly different at p < 0.05 (effect of treatment).

Usually, the active acidity (pH) of fermented plant-based beverages should not be lower than
4.0 throughout the storage period [75]. Results presented in Table 3 indicate that the pH value remained
above 4.0 within fourteen days of cold storage of the analyzed milk substitutes. However, a pH
decline was recorded at the end of the storage period in the case of the samples not inoculated with
the probiotic monoculture. This is in agreement with results reported by Paseephol and Sherkat [76]
and by Colakoglu and Gursoy [77]. Guo et al. [78] reported that the pH value of fermented buffalo
milk containing Lactobacillus casei decreased from 5.02 (day 1) to 4.00 (day 30 of storage) [78]. In turn,
Akalin et al. [79] demonstrated that the probiotic bacteria decreased the pH value of various yoghurts
from 4.51 to 4.40 after 28 days of their cold storage [79].

Data obtained in the study indicate that pH values of all beverage samples decreased during
cold storage. This dependency may be explained by the persistent metabolic activity of the probiotic
monoculture, which was also noticed by Bonczar et al. [80] during cold storage of fermented beverages.
When comparing pH values over the storage period, these researchers observed decrease in all samples.
Similar conclusions were drawn by Bartkiene et al. [21], who analyzed hemp milk in a 15-day storage
model. The pH value of the fermented hemp milk with the addition of a probiotic culture of L. casei
decreased slightly from 5.15 in the first day to 4.77 in the last day of cold storage.

The study demonstrated also a decrease in protein content of the produced non-dairy beverages
along with storage time (Table 4).

The analysis of the nutritional value of non-fermented milk substitutes demonstrated that,
after 21 days of storage, the total protein content was higher in the non-dairy beverages supplemented
with probiotic bacteria.

A similar tendency was noted during storage of fermented non-dairy beverages (i.e., decreased
protein concentration). However, the conducted analyses showed a higher total protein content in the
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fermented than in the non-fermented beverages, and lower in the non-dairy beverages fortified with
the probiotic monoculture.

Table 4. Protein content of fermented and non-fermented non-dairy beverages during 21-day storage.

Treatment
Storage Time

Day 1 Day 7 Day 14 Day 21

Fermented

CP 3.02 ± 0.21 aB 2.95 ± 0.23 aB 2.84 ± 0.15 aB 2.67 ± 0.26 aB

HP 6.68 ± 0.26 aA 6.41 ± 0.28 aA 6.33 ± 0.21 aA 6.19 ± 0.24 aA

C 3.02 ± 0.19 aB 2.96 ± 0.17 aB 2.87 ± 0.18 aB 2.71 ± 0.18 aB

H 6.68 ± 0.29 aA 6.45 ± 0.25 aA 6.34 ± 0.23 aA 6.22 ± 0.23 aA

Non-Fermented

CP 3.23 ± 0.22 aB 3.17 ± 0.19 aB 3.10 ± 0.21 aB 3.01 ± 0.24 aB

HP 6.96 ± 0.27 aA 6.91 ± 0.25 aA 6.82 ± 0.23 aA 6.68 ± 0.26 aA

C 3.23 ± 0.18 aB 3.15 ± 0.20 aB 3.09 ± 0.20 aB 2.98 ± 0.18 aB

H 6.96 ± 0.27 aA 6.89 ± 0.22 aA 6.78 ± 0.21 aA 6.63 ± 0.25 aA

CP—Coconut beverage with probiotic; HP—Hemp beverage with a probiotic; C—Coconut beverage without
probiotic; H—Hemp beverage without probiotic. Means in the rows, followed by different small letters (a) are
significantly different at p < 0.05 (effect of storage). Means in the columns, followed by different big letters (A,B) are
significantly different at p < 0.05 (effect of treatment).

According to Bernat et al. [81], the significant decrease in protein content is due to the fact that
during the fermentation and storage of beverages, the bacterial starters could hydrolyze proteins to
synthesize amino acids necessary for their nutrition. Investigations conducted by the aforementioned
authors demonstrated also that fermented plant-based substitutes of milk had by approximately
17% lower content of β-glucan than their non-fermented counterparts, while this compound is capable
of proteins crosslinking in food [82].

Changes observed in lipids content of the analyzed non-dairy beverages resembled these of
protein (Table 5). In the entire period of cold storage, lipids concentration decreased negligibly in
all milks. It may, thus, be concluded that the study demonstrated stability of this component in the
produced and modified plant-based beverages.

Table 5. Lipids content in fermented and non-fermented non-dairy beverages during 21-day storage.

Treatment
Storage Time

Day 1 Day 7 Day 14 Day 21

Fermented

CP 21.06 ± 0.06 aA 20.98 ± 0.06 abA 20.87 ± 0.06 bcA 20.75 ± 0.06 cA

HP 18.01 ± 0.06 aB 17.95 ± 0.06 abB 17.81 ± 0.06 bcB 17.66 ± 0.06 cB

C 21.06 ± 0.07 aA 20.96 ± 0.07 aA 20.89 ± 0.07 abA 20.73 ± 0.06 bA

H 18.01 ± 0.06 aB 17.89 ± 0.05 abB 17.78 ± 0.06 bB 17.62 ± 0.06 cB

Non-Fermented

CP 21.08 ± 0.02 aA 21.01 ± 0.06 aA 20.94 ± 0.06 aA 20.84 ± 0.06 bA

HP 18.02 ± 0.02 aB 17.97 ± 0.06 aB 17.92 ± 0.06 aB 17.69 ± 0.06 bB

C 21.08 ± 0.02 aA 21.02 ± 0.06 aA 20.93 ± 0.06 abA 20.79 ± 0.06 bA

H 18.02 ± 0.02 aB 17.95 ± 0.06 aB 17.89 ± 0.06 aB 17.66 ± 0.06 bB

CP—Coconut beverage with probiotic; HP—Hemp beverage with a probiotic; C—Coconut beverage without
probiotic; H—Hemp beverage without probiotic. Means in the rows, followed by different small letters (a–c) are
significantly different at p < 0.05 (effect of storage). Means in the columns, followed by different big letters (A,B) are
significantly different at p < 0.05 (effect of treatment).
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As reported by Bernat et al. [82], who analyzed the microstructure of oat milk during storage,
the similar concentration of lipids may be due to their embedding in a polysaccharide network.
Stability of such system is additionally associated with the cross-linking properties of β-glucans [75].
Furthermore, almost all lipid droplets are retained in the polysaccharide-protein matrix, which is
responsible for the physical stability of plant milk. It has been demonstrated that certain proteins
may be attached to lipid globules, thereby ensuring protection of emulsions against destabilization
processes [82].

Changes in concentrations of individual nutrients in plant-based beverages during cold storage
may also be due to the fermentation process, which contributes to decreased content of carbohydrates
and also of some non-digestible poly- and oligo-saccharides, to the improvement of protein quality,
to the facilitated synthesis of selected amino acids, and to the improved availability of vitamins.
In addition, it ensures optimal pH conditions for the enzymatic degradation of many compounds
being important growth factors for the potentially probiotic bacteria [83].

The Lactobacillus strains used in the study are complex microorganisms that need carbohydrates,
amino acids, B-group vitamins, nucleic acids, and minerals for their proper growth [84]. For this
reason, it can be concluded that the fermentation of plant-based beverages may offer an inexpensive
method for the synthesis of substrates in the product that would promote the growth of beneficial
microorganisms [85].

3.5. Quantitative Analysis of Viable Bacterial Cells During Storage of Fermented and Non-Fermented
Non-Dairy Beverages

An important aspect determining the quality of health-promoting fermented beverages is the
analysis of changes in the number of viable lactic acid bacteria in 1 mL of a product over the entire
period of its shelf life [86]. Al-Otaibi [87] emphasized that 6 log (cfu/mL) of viable probiotic cells should
be consumed every day to ensure health benefits to consumers. Both types of the fermented non-dairy
beverages met this requirement regarding viability of L. casei till the end of the storage period. On the
first day of storage (after fermentation), the number of active bacterial LAB cells ranged from 10.92 log
(cfu/mL) in hemp milk to 13.26 log (cfu/mL) in coconut milk (Table 6).

Table 6. Changes in the number of Lactobacillus casei subsp. rhamnosus during 21-day storage (4 ◦C) of
fermented and non-fermented non-dairy beverages.

Treatment
Storage Time

Day 1 Day 7 Day 14 Day 21

Fermented

CP 13.26 ± 0.14 aA 11.46 ± 0.18 bA 11.26 ± 0.17 bA 9.41 ± 0.24 cA

HP 10.92 ± 0.10 aC 10.31 ± 0.25 aB 8.28 ± 0.33 bB 7.35 ± 0.26 cB

Non-Fermented

CP 11.72 ± 0.04 aB 6.81 ± 0.13 bC 5.42 ± 0.15 cC 3.12 ± 0.13 dC

HP 8.41 ± 0.18 aD 6.35 ± 0.16 bC 4.53 ± 0.08 cD 3.54 ± 0.20 dC

CP—Coconut beverage with probiotic; HP—Hemp beverage with a probiotic. Means in the rows, followed by
different small letters (a–d) are significantly different at p < 0.05 (effect of storage). Means in the columns, followed
by different big letters (A–D) are significantly different at p < 0.05 (effect of treatment).

Opposite observations were made in the case of non-fermented models of plant-based beverages.
The number of LAB cells isolated from these samples on the first day of storage reached 11.72 log
(cfu/mL) in coconut milk and 8.41 log (cfu/mL) in hemp milk. These values decreased to 3.12 log
(cfu/mL) and 3.54 log (cfu/mL), respectively, after 21 days of cold storage (Table 6).

Bakirci and Kavaz [88] reported that the total counts of Lactobacillus acidophilus, Bifidobacterium ssp.,
and Streptococcus thermophilus decreased during cold storage of banana yoghurts, but remained at the
required level (above 6 log (cfu/mL)) until day 14. In addition, a few other authors demonstrated that
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lactic acid bacteria (L. debrueckii spp. bulgaricus and S. thermophilus) survived well in yoghurt throughout
its shelf life [79,89]. Olson and Aryana [90] showed that the number of Lactobacillus acidophilus strain
cells decreased in natural yoghurt from 6.84 to 4.43 log (cfu/mL) over an 8-week storage period.
Results of own study pointed to a higher survivability of potentially probiotic bacteria, compared to
that reported by Mousavi et al. [91] for a probiotic juice from pomegranate. These authors observed
reductions in counts of Lactobacillus delbrueckii and Lactobacillus plantarum by three logarithmic cycles
after 14 days of cold storage. High survival rates of Lactobacillus casei under cold storage conditions
were also demonstrated by Pereira et al. [92], who investigated fermentation and survivability of this
probiotic in a juice from cashew apple.

The reduced count of L. casei subsp. rhamnosus during cold storage may be due to the production
by these microorganisms of agents exhibiting anti-microbial activity like e.g., organic acid, bacteriocins,
and hydrogen peroxide [93]. The concentration of hydrogen peroxide has an important impact,
because L. casei subsp. rhamnosus do not produce the catalase enzyme. Accumulation of metabolism
products during storage of non-dairy beverages may lead to the transition of L. casei subsp. rhamnosus
at VBNC (viable but non-culturable). At this stage, the cells have an “unsatisfactory” physiological
state, which means that they are alive but do not divide, and as a result do not have the ability to grow
and reproduction [63]. Al-Otaibi [87] noticed that the number of bifidobacteria in eight commercial
fermented dairy products decreased significantly since the day of manufacture till the end of cold
storage (5 ◦C). This author reported also that the count of viable bacteria maintained at 106 cfu/mL
till the end of the storage period in only two of the analyzed products. Reduction in the number of
viable health-promoting bacteria can also be caused by decreased acidity, presence of post-production
acid [94] sensitivity to oxygen [95] and metabolites, i.e., hydrogen peroxide and ethanol, and also to
bacteriocins produced by lactic acid bacteria [96].

The determination of the number of active L. casei cells in the analyzed non-dairy beverages is
difficult due to the presence of other microorganisms [97]. For this reason, simultaneous analyses
were carried out for control samples (without probiotic). In their case, the total bacterial count was
observed to decrease. In contrast, interesting seem to be changes in the viability of microorganisms
(other than LABs) in the non-fermented control beverages, in which acidity approximating the neutral
pH contributed to the development of undesirable microorganisms. However, the total bacterial count
in the beverages not fortified with the probiotic monoculture, fitted within the range from 3.82 log
(cfu/mL) to 3.93 log (cfu/mL) in fermented non-dairy beverages and from 5.92 to 6.67 log (cfu/mL) the
non-fermented ones (Table 7). Thus, the criterion related to the microbiological quality did not exceed
the maximum value of 7 log (cfu/mL).

Table 7. Changes in the total number of bacteria during 21-day storage (4 ◦C) of fermented and
non-fermented non-dairy beverages.

Treatment
Storage Time

Day 1 Day 7 Day 14 Day 21

Fermented

C 6.72 ± 0.17 aA 6.23 ± 0.30 aA 5.54 ± 0.24 bA 3.82 ± 0.18 cB

H 6.25 ± 0.13 aB 5.69 ± 0.29 aA 4.37 ± 0.20 bB 3.93 ± 0.27 bB

Non-Fermented

C 4.39 ± 0.17 bC 4.41 ± 0.15 bB 4.79 ± 0.19 bB 5.67 ± 0.18 aA

H 3.81 ± 0.14 bD 3.86 ± 0.08 bB 5.76 ± 0.18 aA 5.92 ± 0.16 aA

C—Coconut beverage without probiotic; H—Hemp beverage without probiotic. Means in the rows, followed by
different small letters (a–c) are significantly different at p < 0.05 (effect of storage). Means in the columns, followed
by different big letters (A–D) are significantly different at p < 0.05 (effect of treatment).

Results of the present study indicate that cell viability was maintained at a satisfactory
level throughout the storage period of fermented non-dairy beverages fortified with the probiotic
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monoculture. According to Pereira et al. [98], sugars, proteins, and lipids are only some of the factors
that may affect the growth of probiotic bacteria and their survival rates in food products. Hence, the
relative stability observed in content of nutrients in the plant-based beverages contributed indirectly to
ensuring the therapeutic minimum of the analyzed products throughout their storage period.

4. Conclusions

The conducted study proved that the produced and modified plant-based beverages could serve as
a food matrix for probiotic bacteria. The growth and survivability of probiotic bacteria in food products
was determined by many factors including e.g., storage conditions, medium acidity, and sensitivity
of oxygen and metabolites. The fermentation process contributed to the increased survival rates of
Lactobacillus casei subsp. rhamnosus in both coconut and hemp milk. During 21-day storage of inoculated
milk substitutes, the highest survivability of Lactobacillus casei subsp. rhamnosus was demonstrated
in the fermented coconut milk (9.41 log (cfu/mL)). On day 21 of cold storage, the number of viable
Lactobacillus casei subsp. rhamnosus cells in fermented coconut and hemp milk ensured meeting the
therapeutic minimum (>6 log (cfu/mL)). Due to their nutrients composition and number of bacterial
cells exhibiting a positive effect on a human body, the analyzed non-dairy beverages, offering an
alternative to milk, represent a category of novel food products, and their manufacture will contribute
to the sustainable development of food production and to the assurance of food safety.
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Abstract: The paper presents the possibility of applying different press constructions for juice
extraction in small farms. The research was carried out with three different varieties of apples, namely,
Rubin, Mutsu, and Jonaprince. Two types of presses were tested: a basket press and a screw press.
Generally, application of the screw press makes it possible to obtain a higher yield of extraction
compared to the basket press. In our study, the differences in the pressing yield among press machines
also depended on the apple variety used. The juices obtained on the screw press were found to
be of a higher quality characterized by a higher content of soluble solids, higher viscosity, higher
total content of polyphenols, higher antioxidant activity, and lower acidity. Thus, the selection of an
appropriate press is the key to producing high-quality apple juice with health-promoting properties
for manufacturers of apple juice at the local marketplace.

Keywords: sustainable production; screw press; basket press; polyphenols; antioxidant activity;
texture properties

1. Introduction

Apples (Malus domestica) are the most commonly used fruit for juice extraction in the European
Union (EU). They are a rich source of nutrients and polyphenols and possess antioxidant properties
that have beneficial effects on human health [1,2]. The yield of apples is estimated to be 12.59 million
tons per year in Europe and 3.6 million tons in Poland [3].

Apples are mainly processed into concentrates, which contributes to the reduction of volume and
facilitates storage. Poland is the largest producer and exporter of concentrated juices extracted from
fruits grown in the temperate zone of the EU [4]. The European share of the juice yield was estimated
to account for 66% in 2016.

Currently, there is a growing trend towards healthy eating and an increased interest in ecological
produced food. This in turn contributes to the increasing interest of scientists in functional foods and
new methods of production to preserve their quality and high level of bioactive compounds [5]. Some
examples of these kinds of foods include juices that are not obtained from concentrate (NFC) and
freshly squeezed non-pasteurized juices (FS). These juices are obtained from the fruit tissue by pressing
and centrifugation of the pulp. Cloudy juices are classified as products obtained with a low degree of
processing. They contain higher amounts of bioactive compounds, such as polyphenols or flavonoids,
than clarified ones due to the omission of enzymatic and clarifying treatments. They are also richer in
dietary fibre, which is necessary for the proper functioning of the digestive system, and several mineral
compounds [6]. In their studies, Paepe et al. [7] and Markowski et al. [8] showed that cloudy juices
contain substantially higher amounts of beneficial compounds such as polyphenols and also exhibit
considerably higher antioxidant activity than clarified juices. Additionally, apple pomace obtained
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after low-degree processing can be used as animal feed after drying or pickling. The natural nutrients
contained in the pomace can serve as a valuable source of nutrition for animals in organic farms [9].

Fruit juices are extracted on an industrial scale using different devices, depending on the type
of operation (periodic or continuous) and raw material [10]. Many different press construction
solutions are used in the industry for obtaining apple juice. Among them, belt press, water press [11],
decanter, rack-and-frame press, hydraulic press [12], basket press [13], and screw press [14] are the
most distinguished.

A basket press ensures high pressing yields of up to 60%, but it is less often used on an industrial
scale. In one study, Nadulski [15] confirmed the usefulness of the basket press in juice extraction
from Jonagold apples. In another study, the same author and his group [10] showed that not all apple
cultivars are suitable for juice pressing under farm conditions. This suggests that the use of a suitable
fruit variety for juice pressing may reduce the cost of pressing and increase the quality parameters of
the juice produced.

A screw press is mainly used for oil extraction from oilseeds such as rape [16,17], flax [18],
sunflower [19], cumin [20], tobacco seeds [21], and pistachio nuts [22]. Currently, screw presses
are becoming increasingly popular, especially on small farms, among local entrepreneurs and for
domestic applications. Based on the construction solution, screw presses are classified as single- and
double-screw type. These presses are characterized by several extracting processes, where the pulp
is subjected to energetic grinding and mixing. The main advantage of a screw press is that the juice
obtained has a much higher amount of soluble solids and bioactive compounds [23,24].

The programmes implemented by the EU such as ‘Agricultural and rural development 2014–2020′
and ‘Promotion of farm products’ help producers develop new products based on the policy of
sustainable agriculture [25,26]. These programmes allow appropriate usage of resources (raw material,
energy) and increase the effectiveness of production without affecting the environment [27]. The
protection and promotion of regional and traditional products is one of the most important factors
supporting the sustainable development of rural areas (as it increases the income of agricultural
producers, prevents depopulation and enhances the attractiveness of rural areas). In addition, this
may be considered as potentially influencing the development of agricultural products. In the context
of sustainable agriculture, the use of a new press construction may allow the farmers to obtain juices
with higher quality and a large amount of bioactive compounds. Moreover, fresh pressing of apple
juice may help open new markets.

Considering the above, it appears viable that local farms can use small presses for juice production.
In this view, the aim of the present study is to compare the efficiency of screw and basket presses in the
extraction of apple juice. This includes the determination of parameters affecting the juice quality such
as the content of soluble solids, pH, viscosity, total phenolic content (TPC) and antioxidant activity.

2. Materials and Methods

The research material included three varieties of apples, namely Rubin, Mutsu, and Jonaprince,
all obtained from the 2017 harvest. The fruits were delivered by Groups of Fruit Producers, which is
related to the company Rylex Sp. z o.o with office registered in the village of Błędów (near Grójec,
Poland; GPS coordinates: 51◦47′N, 20◦42′E), to the local Auchan store in Lublin, Poland.

The experimental flowchart is presented in Figure 1.
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Figure 1. Experimental flowchart.

2.1. Washing and Blotting

The apples were washed in tap water and blotted dry using laboratory tissue paper.

2.2. Grinding

The apples were crushed using a shredding machine (MKJ250; Spomasz Nakło, Poland) equipped
with a standard grating disc with 8 mm holes. The rotational speed of the disc was set at 170 rpm. The
obtained mash was divided into portions weighing 300 g and placed in plastic containers.

2.3. Determination of Moisture Content

The moisture content of the apple mash was measured before pressing by drying 3 g of mash at a
temperature of 105 ◦C for 3 hours [28]. The measurements were carried out in five replicates.
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2.4. Analysis of Texture Properties

The texture of the apples was examined using a texture analyser (model TA.XT Plus
Texture Analyzer) equipped with a measuring head that has a working range of up to 0.5 kN.
A double-compression test and a cutting test were performed. The speed of the measuring head was
set at 0.83 mm·s−1 for the double-compression test (TPA) and 1 mm·s−1 for the cutting test. For TPA,
the apple samples with skin were cut into cylinders of 15 mm diameter and 10 mm height and were
then placed with their diameter dimension parallel to the device base. Hardness was defined as the
maximum force recorded during the first compression cycle (Fh). For the cutting test, a Warner–Bratzler
blade was used. The samples with skin were cut into cylinders of 20 mm diameter and 20 mm height.
The maximum value of the cutting force (Fc) was determined. The texture analysis was repeated
ten times.

2.5. Pressing

Two kinds of presses were used to extract apple juices: basket press and screw press.

2.5.1. Types of Presses

The basket press (Figure 2) consisted of a perforated cylinder with holes of 3 mm diameter, piston,
construction frame, and hydraulic system (UHJG 20/C/2; Hydrotech, Lublin, Poland), which allowed
for maintaining a pressure of 4.5 MPa. The press was equipped with a tensometric sensor system for
measuring pressure (EMS50; WObit, Poznan, Poland) combined with a digital recorder (MG-TAE1;
WObit, Poznan, Poland).

 
Figure 2. Construction and principle underlying the operation of the hydraulic press: 1 – hydraulic
ram, 2 – measurement system, 3 – frame, 4 – tensometer, 5 – piston, 6 – cylinder and 7 – base.

The screw press used was a twin-screw type (Green Star Elite 5000; Tribest), which had a rated
power of 260 W and was equipped with a sieve with holes of 0.4/0.5 mm. The press has two rotating
gears. The dual stainless steel gears contain magnets and utilize bioceramic technologies that pull more
nutrients into the juice. The press gears at a low 110 rpm and generates minimal heat while juicing.

2.5.2. Extraction Procedure

The sample materials weighed 300 g. They were pressed in ten replicates in each type of press.
In the case of the basket press, the material was put in a special bag made of pressing cloth,

placed in the cylinder of the press, and subjected to the force applied by the piston. Once a pressure of
4.0 ± 0.1 MPa was reached, the extraction process was stopped.

In the case of the screw press, the material was directly put into the press chamber.
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The extracted juice was collected in plastic containers, filtered using a Whatman No. 1 filter and
stored in a refrigerator at a temperature of 4 ◦C.

2.5.3. Pressing Yield

The efficiency of pressing was calculated using the formula:

Wj(%) =
Mj

Mi
·100 (1)

where

Wj is the efficiency of pressing (%),
Mj is the mass of juice after pressing (kg), and
Mi is the mass of input material (kg).
The calculation was performed for all ten replicated samples.

2.6. Determination of Soluble Solids Content (Brix) and pH

After each extraction, the weight of the obtained juices was measured. The pH [29] and content
of soluble solids [30] were also calculated. To determine the pH of the juices, a CP-411 pH-meter
(Elmetron, Zabrze, Poland) was used. The content of soluble substances in fruit juices was measured
using a PAL-3 refractometer (Atago, Tokyo, Japan). The parameters were determined in three replicates
for each sample of extracted juice.

2.7. Determination of Viscosity

Viscosity was measured using a Brookfield viscometer (model LVDV-II + PRO; Brookfield
Engineering Laboratories) with Rheolac 3.1 software. A 16 mL sample of juice was taken in ULA –
10EY-baker for all experiments. The spindle speed was set at 10–80 rpm, which corresponded to a shear
rate of 12.24–97.84·s−1. The temperature was kept constant at 20 ◦C using a water bath (Brookfield
TC-502P). The measurement was performed in three replicates for each sample.

2.8. Determination of TPC

The total phenolic content (TPC) of apple juices was determined according to the FC method [31]
with slight modification. Gallic acid was used as the standard and was diluted with methanol (1 mg/1
mL) to give the appropriate concentrations required for plotting a standard curve. First, the sample
extract (0.2 mL) was mixed with 2 mL of methanol in a 25 mL volumetric flask. Then, Folin–Ciocalteu
reagent (2 mL, diluted 1:10) was added and allowed to react for 3 minutes. Next, 2 mL of Na2CO3

solution were added, and the mixture was made up to 25 mL with distilled water. After leaving the
mixture for 30 minutes at room temperature in the dark, the absorbance at 760 nm was measured
using a spectrophotometer (UV-1800; Shimadzu, Japan). The results were expressed as mg gallic acid
equivalent per 100 mL of fresh juice (mg GAE 100 mL−1). The measurement was performed in three
replicates for each sample.

2.9. Determination of Antioxidant Activity

The antioxidant activity of apple juices was evaluated using DPPH (2,2-diphenyl-1-picrylhydrazyl)
assay. For this analysis, 0.2 mL of apple juice was mixed with an aliquot of 5.8 mL of freshly prepared
6·10−5 M DPPH radical in methanol. After allowing to stand for 30 minutes at room temperature, the
spectrophotometric absorbance of the juice at 516 nm was measured using methanol as a blank. The
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measurement was performed in three replicates for each sample. Antioxidant activity was expressed
as percentage inhibition of the DPPH radical calculated using the following equation [32]:

AA(%) =
Absorbanceofcontrol−Absorbanceofsample

Absorbanceofcontrol
·100 (2)

2.10. Statistical Analysis

Statistical analysis of the data was performed with Statistica software (Statistica 12; StatSoft Inc.,
Tulsa, OK, USA) using analysis of variance for factorial designs. The significance of differences was
tested using Tukey’s least significant difference (LSD) test (p ≤ 0.05) and using T-test (p ≤ 0.05) for data
in Tables 1 and 2.

Table 1. Total soluble solids (Brix) of the apple juice depending on the type of press machine.

Variety
Solid Soluble Content (in Brix)

Basket Press Screw Press

Rubin 11.9 ± 0.00a 13.1 ± 0.00b
Mutsu 12.9 ± 0.00a 12.9 ± 0.00a

Jonaprince 11.2 ± 0.00a 11.9 ± 0.00b

a, b and c – average values in the row marked with the same letter are not statistically significantly different (T-test,
p ≤ 0.05).

Table 2. Acidity (pH) of the apple juice depending on the type of press machine.

Variety
Acidity (pH)

Basket Press Screw Press

Rubin 3.61 ± 0.012a 3.45 ± 0.125b
Mutsu 3.72 ± 0.008a 3.62 ± 0.08b

Jonaprince 3.81 ± 0.008a 3.73 ± 0.012a

a, b and c – average values in the row marked with the same letter are not statistically significantly different (T-test,
p ≤ 0.05).

3. Results and Discussion

3.1. Moisture Content of Fresh Apples

The moisture content of the apples ranged from 84.0% to 85.27%, and no significant differences
were observed between the tested varieties. Moisture content is an important parameter to be
determined to carry out further investigations because it influences the yield of juice processing.

3.2. Effect of the Press Construction on the Yield of Pressing

The effect of the type of press on pressing yield is shown in Figure 3.
The yield of pressing ranged from 61.9% to 71.6%. Generally, higher pressing yields were obtained

with screw press. In addition, statistical analysis showed significant differences in the efficiency of
juice extraction from the pulp of the different varieties of apples. A statistically significant effect of
the press type on the pressing yield was observed in the case of the Mutsu and Jonaprince varieties,
whereas no significant differences were noted in the case of Rubin.

In the case of the screw press, pieces of apple are fed into the cylinder and thrown to the perforated
wall by the centrifugal action of the gears. These gears crush, cut, and squeeze the pieces at the same
time. This maximizes the yield as well as the quality of juice. The yield of the recovered juice depends
on the diameter of the perforations, the speed of rotation of the gears and the gap between the knob
and the pulp discharge casing.
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Figure 3. Effect of the type of press machine on the pressing yield.

In the case of the basket press, the crushed material is wrapped in the pressing cloth and gradually
compressed by the hydraulic piston. The pressing cloth serves both as a package for the mash and as a
filter for the juice.

In the case of the screw press, the correct course of the process is influenced by the texture of
apples. Apples with a greater hardness are better for juice extraction on screw press, whereas those
with a lower hardness are shredded to very small-sized particles, creating a layer of mousse inside the
chamber, which clogs the sieve openings. This leads to a drop in the pressing yield or the passage of
the mousse to the liquid phase.

To support the hypothesis about the relationship between hardness and yield of pressing, the
texture properties of the apples were analysed.

Figures 4 and 5 show the hardness and cutting force of the tested apple varieties, respectively.

Figure 4. Hardness of the tested apple varieties.
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Figure 5. Cutting force of the tested apple varieties.

The texture analysis showed that, among the studied varieties, Rubin had the lowest hardness
and cutting force. Probably due to these features, no statistically significant differences in the pressing
yield were observed between the basket press and the screw press for this cultivar.

High efficiency of pressing was also reported by Takenaka et al. [33] when screw press was used
for the extraction of citrus juice. In their experiment, the authors demonstrated that, of the three tested
presses (belt, centrifugal and screw press), screw press provided the highest yield of pressing. The
extraction yield obtained with the screw press was approximately 54% higher as compared to the belt
press and approximately 18% higher as compared to the centrifugal extractor.

3.3. Effect of the Press Construction on the Soluble Solids Content

The content of soluble solids mainly reflects the amount of sugars and organic acids and is a very
important parameter of juice quality. A study conducted by Eisele and Drake [34] showed that the
content of soluble solids in juices obtained from various apple cultivars varied from 10.26 to 21.62 Brix.

In the present study, the content of soluble solids in the juices ranged from 11.2 to 13.1 ◦Brix
(Table 1). This is similar to the content of soluble solids in the pressure-extracted apple juice produced
in the Polish fruit and vegetable industry (i.e., 11.0–12.4 Brix) [35].

Generally, the juices obtained on the screw press had statistically significantly higher content of
soluble solids than the ones obtained on the basket press. This was due to the wider opening of cell
membranes and release of greater amounts of the deep-seated nutrients.

It was noted that the press type had no statistically significant effect on the content of soluble
solids in the case of the Mutsu variety, probably due to the structure of the apple tissue. In fact, the flesh
of the Mutsu apples is characterized by a coarse structure, while the Rubin and Jonaprince apples have
a fine-grained structure. It was likely that the basket press enabled the breakdown of coarse-grained
apples to the same extent as the screw press. Therefore, no effect of the type of press on the extract
content was found in the case of the Mutsu variety. On the other hand, due to the wider opening of
the cell membranes, the screw press enables a better breakdown of fine-grained structure. Therefore,
there were differences in the content of soluble solids between presses in the case of the Rubin and
Jonaprince varieties.

3.4. Effect of the Press Construction on Acidity

The apple juices were characterized by different levels of acidity (Table 2).
The pH of the juices obtained in this study ranged from 3.45 to 3.81. According to the literature,

acidity (pH) of the apple juice varies from 3.37 to 4.24 [34]. Kobus et al. [14] found that the pH of the
apple juice obtained on the screw press was in the range of 3.66 ± 0.09.
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The press construction had a significant effect on the pH of the tested apple juice. It was observed
that the juice extracted on the screw press had a slightly higher acidity (lower pH) compared to the
juice from the basket press. The acidity was higher by 2.2%, 2.8%, and 4.6% for Jonaprince, Mutsu,
and Rubin, respectively. A probable reason for the higher acidity of the juices from the screw press
was increased migration of microelements, organic acids, and secondary plant metabolites such as
polyphenols caused by the greater disintegration of membranes and cell walls.

Acidity is one of the most important traits of freshly squeezed apple juice. It influences the flavour,
clarity, colour, aroma, and overall sensory satisfaction [36]. In addition, high acidity acts as a natural
barrier against contamination by most microorganisms [37]. Consequently, it is reasonable to employ
the screw press to produce juice with relatively high acidity.

3.5. Effect of the Press Construction on Viscosity

The viscosity of the juices obtained in this study ranged from 3.15 to 4.35 mPa·s (Figure 6). The
viscosity of cloudy apple juice showed a wide range from 1.7 to 9.6 mPa·s, depending on the apple
variety, method of processing, and concentration of soluble solids. Genovese and Lozano [38] found
that the viscosity of apple juice from Granny Smith cv. ranged between 1.71 mPa·s at 10 ◦Brix and
3.65 mPa·s at 20 ◦Brix. Will et al. [39] reported that the values of viscosity ranged between 1.74 (Topaz
cv.) and 2.15 mPa·s (Boskoop cv.), and the values determined by Teleszko et al. [40] ranged between
2.40 and 9.60 mPa·s.
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Figure 6. Viscosity of the apple juice depending on the type of press machine.

In the present study, the press construction was found to have a significant effect on the viscosity
of the apple juice. In the case of Rubin, the viscosity of apple juice obtained on the screw press was
3.8% higher compared to the juice from the basket press. In the case of the Jonagold, the difference was
greater and amounted to 8.3%, while the highest difference amounting to 18.2% was observed in the
case of Mutsu.

The rheological behaviour of a cloudy juice is governed by both liquid viscosity and size
characteristics of the solids [41].

In the case of clear juice, the viscosity depends on the content of soluble solids, with sugars playing
the main role [42]. The juice from the Jonaprince variety obtained on the basket press was characterized
by the lowest content of soluble solids and lowest viscosity. By contrast, the juice obtained on the screw
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press had a higher content of soluble solids, which probably resulted in higher juice viscosity. Thus,
in the case of Jonaprince, the higher viscosity of the juice obtained from the screw press could have
resulted from the greater disintegration and release of soluble phytochemical ingredients from apples.

There were no statistically significant differences found in the content of soluble solids in the
juices obtained from the Mutsu cultivar between the tested presses. The higher viscosity observed
in the case of this variety may be caused by the higher amount of total suspended solids in the juice
obtained on the screw press, and due to the use of the pressing cloth, which serves both as a package
for the mash and as a filter for the juice, for extraction on the basket press.

In the case of Rubin, the higher viscosity of the juice obtained on the screw press was mainly due
to the higher content of soluble solids.

3.6. Effect of the Press Construction on TPC

Polyphenols play an important role in fruit juices because they influence the colour and flavour [11].
The content of polyphenols in juices varies depending on both the fruit variety and production
technique used.

In the present study, the content of polyphenols in the juices ranged from 29.89 to 60.96 mg GAE
100 mL−1 (Figure 7).
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Figure 7. Total phenolic content of the apple juice depending on the type of press machine.

The TPC in juices produced in Europe varies within a broad range from 10 to 300 mg GAE
100 mL−1 [43]. Kobus et al. [14] showed that the content of polyphenols in juices obtained on the screw
press ranged from 44.2 to 58.3 mg GAE 100 mL−1.

In this study, the statistical analysis revealed a significant effect of the press type on the content
of polyphenols in the obtained juices. The juices from the screw press were statistically significantly
richer in polyphenols than the juices from the basket press. The higher content of polyphenols in the
juice from the screw press was related to the higher percentage of solid particles and probably better
grinding of apple tissue, especially skin.

It is generally known that apple skin is characterized by a higher content of polyphenols compared
to the flesh. There is up to a three- to fourfold difference between these two tissue types [44]. Thus,
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with the complex action of the gears, the screw press ensures better disintegration of apple skin and
greater release of the cell contents to the extracted juice.

It is also known that the content of phenolic compounds decreases gradually during grinding and
pressing due to the oxidation of pulp and freshly extracted juices [11,45]. So, our results can also be
attributed to the rate of mash oxidation. Since the apples were disintegrated directly in the screw press,
the entire process of juice extraction was faster and the rate of mash oxidation was lower than in the
case of the basket press.

Noteworthy, for varieties with similar contents of polyphenols in the juice extracted on the basket
press (Rubin – 30.47 mg GAE 100 mL−1 and Mutsu – 29.89 mg GAE 100 mL−1), a similar percentage of
increase in polyphenols was also observed in the juice obtained on the screw press (62% for Rubin and
65% for Mutsu).

Jaeger et al. [12] found that the release of polyphenols from coarse mash was lower than that from
fine mash. Since the screw press crushes apples more finely than the basket press, more polyphenols
are extracted to the juice. A similar observation was reported by Heinmaa et al. [11], who noticed a
higher amount of individual polyphenols in the juice extracted on a belt press (which also crushes the
apples during pressing) as compared to the rack-and-frame press.

The efficiency of polyphenol extraction on individual presses may also be influenced by the
textural characteristics of the apples tested. It is worth mentioning that the greatest differences were
observed in the Mutsu and Rubin varieties, which are characterized by lower cutting forces.

3.7. Effect of the Press Construction on Antioxidant Activity

The antioxidant capacity of a substance is defined as its ability to scavenge reactive oxygen species
and electrophiles [46]. Antioxidant activity is a very important parameter of juice quality.

The effect of press construction on the antioxidant capacity of juices is presented in Figure 8.
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Figure 8. Antioxidant activity of the apple juice depending on the type of press machine.

The study showed that press construction had a significant effect on the antioxidant activity
of the juice depending on the apple variety used. In the case of Rubin and Mutsu, the differences
in antioxidant activity were statistically significant, whereas no statistically significant differences
were found for Jonagold. Among the cultivars, the juice obtained from Mutsu showed the highest
antioxidant activity.
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The ability to scavenge free radicals was very closely related to the content of phenolic compounds
in the apple juice. For the Jonagold, only small differences in the content of polyphenols in the juices
were observed between the presses, which probably resulted in the absence of statistically significant
differences in the antioxidant activity. Numerous studies have demonstrated a strong relationship
between the polyphenols concentration and the antioxidant capacity of foods [44,47–50].

On the other hand, Wolfe et al. [51] did not find any relation between the antioxidant capacity
and the TPC in apples. The lack of a correlation between these two properties may be related to the
extraction process, apple varieties, percentage share of individual polyphenols, and the content of
other compounds such as vitamin C, which may influence the antioxidant capacity.

Another determinant of the antioxidant activity is the degree of disintegration of the raw
material. After cutting, defence metabolism is activated and synthesis and oxidation of phenolics occur
simultaneously, modifying the initial phenolic composition of the fruit [46].

An effect of the processing technology on antioxidant capacity was also observed in other studies.
For instance, Heinmaa et al. [11] reported that antioxidant capacity was highest in juices extracted
on water press, followed by those extracted on belt press and rack-and-frame press. Their results
also showed that the degrees of correlation between individual polyphenols and antioxidant activity
were different.

Both antioxidant activity and TPC indicate the quality of a product with respect to its biological
properties, and hence can be used in the process of quality control in the production of apple juices [52].
As indicated by our results, small-scale manufacturers should be advised to make use of a screw press
to produce healthy and high-quality apple juice.

4. Conclusions

The present research demonstrated the varied efficiency of extraction of apple juice depending on
the design of the press and apple variety. Generally, application of the screw press ensured higher
yields of pressing compared to the basket press. The differences in the yield of extracted juice observed
between the presses were related to the wider opening of cell membranes and release of greater
amounts of nutrients facilitated by the screw press.

This study also showed the effect of press construction on the quality of apple juice. The juices
extracted on screw press had higher TPC and antioxidant activity. This was probably due to the
more intensive grinding and mixing of the raw material and the greater release of valuable bioactive
components into the extracted juice. Additionally, the apple juices extracted on the screw press were
characterized by a higher content of soluble solids, higher viscosity, and lower acidity. The obtained
results indicate the necessity of further research on the use of screw presses for the production of juices
from various varieties of apples in the farm conditions.
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Abstract: Sustainable technologies are increasingly promoted in various production areas. Protection
of natural resources, as well as rational waste management, may lead to better optimization of
technologies. Biochar, a product of pyrolysis of organic residues has found wide applications in waste
management, agriculture, energy and construction industry. In the present study biochar samples
produced in Poland and in Brazil were analysed for microbial content using three substrates: Plate
Count Agar, Malt Agar, and Potato Agar. Both qualitative and quantitative measurements were done.
Microscopic analysis of the biochar structure was also performed. We found that microbial cultures
in both biochars represented a wide range of biodiversity of microorganisms genera and species.
We demonstrate that the biochar samples differ depending on the botanical origin as well as on the
production technology. Structure of the tested samples also varied depending on the botanical origin.
Sample 1-PL (pine) was characterised by a compact and regular structure, while sample 2-PL (oak)
showed porous and irregular structure. Sample from Brazil (1-BR) showed a more delicate structure
than Polish biochars. Obtained properties may suggest a range of implications for practice.

Keywords: biochar; microbiological analysis; structure; implications for practice

1. Introduction

Biochar, carbonous substrate originating from the process of pyrolysis [1] has been demonstrated to
have various potential benefits such as increasing agricultural yields [2–4], soil and sediment remediation [5]
or improving animals health in livestock farming [6]. There has been also a recent interest in using biochar
in construction [7] with potential benefits for diminishing humidity inside buildings, thermal isolation
and fungus development control [8–12]. Biochar or microporous carbon is also used for humidity control,
a property that has been extensively researched by Nakano et al. (1996) and Abe et al. (1995). Humidity
control by microporous carbon can reduce asthma and dermatitis occurrences by controlling the growth of
mould and ticks [10–13]. However, there is little research that looks into a range of biochars, identifying
and quantifying microbial colonies. Although the number and the type of microbial colonies in biochar
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have various implications, including crop interactions and safety, the microbial composition remains
an under-investigated aspect of biochar research. Of particular interest, are the bacteria from family Bacillus.
They are common throughout a range of environments and tolerate acid and alkaline conditions. On the
account of the possibility to create endospores they can survive in extreme environments and are commonly
isolated from unfresh and spoiling food products. Majority of the Bacillus species are safe for people with
the exception of B. anthracis and B. cereus. Due to their widespread persistence and resistance, these
bacteria are used in commercial production of enzymes, antibiotics, insecticides, vitamins and metabolites
such as hyaluronic acid (used for example in cosmetics) [14,15]. Enzymes such as α-amylases, able to
hydroliseα-1,4-glycoside bonds in starch, originating from Bacillus sp. are commonly used in food, chemical
and textile industry as well as for the production of pharmaceutics [16–18].

Another important characterization of biochar is their fungus content, such as Alternaria, Aspergillus,
Candida, Cladosporium, Penicillium and Rhizopus. Although favouring humid environments, Aspergillus
and Penicillium, are able to survive in dry conditions. A range of fungus metabolites are antibiotics, such as
the metabolites of Penicillium puberulum. An important feature of fungus is their mycotoxin production
(such as alphatoxins), on the account of their cancerogenic and teratogenic properties, even in small
concentrations [19,20]. They are degraded in an alkaline environment and under UV radiation [21–25].
The implications of microbial and fungus content in biochar can be far-reaching. Even though some of
these organisms may remain inactive due to its limitations in accessibility, the presence of microbes and
fungus may have both positive and negative implications, and their use will vastly depend on destination.
Biochars rich in desired bacteria may be used as a substrate in in-vitro production whereas those with
limited undesired organisms may be used for construction or in the food industry. However, the microbial
characterization is not yet commonplace and the properties of different biochars from different biomass
and different pyrolysis processes have been rarely reported while the microbial community composition
associated with biochar is poorly understood [26,27].

Here we present the qualitative and quantitative comparison of two dissimilar biochars, focusing on
the microbial content, and discuss the implications for the use of these biochars in practice. The biochars
were produced in different pyrolysis processes: biochar from Brazil was produced in home-made stove
adopted usually by the farmers in their on-site production for their agricultural use or for charcoal
sale. Biochar from Poland was industrially produced from a large-scale energy plant. Our results have
important implications for the use of biochar in practice and are the first that discuss in comprehensive
manner biochars from dramatically different production processes and different biomass with different
potential applications.

The aim of the study was to compare Brazilian and Polish biochar samples in terms of the microbial
content and the structure of the surface. In addition, an attempt was made to assess the properties of
test samples in terms of their potential use in practice.

2. Materials and Methods

The research material consisted of two types of biochar coming from Brazil and Poland:

1. biochar from Brazil obtained from Gliricidia plant (1-BR),
2. biochar from Poland obtained from Pine woodchips (1-PL),
3. biochar from Poland obtained from Oak woodchips (2-PL).

Biochar samples provided for the research were placed in sterile conditions. Similarly, throughout
the study, extensive precautions were put in place to limit microbial contamination.

1. Brazilian biochar characterization

The Brazilian biochar was produced in home-made drum stove from Gliricidia sepium at the
temperature of approximately 350 ◦C. Gliricidia is a commonly used plant in organic farming for
nitrogen-fixing. It is also used as ‘living fence’ at agricultural farms and pasturelands. Despite its benefits,
it grows fast and may provide excessive shadow, limiting plant growth. In certain circumstances, there is,
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therefore, a need for cutting off the upperground branches that do not have an alternative use. Moreover,
at the site where the biochar was produced (Brazilian Agricultural Research Station, Embrapa Agrobiologia,
Seropedica km 47), Gliricidia become an invasive species that disseminated rapidly entering native forest
fragments. The source of biomass for biochar production in Brazil, therefore, did not compete with
alternative biomass uses, as at times criticised in literature [28]. Branches of Gliricidia were dried for two
weeks before pyrolization. Cut and dry biomass was put into the stove, fired up and closed with drum cup
and isolated with a layer of sand. The pyrolization time was 24 h. After that time biochar was cooling for
another 24 h (with open stove) and sieved at 4 mm (Figure 1).

 
Figure 1. Steps of production: Rio de Janeiro state where biochar was produced, Gliricidia tree, dry
Gliricidia before being cut at put into the stove, drum stove, biochar (before being sieved), table with
biochar properties [4].

2. Polish biochar characterization

Biochar was produced according to Fluid SA company technology. The process consisted in
thermal refining of plant biomass and other post-production biomass residues through their autothermal
roasting at the temperature 260 ◦C in reduction atmosphere and without the use of additional energy,
catalysts, and chemical additives.

Carbonising products consisted mainly of biochar (from 65% to 70% of energy compared to the
energy of the feed) and process gases (from 20% to 35% of energy compared to the energy of the feed).
During the process, a significant increase of the carbon element (C) in relation to the biomass of the
feed was recorded (1.5 to 2.0 times) as well as an increase of energy density, on average by 4.0 times,
reduction of the amount of hydrogen (H), on average by 2.5 times, and reduction of the amount of
oxygen (O2), on average by 3.0 times. Polish samples of biochar were produced from pine woodchips
(1-PL) and oak woodchips (2-PL).

The research was carried out at the Innovation Research Center (CBNI) and Regional Center of
Agriculture, Environmental and Innovative Technology (EAT) Pope John Paul II State School of Higher
Education in Biała Podlaska, Poland.

387



Sustainability 2020, 12, 1526

2.1. Microbiological Analysis of Biochar Samples Consisted of Qualitative and Quantitative Determination of
Bacteria and Fungi Species

For the research three standardized substrates were used in the assessment process:

(a) The total number of microorganisms cultivated on PCA substrate (PLATE COUNT LAB-AGAR™)
in temperature of 30 ◦C and time period 72 h.

(b) The total number of fungi colonies cultivated on PDA substrate (POTATO DEXTROSE
LAB-AGAR™) in temperature of 30 ◦C and time period 72 h, after that time the temperature was
decreased to 21 ◦C for the next 72 h.

(c) The total number of fungi colonies cultivated on MA substrate (MALT EXTRACT LAB-AGAR™)
in a temperature of 24 ◦C and time period 144 h.

The substrates used had been purchased from BIOMAXIMA S.A. The dilution method PN-EN
ISO 7218 [29] was used with the dilutions of 10−1, 10−2, 10−3, 10−4, and 10−5.

The qualitative and quantitative assessment was done on the basis of microbial flora species
composition using macroscopic and microscopic methods, as well as taxonomic keys and atlases.
It was expressed in CFU/g units [30–35].

2.2. Microscopic Examination of the Structure

Examination of the biochar sample structure was done using a research microscope Nikon Eclipse
E-200 with fluorescence attachment and SCA image analysis.

3. Results

In the sample, 1-BR cultured on PCA substrate dominated strains of Bacillus sp. (the average
number of colonies from UNC to 204 colonies for dilutions ranging from 1 to 10−5. The plates were
overgrown on the entire surface with the colonies of Bacillus sp. On two plates confluent growth was
observed, which made it impossible to perform a quantitative count (Table 1).

Table 1. Microbiological analysis of the culture from the biochar sample from Brazil (1-BR) cultivated
on PCA (PLATE COUNT LAB-AGAR™) substrate (CFU/g).

Dilution

I II III Average Number of Colonies

1 Bsp. (UNC) Bsp. (UNC) Bsp. (UNC) UNC
10−1 Bsp (UNC) Bsp (UNC) Bsp (UNC) UNC
10−2 Bsp. (214) Bsp. (194) Bsp (UNC) 204.0
10−3 Bsp. (36) Bsp. (62) Bsp (UNC) 49.0
10−4 Bsp. (3) Bsp. (6) Bsp. (23) 10.7
10−5 Bsp. (2) 0 Bsp. (4) 2.0

I, II, III—repetitions; (UNC)—in brackets the uncountable colonies; (NC)—in brackets the number of colonies (NC);
Bsp.—Bacillus sp.

On malt substrate (Table 2) strains of Bacillus sp. were identified for the dilution of 1 and 10−1.
Furthermore, in the second repetition for the dilution of 10−1, the following strains were isolated:
Aspergillus versicolor (UNC), Aspergillus flavus (UNC), Aspergillus fumigatus (UNC), Aspergillus
niger (3), Aspergillus candidus (2), Aspergillus nidulus (7), Penicillium sp. (UNC), Rhizopus sp. (2),
while during the third repetition: Aspergillus versicolor (UNC), Aspergillus fumigatus (8), Aspergillus
niger (8), and Penicillium sp. (UNC). For the dilution of 10−2, in the first repetition, besides Bacillus sp.
the following were isolated: Aspergillus versicolor (UNC), Aspergillus nidulus (1), Aspergillus flavus
(1), Aspergillus niger (5), Rhizopus sp. (UNC), in the second repetition: Aspergillus versicolor (18),
Aspergillus fumigatus (1), Penicillium sp. (8), while in the third repetition: Aspergillus versicolor (3),
and an overgrowth of Bacillus sp. on the entire surface plate was recorded. In the case of dilution of 10−3,
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on average 7.3 colonies of Aspergillus sp., Aspergillus versicolor, Aspergillus flavus, and Penicillium
sp. were isolated, as well as Bacillus sp., in the case of which confluent growth was observed.

Table 2. Microbiological analysis of the culture from the biochar sample from Brazil (1-BR) cultivated
on MALT substrate (CFU/g).

Dilution

I II III Average Number of Colonies

1 Bsp (*) Bsp (*) Bsp (*) -

10−1 Bsp (*)

Aver (UNC)
Afl (UNC)
Afum (UNC)
Anig (3)
Acan (2)
Anid (7)
Psp. (UNC)
R (2)
Σ(UNC)

Aver (UNC)
Afum (8)
Anig (8)
Psp (UNC)
Σ(UNC)

UNC

10−2

Aver (UNC)
Afl (1)
Anig (5)
Anid (1)
R (UNC)
Bsp (*)
Σ(UNC)

Aver (18)
Afum (1)
Psp (8)
Σ(27)

Aver (36)
Asp. (1)
Psp (6)
R (2)
Σ(45)

36.0

10−3

Aver (6)
Asp. (1)
Bsp (*)
Σ(7)

Aver (5)
Afl (1)
Asp. (1)
Psp (1)
Σ(8)

Aver (5)
Psp (1)
Σ(7)

7.3

10−4 Bsp (*) Aver (2)
Σ(2)

Aver (1)
Σ(1) 1.0

10−5 0 0 0 0

I, II, III—repetitions; (UNC)—in brackets the uncountable colonies; (NC)—in brackets the number of colonies (NC);
Σ (NC)—total numbers of colonies; Aver—Aspergillus versicolor; Afl—Aspergillus flavus; Afum—Aspergillus
fumigatus; Anig—Aspergillus niger; Acan—Aspergillus candidus; Anid—Aspergillus nidulus; Asp.—Aspergillus
sp; Psp.—Penicillium sp; R—Rhizopus sp; Bsp (*)—plate overgrown by Bacillus sp.

For the dilution of 10−4, in the first repetition, Bacillus sp. was isolated, characterised by a confluent
growth, while in the second and third repetition Aspergillus versicolor species were recorded with the
average number of colonies equal to 1.0. After averaging the readings the average number of fungi
colonies ranged from UNC to 45. On POTATO substrate (Table 3) for the dilution of 1, no colonies of
microorganisms were recorded.

In the case of dilutions from 10−1 to 10−5, in all repetitions, strains of Bacillus sp. overgrown
on the entire surface of the plate were observed, which made a quantitative count impossible to
perform. Additionally, the following genera or species were isolated: Aspergillus sp., Aspergillus
niger, Aspergillus flavus, Aspergillus versicolor, Aspergillus candidus, Aspergillus fumigatus, as well
as Penicillium sp. (the average number of colonies ranging from 0.3 for the dilution of 10−4 to 3.7 for
the dilution of 10−3). However, for the dilution of 10−5, no colonies of microorganisms were isolated.
In the case of sample no. 1-PL cultured on PCA substrate (Table 4) dominated strains of Bacillus sp.
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Table 3. Microbiological analysis of the culture from the biochar sample from Brazil (1-BR) cultivated
on POTATO substrate [CFU/g].

Dilution

I II III Average Number of Colonies

1 0 0 0 0

10−1 Bsp (*)

Anig (2)
Afl (2)
Asp. (2)
Bsp (*)
Σ(6)

Aver (UNC)
Acan(2) Anig
(1)
Afl (UNC)
Σ(UNC)

3.0

10−2 Bsp (*)
Aver (2)
Acan(1)
Afl (1)
Σ(4)

Aver (3)
Bsp (*)
Σ(3)

2.3

10−3 Bsp (*) Bsp (*)

Aver (6)
Acan(1)
Anig (1)
Afum (1)
Afl (1)
Psp (1)
Bsp (*)
Σ(11)

3.7

10−4 Bsp (*) Bsp (*) Psp (1)
Bsp (*)
Σ(1)

0.3

10−5 0 0 0 0

I, II, III—repetitions; (UNC)—in brackets the uncountable colonies; (NC)—in brackets the number of
colonies (NC); Σ (NC)—total numbers of colonies; Aver—Aspergillus versicolor; Afl—Aspergillus flavus;
Afum—Aspergillusfumigatus; Anig—Aspergillus niger; Acan—Aspergillus candidus; Anid—Aspergillus nidulus;
Asp.—Aspergillus sp; Psp.—Penicillium sp; R—Rhizopus sp; Bsp (*)—plate overgrown by Bacillus sp.

Table 4. Microbiological analysis of the culture from the biochar sample from Poland (1-PL, 2-PL)
cultivated on PCA substrate (CFU/g).

Dilution

I II III
Average Number

of Colonies

Biochar
Pine
1-PL

Oak
2-PL

Pine
1-PL

Oak
2-PL

Pine
1-PL

Oak
2-PL

Pine
1-PL

Oak
2-PL

1 Bsp.
(UNC) 0 Bsp.

(UNC) Afl (1) Bsp.
(UNC) 0 UNC 0

10−1 Bsp (421) 0
Bsp (443)
Micro (1)
Σ(444)

0 Bsp (771) 0 545.3 0

10−2 Bsp. (61) 0 Bsp. (54) 0 Bsp (124) 0 79.7 0
10−3 Bsp. (6) 0 Bsp. (3) 0 Bsp (10) 0 6.3 0

10−4 0 0 0 0 Bsp. (1) 0 0.3 0

10−5 0 0 0 0 0 0 0 0

I, II, III—repetitions; (UNC)—in brackets the uncountable colonies; (NC)—in brackets the number of colonies (NC);
Σ (NC)—total numbers of colonies; Bsp.—Bacillus sp; Micro—Micrococcus sp; Afl—Aspergillus flavus.

The average number of colonies ranged between 545.5 for the dilution of 10−1 and for the dilution
of 1 also uncountable growth of Micrococcus sp. For the dilution of 10−5, no colonies of microorganisms
were isolated. On MALT substrate (Table 5), for the dilution of 1, strains of Aspergillus flavus were
isolated, and the average number of colonies count was 1.7.
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Table 5. Microbiological analysis of the culture from the biochar sample from Poland (1-PL, 2-PL)
cultivated on MALT substrate (CFU/g).

Dilution

I II III
Average Number

of Colonies

Biochar
Pine
1-PL

Oak
2-PL

Pine
1-PL

Oak
2-PL

Pine
1-PL

Oak
2-PL

Pine
1-PL

Oak
2-PL

1 Afl (2) 0 0 0
Afl (1)
# (2)
Σ(3)

0 1.7 0

10−1 0 0 0 0 0 Psp. (1) 0 0.3

10−2 0 0 0 0 0 0 0 0

10−3 0 0 0 0 0 0 0 0

10−4 0 0 0 0 0 0 0 0

10−5 0 0 0 0 0 0 0 0

I, II, III—repetitions; (UNC)—in brackets the uncountable colonies; (NC)—in brackets the number of colonies (NC);
Σ (NC)—total numbers of colonies; Afl—Aspergillus flavus; Psp.—Penicillium sp; #—unidentified fungi colony.

Within the range of dilutions between 10−1 and 10−5, no colonies of microorganisms were isolated.
On POTATO substrate (Table 6) strains of Bacillus sp. overgrown on the entire plate were observed
(average number of colonies from UNC for the dilution of 1 to 1 colony for the dilution of 10−4). For the
dilution of 10−5, no colonies of microorganisms were isolated. In the case of sample no. 2-PL on PCA
substrate for the dilution of 1, only in the second of the three repetitions, 1 colony of Aspergillus flavus
was isolated. On the plates, with the dilutions ranging from 10−1 to 10−5, no colonies of microorganisms
were isolated. On the MALT substrate for the dilution of 10−1 1 colony of Penicillium sp. was isolated.
Meanwhile, for the dilutions ranging from 10−2 to 10−5 no colonies of microorganisms were isolated.
On POTATO substrate, for the dilution of 10−1, 1 colony Aspergillus versicolor was isolated, while
for the dilution of 10−2 1 colony of unidentified fungi was recorded. On the plate, with the dilution
of 10−3, no microorganisms were recorded. In contrast, on the plate with the dilution of 10−4 one
yeast colony was isolated. On the plate, with the dilution of 10−5, no microorganisms were recorded.
After the microbiological analysis of biochar samples, it was noted that sample 2-PL was the least
microbiologically polluted. However, it should be stated that in Polish samples biologically different
microorganisms were present. In the sample, 1-PL dominated strains of Bacillus sp. While in sample
2-PL dominated, though in small amount, strains of fungi species: Aspergillus flavus, Aspergillus
versicolor, and Penicillium sp. In the case of biochar sample from Brazil, the same microorganisms
were present as the ones isolated and identified in Polish samples.
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Table 6. Microbiological analysis of the culture from the biochar sample from Poland (1-PL, 2-PL)
cultivated on POTATO substrate (CFU/g).

Dilution

I II III
Average Number

of Colonies

Biochar
Pine
1-PL

Oak
2-PL

Pine
1-PL

Oak
2-PL

Pine
1-PL

Oak
2-PL

Pine
1-PL

Oak
2-PL

1 Bsp (*) 0 Bsp (*) 0 Bsp (*) 0 0 0

10−1 Bsp (*>100) 0 Bsp (*>100) Aver (1) Afl (1)
Bsp (*>100) 0 0.3 0.3

10−2 Bsp (*32) # (1) Bsp (*43) 0 Bsp (*54) 0 0.3 0

10−3 Bsp (*1) 0 Bsp (*5) 0 Bsp (*9) 0 0 0

10−4 0 0 Bsp (*1) 0 0 ## (1) 0.3 0

10−5 0 0 0 0 0 0 0 0

I, II, III—repetitions; (UNC)—in brackets the uncountable colonies; (NC)—in brackets the number of colonies (NC);
Σ (NC)—total numbers of colonies; Aver-Aspergillus versicolor; Afl—Aspergillus flavus; Bsp (*)—plate overgrown
by Bacillus sp; #—unidentified fungi colony; ##—unidentified yeast colony.

The microscopic analysis, carried out using research microscope Nikon Eclipse E-200 with
fluorescence attachment and SCA image analysis, shows the structure of biochar 1-BR (Figure 2),
biochar 1-PL (Figure 3) and biochar 2-PL (Figure 4). Biochar 1-BR presents irregular structure, but this
is not as dense as in the case of biochar 2-PL (oak). The structure of biochar sample 1-BR (Brazil)
is undulating and porous. However, this sample seems to have the most irregular structure when
compared with samples 1-PL (pine) and 2-PL (oak).

  
(a) (b) 

  
(c) (d) 

Figure 2. Microscopic images of biochar from Brazil (1-BR). (a) magnification 300×, (b) magnification
500×, (c) magnification 1000×, (d) magnification 2500×.
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(a) (b) 

  
(c) (d) 

Figure 3. Macroscopic images of biochar from Poland (1-PL). (a) magnification 300×, (b) magnification
500×, (c) magnification 1000×, (d) magnification 2500×.

  
(a) (b) 

  
(c) (d) 

Figure 4. Microscopic images of biochar from Poland (2-PL). (a) magnification 100×, (b) magnification
500×, (c) magnification 1000×, (d) magnification 2000×.
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Oak (sample 2-PL), being hardwood, in the microscopic images shows a hard and porous structure,
while pine (sample 1-PL) has regular, slightly porous, and delicate structure.

4. Discussion

The microbiological analysis of the three biochar samples demonstrated that samples 1-PL and
2-PL were less microbiologically contaminated than sample 1-BR. In the case of sample 1-BR, similar
microorganisms were isolated as from samples 1-PL and 2-PL. In sample 1-BR, among others, the following
were present: Bacillus sp. Aspergillus sp. Aspergillus niger, Aspergillus flavus, Aspergillus versicolor,
Aspergillus candidus, Aspergillus fumigatus, as well as Penicillium sp. and Rhizopus sp. Such a broad
range of microorganisms was isolated neither from sample 1-PL nor 2-PL. At the same time, there is
a certain similarity between the biochar from Poland and Brazil, namely the strains isolated from Brazilian
biochar were present in two types of biochar from Poland, originating from two botanically different
sources. When analysing the two samples from Poland opposite observations should be made, namely
that biologically different microorganisms were present in these two samples. In sample 1-PL (pine)
strains Bacillus sp. dominated. In sample 2-PL (oak) dominated, though in small amounts, strains
of fungi: Aspergillus flavus, Aspergillus versicolor, as well as Penicillium sp. In the sample from
Brazil strains Bacillus sp., Aspergillus sp., and Rhizopus sp. were the most numerous ones. After the
microbiological and microscopic analysis, it can be concluded that the two samples have very interesting
characteristics that can be used depending on the purpose. It was observed that sample 2-PL was less
microbiologically contaminated. However, it should be stated that in the tested samples biologically
different microorganisms were identified. In the sample 1-PL strains Bacillus sp. dominated. In the
sample 2-PL dominated, thought in small amount, strains of fungi: Aspergillus flavus, Aspergillus
versicolor, as well as Penicillium sp. Additionally, differences were observed in the microscopic images,
where sample 1-PL (pine) was characterised by a compact and regular structure, while sample 2-PL (oak)
had irregular and porous structure. At the same time, the significantly differing structure was observed
in the case of biochar 1-BR (Brazil). It was more delicate than the other test samples. The porous structure
and specific surface of biochar are its most important physical properties and they are responsible
for the course of various processes in the soil. Biochar has high internal porosity, which affects the
water absorption, sorption capacity, and retention of nutrients in the soil. Therefore, it improves
physicochemical properties of the soil, facilitates the use of nutrients by plants, and prevents nutrients
leaching. Biochar may improve soil structure (water-air properties) [36,37]. Presence of certain genera
and species in the test samples may be associated with the generic traits of the raw materials from
which they were derived. In addition, the manner, in which test samples were produced, might also be
important. The biochar from Poland came from controlled, patented, and repeatable production. On the
other hand, the biochar from Brazil was produced in a simple way reflecting the possibility to be repeated
by the farmers, wherein not every production parameter can be controlled. This type of dependency
is directly proportional to the microbiology of test samples. Summing up, all the samples have very
interesting properties that may be used depending on the intended purpose. Implications for practice
are now widely used in many research centres around the world. Herrman et al. (2019) concluded that
the addition of biochar from rubber tree caused a raise of the soil pH value as well as its nutrient content.
In the research cited higher sensitivity to the activity of applied biochar was recorded in the case of
fungi occurring in the soil as compared to bacteria present there [38]. Similar studies were performed in
Bulgaria [39] using biochar in the cultivation of wheat and maize in crop rotation. The stimulating effect
of biochar on soil microflora was observed, in particular on the number of bacteria. The research was
considered to be a promising method for preserving soil fertility. Azis et al. (2019) concluded that in
the case of soil on which wheat is cultivated addition of biochar, in experimentally determined amount,
improves the physicochemical properties of the soil and soil microflora, which in turn has a positive effect
on the productivity of the soil and increased yields [40]. In other studies, Hardy et al. investigated the
long-term application of biochar in order to improve the quality of soil microorganisms. For this purpose,
specialized models imitating soil conditions were designed. Biochar was shown to modify the quantity
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and quality of soil microorganisms, however, in order to properly design a successful modification of
the soil using biochar its properties should be considered in conjunction with the soil conditions [41].
Unfortunately, in the available literature of the subject, there is no similar research with which one could
compare the results obtained in this work. Based on the definition of sustainable development, strategies
of environmental protection should consist of continuous, integrated and anticipatory actions undertaken
in production processes. Such actions lead to an increase in production efficiency and reduce risks to
humans and the natural environment. Sustainable production aims at the manufacture of goods which
uses processes limiting environmental pollution. In this context, biochar production based on waste-free
use of organic biomass has the traits of sustainable development.

5. Conclusions

1. In the biochar sample from Brazil (1-BR), both bacteria: Bacillus sp., and fungi: Penicillium
sp., Aspergillus versicolor, Aspergillus flavus, Aspergillus fumigatus, Aspergillus niger, Aspergillus
candidus, Aspergillus nidulus, and Rhizopus sp. were observed and identified.

2. In biochar sample from pine woodchips (1-PL) colonies of Bacillus sp. and Micrococcus sp.
bacteria were observed and identified.

3. In biochar sample from oak woodchips (2-PL) fungi: Aspergillus flavus, Aspergillus versicolor,
and Penicillium Sp. were observed and identified.

4. On the basis of microscopic images, diverse structures of the samples were recorded. Sample
1-PL (pine) is characterised by a compact and regular structure, while sample 2-PL (oak) shows porous
and irregular structure. Sample from Brazil (1-BR) is characterised by a structure more delicate than
these of the remaining test samples.

5. Samples coming from controlled production (1-PL, 2-PL) were less microbiologically
contaminated than biochar sample from Brazil (1-BR).

6. The results obtained can be used as relevant utilitarian data for implications for practice.
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37. Bis, Z. Biowęgiel-powrót do przeszłości, szansa dla przyszłości. Czysta Energ. 2012, 6, 28–31.
38. Herrmann, L.; Lesueur, D.; Robin, A.; Robain, H.; Wiriyakitnateekul, W.; Bräu, L. Impact of biochar application

dose on soil microbial communities associated with rubber trees in North East Thailand. Sci. Total Environ.
2019, 689, 970–979. [CrossRef]

39. Petkova, G.; Nedyalkova, K.; Mikova, A.; Atanassova, I. Microbiological characteristics of biochar amended
alluvial meadow soil. Bulg. J. Agric. Sci. 2018, 24 (Suppl. S2), 81–84.

40. Aziz, S.; Laiba, Y.; Asif, J.; Uzma, F.; Zahid, Q.; Isfahan, T.; Syed, K.H.; Ali, M.I. Fabrication of biochar from
organic wastes and its effect on wheat growth and soil microflora. Pol. J. Environ. Stud. 2020, 29, 1069–1076.
[CrossRef]

41. Hardy, B.; Sleutel, S.; Dufey, J.E.; Cornelis, J.-T. The long-term effect of biochar on soil microbial abundance,
activity and community structure is overwritten by land management. Front. Environ. Sci. 2019, 7, 110.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

397





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Sustainability Editorial Office
E-mail: sustainability@mdpi.com

www.mdpi.com/journal/sustainability





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03943-764-1 


	Blank Page



