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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.
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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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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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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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