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Abstract: The fractal dimension is widely used in many fields as a parameter to characterize the
geometric complexity and geometric distribution relationship of research objects. To study the surface
characteristics of sulfide ore particles, the fractal theory was applied to quantitatively characterize the
surface fractal dimension Ds of sulfide ore microparticles in three particle size ranges, 60-100 mesh,
100-140 mesh and >200 mesh, based on the area—perimeter method. Using an optical microscope,
grain projection images of the particles were obtained. The grain shape and characteristics of sulfide
ore particles were studied by means of an image processing system. The results demonstrate that the
grain shape of sulfide ore particles can be expressed by fractal dimension, and the particle surface
fractal dimension ranges from 2.4392 to 2.5492. It was found that the fractal properties begin to
decrease due to the increasing of the particle size. The larger the fractal dimension, the finer the
particles are. The fractal dimension of sulfide ore particles can be used as an important indicator of
their particle shape distribution characteristics, which can provide important information for further
study of the relevant physical and chemical properties of sulfide ore particles and provide a new
theoretical method and basis for the adhesion and removal of sulfide ore dust. With the quantitative
description of the fractal distribution of sulfide ore particles, a new way to study the adhesive force
between particles is offered for further research.

Keywords: sulfide ores; grain shape; fractal dimension; adhesion effect; image processing

1. Introduction

A large amount of dusts are produced from mining, metal smelting and other produc-
tion activities. Dust pollution is one of the world’s public hazards. With the development
of the mining industry in China, especially the improvement of mechanization in mining,
dust pollution is becoming a serious problem [1-4]. Workers who are exposed to high
dust concentrations for an extended length of time run a serious risk to their health and
safety [5-8]. China reported more than 1,012,000 cases of occupational diseases by the
end of 2020, with pneumoconiosis making up over 88.6% of these cases. The status of
occupational sickness in China is still dire, and pneumoconiosis is still the most dangerous
occupational disease, despite the fact that many production businesses have adopted nu-
merous effective dust protection measures. It was put forward by Chao Wu, Fu-giang Yang,
Wei Pan et al. [9-12] that sulfide ore dust is very representative in metal and nonmetal
mines; it is characterized by complicated composition, hydrophobic nature and causing
large and widespread damage. Sulfide ore dust, especially at the micron-level, is present in
high concentrations at production sites and difficult to remove, causing widespread dust
pollution and occupational hazards Therefore, it has very important meaning and practical
value for sulfide ore dust research. At present, dust pollution has caused serious damage
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to the environment, production and life. To solve the problem of microparticle pollution,
it is necessary to study the interaction mechanism of adhesion between microparticles
and interfaces, so that the adhesion effect between microparticles and interfaces can be
effectively controlled or utilized. The surface adhesion problem is a comprehensive subject
involving physics, chemistry, biology and mechanics. The magnitude of the adhesion force
between dust microparticles and the interface can measure the difficulty of dust being
removed. To study the magnitude of the adhesion force, it is particularly important to
study the geometric fractal shape of the dust microparticles.

It is well known that the geometry of particles is one of the most important parameters
to describe their geometric features [13-15]. For non-cohesive soil (sand, silt), particle
shape has a close relation with its mechanical properties such as compressibility and filling
property [16,17]. Recent studies show that the fractal geometry theory, which was proposed
and developed by Mandelbrot and Feder [18,19], provides a strong tool to describe the
heterogenization of natural particulates (such as rock particles, soil particles, proteins, floes
and catalyst particles). Based on the fractal geometry theory, many intensive studies on
the testing method of the fractal dimension [20-26] have been carried out by domestic and
foreign scholars. Dust control in metal and nonmetal mines is very important. Currently,
many research works about sulfide ore particles mainly focus on spontaneous combustion
tendency [27-32], but less work has considered the particle shape fractal of sulfide ores.

In this work, based on the area—perimeter method, the shape fractal characteristics
of sulfide ore particles were analyzed and summed up, providing a new approach for
studying the adhesive force between particles. By combining with numerical calculation
and the fractal geometry theory, the experimental result was identified and explained,
revealing that the fractal dimension of sulfide ore particles can serve as an important
indicator of their particle shape distribution characteristics. Simultaneously, this provides
valuable information for further studying the relevant physical and chemical properties
of sulfide ore particles and establishes a new theoretical method and foundation for the
adhesion and removal of sulfide ore dust.

2. Materials and Methods
2.1. Materials

The original sample of sulfide ore microparticles for testing was taken from a processed
sulfide iron ore in Henan Province. The mineral composition and structural configuration
of the ore samples were determined using a physical microanalysis system.

Sulfide ore is a sulfur-based polymetallic deposit. The natural types of ore are pyrite
ore, pyrite-type copper ore, leached copper ore, lead-zinc ore and magnetite ore, all of
which are primary ores. Ore structure is mainly dense massive, brecciated, vein-like, etc.
The structure of ore is mainly self-formed semi-automorphic crystal structure, accountable
fusion structure and colloidal structure, etc. The mineral composition of ore includes
pyrite, colloidal pyrite, magnetite, sphalerite, galena, etc. The minor metal minerals include
hematite, magnetic pyrite, speckled copper ore, pyroxene, etc.

Appropriate sulfide ore particle samples were dried and set aside before testing. The
original samples were screened, and particles larger than 60 m in size were eliminated
in order to regulate the test conditions and outcomes. In this experiment, three particle
sizes—60-100 mesh, 100-140 mesh and greater than 200 mesh—were used.

2.2. Specimen Preparation

The sampling and preparation of sulfide ore particles should be representative; that is,
the samples which were taken for analysis should represent the average composition of
the bulk ore samples. The well-ground sulfide ore particles were screened and then dried
in a programmable oven for 10 h, where the oven temperature was 80 °C. The samples
of sulfide ores were examined using plasma emission spectroscopy, and the results of
the chemical analysis are displayed in Figure 1 and Table 1. Sulfide minerals have an
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extremely complicated chemical composition; the most abundant elements are Fe, S, Mn

and Zn (Table 1).
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Figure 1. Typical mineralogical X-ray analysis of mineral dust.

Table 1. The main chemical composition of the sulfide ores.

Fe S Mn Zn Cu Ca Na Si Mg Al
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
40.22 26.02 411 1.42 1.23 1.14 1.04 1.03 0.54 0.43

The representative mineral phases are shown in Figure 2. From Figure 2, we can see
that the actual sulfide ores contain a variety of minerals and the crystal particle size and
shape, texture and structure are different from each other.

Figure 2. Mineralogical observation using optical microscope. (a) Brechified granular pyrite ce-
mented by dissolution of sphalerite. (b) Euhedral pyrite particle distributed in vein quartz. (c) Fine
chalcopyrite particles filling fractures of pyrite. (d) Pyrite attached with galena.
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The sulfide ore particle samples that were utilized in the experiment are shown in
Figure 3. From the scanning electron microscope images, it is clear that the surface of
the sulfide particle was in the form of fragmented loose powder with numerous small
particulate materials clinging to it. Analysis revealed that the surface structure of the sulfide
ores had changed as a result of oxidation.

WD | det spot| mode P S —
20.00kV 5000x|9.6 mm |ETD 45| SE Quanta-200

(0) (d)

Figure 3. Images of the sample. (a) Ground ore sample of 60~100 mesh. (b) Ground ore sample of
100~140 mesh. (c) Ground ore sample > 200 mesh. (d) SEM photograph of the ore sample (>200 mesh
ore sample).

2.3. Apparatus

The experiments were carried out using a micro-image analysis system (Beijing Tech
(Beijing, China), SS3300), laser particle size analyzer (Omicron LS-800) and programmable
temperature chamber (Chongqging Hanba (Chongqing, China), HT302E).

2.4. Experimental Procedure for Observing Sulfide Ore Powder

First, we took a small amount of sulfide ore powder on a glass rod and shook it gently
onto the surface of a slide (slide sizes 76.2 mm x 25.4 mm x 1 mm). We labeled the slides,
where the glass slide with 60~100 mesh sulfide particles was labeled as a, the glass slide
with 100~140 mesh sulfide particles was labeled as b and the glass slide with 200 mesh
sulfide particles was labeled as c. We clamped the sides of the slide, then put it on the table.
We observed each of the slides using the microscopic analysis system. In order to improve
the accuracy of the experiment, we sampled three times using the same operation mode,
and then observed the samples, respectively.

Following sampling, we placed the glass slides under the microscope, chose the center
of the slide’s center line as the object to be examined, magnified the object 400 times and
then studied the selected area. The graphics were binarized to obtain a graphical profile of
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the particles, and parameters such as particle size, area and perimeter of each microparticle
projection could be measured.

3. Calculation Models

The perimeter—area approach is derived in the manner described below. The perimeter
L of a geometric object with a regular shape, such a circle, is proportional to the area A, so

(L)Y =211 2(A)2 (1)
In addition, a square has an area of A and a perimeter of L, so
(L)l/l _ 4(A)1/2 @)

The regular geometric figure’s perimeter L is proportionate to its area A, as can be
shown from (1) and (2), which means

According to our study, a geometric figure with an irregular shape would be
()P e ()12 @

where Dy is the particle’s fractal dimension.

The tiny structure of an irregular particle will continue to be discovered with the im-
provement in the resolution of the measuring microscope or scanning electron microscope
since its center of gravity is in the most stable condition. Under various magnification
circumstances, the perimeter and area that the microparticle’s projection showed were
measured; the relationship between the two may be found in the following formula:

(1/Dp)IgL = ko + (1/2)1gA (ko is a plus constant) ©)

IgL = (Dy /Z)IgA + ko (ko is a plus constant) (6)

Making a straight line based on the relationship of LgL-LgA, then Dy is 2 times the line
slope, that is
Dy
2
The method described above can be used to determine the projection profile fractal
dimension of particulate materials, and the formula [13,14] that follows can be used to
determine the single particle surface fractal dimension:

=k @)

Ds=D; +1(2< Ds <3) ®)

Through the use of microscopic analysis apparatus, the projected area A and projected
perimeter L of a single particle can be determined in this study. Using the formula above,
the fractal dimension of the projection of a single particle and the surface fractal dimension
can then be estimated.

4. Experimental Results and Analysis

We put the glass slides under the microscope after sampling, then chose the center
region of the center line on the slide as the subject of observation and analysis. The size,
area, perimeter and other characteristics of the particle in the observation region were
disclosed by the test analysis. The binary images of the samples are shown in Figure 4.
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Figure 4. Binary images of the sulfide ore particles. (a) Ore sample of 60~100 mesh. (b) Ore sample
of 100~140 mesh. (c) Ore sample of more than 200 mesh.
Analysis of Microparticles on the Surface of Slides
The samples with large and obvious data in the three experiments were taken as the
study objects, and parameters such as the number of particles on the three slides were
measured, respectively. The analysis results are shown in Tables 2 and 3.
Table 2. Results of microparticle analysis on the surface of slides.
Number Number of Particles at Maximum Average Particle Total Particle Total Perimeter of
the Observation Point Particle Size/um Size/um Area/pum? Particles/um
A 177 594.138 22.829 47,129.00 11,397.830
B 307 313.274 19.235 99,896.00 17,046.280
C 159 126.940 15.787 30,943.00 7300.86
Table 3. Results of microparticle analysis on slide C.
Microparticle Microparticle Microparticle Microparticle
Number Size/um Area/um? Circumference/pum
1 8.176 43 21.728
2 2.089 5 4414
3 2.036 6 5.828
4 25.479 214 68.113
5 8.541 39 21.899
6 17.702 144 52.87
7 4.088 16 11.828
8 6.677 23 17.485
9 37.110 360 108.74
10 33.013 576 104.498
11 16.070 103 43.213
12 7.203 15 19.485
13 20.087 210 62.598
14 2.182 5 4414
15 4.100 12 11.243
16 27.168 456 95.669
17 17.697 145 48.698
18 37.329 402 122.255
19 14.846 131 49.042
20 3.011 9 8.657
21 19.009 103 43.728
22 2.080 6 5.000
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Table 3. Cont.

Microparticle Microparticle Microparticle Microparticle
Number Size/um Area/um? Circumference/um
23 104.935 2591 449.659
24 11.833 64 30.314
25 14.005 108 38.385
26 14.142 98 39.142
27 8.380 41 22.314
28 2.103 7 5.828
29 15.359 118 43.142
30 18.997 152 51.213
31 6.999 35 20.899
32 4.078 10 9.071
33 13.081 78 38.799
34 17.326 114 43.385
35 4.470 12 10.657
36 2.000 5 4.243
37 20.248 204 59.284
38 7.922 31 19.485
39 12.900 97 35.971
40 37.392 813 133.225
41 25.819 218 68.113
42 17.394 156 51.627
43 44.220 1061 189.51
44 126.940 4104 471.145
45 7.556 17 16.657
46 60.018 1226 199.752
47 19.875 131 60.941
48 28.627 379 122.882
49 11.329 85 33.385
50 11.660 75 33.142
51 1.264 3 2414
52 3.137 9 7.828
53 3.084 8 7.243
54 4.166 16 11.243
55 3.279 16 11
56 10.258 71 29.971
57 3.152 9 7.657
58 4.352 13 10.657
59 4.952 13 10.657
60 46.103 611 149.953
61 13.746 126 41971
62 11.045 47 27.142
63 7.065 21 19.485
64 20.196 167 53.284
65 8.097 53 24.314
66 58.585 794 185.167
67 3.452 9 7.828
68 19.275 117 47.627
69 3.189 10 8.414
70 15.228 162 46.284
71 11.605 86 31.971
72 52.299 885 187.652
73 13.313 75 38.042
74 35.999 370 87.598
75 14.009 133 43.213
76 11.913 71 31.385
77 1.341 3 2414
78 1.000 2 1.000
79 6.986 30 18.485
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Table 3. Cont.
Microparticle Microparticle Microparticle Microparticle
Number Size/um Area/um? Circumference/um
80 10.527 74 30.799
81 25.631 367 92.598
82 2.000 3 3.000
83 2.143 5 4.414
84 3.031 8 6.828
85 8.809 42 22.899
86 3.966 11 9.657
87 75.893 2263 286.493
88 2.028 6 5.828
89 1.000 2 1.000
90 2.157 6 5.243
91 12.033 84 38.799
92 20.380 206 56.456
93 8.196 39 23.142
94 27.320 295 75.527
95 24.945 236 70.355
96 13.618 89 34.556
97 4.969 23 13.828
98 22.325 293 66.698
99 7.250 33 18.314
100 3.385 12 9.243

Due to the large amount of data, only some of the analysis results of sulfide ore

microparticles on slide C are listed. They are shown in Table 3.

Using the image analysis technique previously described, the perimeter and area of
the particle projection were computed. According to the particles in the areas on the glass
slides, the LgL-LgA curves of the three slides were drawn. Due to the overwhelming
amount of test data, we only selected a set of representative data for analysis, as seen

in Figure 5.

The fractal dimension of the projection of a single particle and the surface fractal
dimension were determined by comparing the experimental results in accordance with

Equations (7) and (8). The statistical results are shown in Table 4.
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Figure 5. Cont.
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Figure 5. IgL-IgA curves of three sulfide ore microparticles. (a) Fractal curve of 60-100 mesh sulfide
ore microparticles. (b) Fractal curve of 100-140 mesh sulfide ore microparticles. (c) Fractal curve of
microparticles of sulfide ore larger than 200 mesh.

Table 4. Statistical results of sulfide ores’ fractal dimension.

Number s1 K Fractal Fractal Correlation
umbe ope Dimension Dy, Dimension Dg Coefficient R?
A 0.7196 1.4392 2.4392 0.9672
B 0.7264 1.4528 2.4528 0.9439
C 0.7746 1.5492 2.5492 0.9568

The fractal dimensions of the projection of a single particle range from 1.4392 to 1.5492,
and the surface fractal dimension ranges from 2.4392 to 2.5492 for the sulfide ore particles
examined in the experiment, as shown in Figure 6 and Table 4. According to the calculation
results, the correlation coefficients of the three fractal dimension curves of the sulfide
ore particles were all above 0.94, which shows that the differences between the fractal
properties of the three different types of particle are substantial.
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Figure 6. Curve of the relationship between particle size and fractal dimension.

The complexity of the projection profile of sulfide ores can be characterized by the
various particle projection profile fractal dimensions. The greater the fractal dimension, the
more irregular the shape of the particles. The projection profile fractal dimension of the
particles with size greater than 200 mesh is the largest, and it reached a value of 1.5492, as
shown in Figure 6 above. This indicates that the projection profile curve of the sulfide ore
particles is far off the circular path. The surface fractal dimension of particles larger than
200 mesh is up to 2.5492, and it is the largest fractal dimension in the three groups. This
indicates that the group of particles has a lot of multi-level fine structures on it, and it has a
large degree of self-similarity. At the same time, the particles have concave convex surfaces.

5. Conclusions

(1) The particle projection profile fractal dimensions and surface fractal dimensions
of the sulfide ore particles were calculated on the basis of a large amount of experimental
data. We proved that the shape of sulfide ore particles in the experiment has obvious
fractal characteristics.

(2) The sulfide ore particles’ projection fractal dimension is from 1.4392 to 1.5492, and
the surface fractal dimension ranges from 2.4392 to 2.5492. The correlation coefficients of
the three fractal dimension curves of the sulfide ore particles were all above 0.94, which
indicates that the fractal characteristics of three kinds of particle are significantly different.
The projection profile fractal dimension of the particles with size ranging from 60~100 mesh
is the smallest, and the projection profile fractal dimension of the particles whose size is
larger than 200 mesh is the largest.

(3) The particle projection profile fractal dimensions characterize the complexity of
the projection contour curvature variation of sulfide ore particles. The projection profile
fractal dimensions of microparticles larger than 200 mesh is the largest, with a value of
1.5492, which indicates that the projection contour curve of this group of particles deviates
from the circle to the largest extent. The surface fractal dimension of particles larger than
200 mesh reaches 2.5492, which is also the largest group of fractal dimension among these
three groups of sulfide ore particles, which indicates that the surface fine structure of this
group of granules has many levels and a large degree of self-similarity, and at the same
time, the surface concavity of this group of granules is the largest.

(4) Because the finer particles are also associated with the larger surface area, and thus
the higher adsorption capacities, the shape fractal dimension value is believed to be able to
reflect the adsorption capacities of other finer particles.

(5) The preliminary analysis of the geometric shape was based on the conventional
statistical method and the fractal theory. How to analyze the particle shape, size and inter-
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action between particles overall and systematically then establish models and relationships
between them and the micro mechanical properties need to be further studied.
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