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Abstract

:

This study examines the particle size and distribution of the main chemical components of gangue during the crushing process. Coal mine gangue was chosen as the research object, and its particle size and chemical components at various crusher discharge settings were examined through screening, grinding, chemical composition testing, and other methods. The findings demonstrate that the characteristic particle size in the gangue particle size distribution model has a logarithmic upward trend as the width of the discharge port increases. In contrast, the uniformity index has shown an exponential downward trend. The analysis of the distribution rate and enrichment ratio of the main chemical components of the gangue at different widths of the discharge port shows that the gangue exhibits obvious selective crushing during the crushing process. The distribution rate of each component is affected by the size of the screen aperture to various extents. As the discharge port width increases, the elements of CaO and MgO are enriched in the coarse-grained products, while those containing Fe2O3 are enriched from fine-grained to coarse-grained. Gangue particles containing Al2O3, SiO2, and C are enriched in the fine-grained product. In addition, by analyzing the alterations in the main chemical components of gangue at different particle size intervals, it was found that the amount of each component first rises and then falls, and the trend of enrichment ratio to particle size follows an exponential pattern. The research results have significance for guiding the selection of resource utilization methods of gangue with different particle sizes after crushing.
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1. Introduction


As the current primary fossil energy and the main driving force for economic and social development, the large-scale mining and utilization of coal resources, accompanied by large amounts of coal gangue, is continuous and produces an annual output of 800 million to 1 billion t/a. Except for the comprehensive utilization of small amounts, most of the coal gangue is accumulated and stored in nearby areas, which greatly harms and seriously impacts the ecological environment [1,2,3]. Therefore, to effectively solve the problems caused by bulk solid waste such as gangue, scholars at home and abroad have conducted research on the full development and utilization of coal gangue for decades and have achieved many results [4,5,6,7]. Dang et al. [8] developed high-strength and lightweight glass ceramics by optimizing parameters such as the amount of coal gangue, mineralizer, and clay. At the same time, the mechanical properties of the materials were improved by optimizing the process parameters. Finally, an excellent method for sintering glass ceramics was developed, characterized by high strength, light weight, and low water absorption. Xu [9] used crushed gangue, limestone, and gypsum as the main materials and fluorite and barite as the secondary materials and prepared an alite-sulfoaluminate cement at 1330 °C. The results showed that the compressive strength of the cement after 7 days was 48.9 MPa. Wang [10] prepared a new biochar composite material using crushed coal gangue as a raw material in a one-step pyrolysis method. Numerous studies have shown that coal gangue-modified biochar composites can be used not only for phosphorus removal from wastewater but also as slow-release fertilizers, providing a new method for the recovery and resource utilization of phosphorus from solid wastes. In addition, many studies have been conducted on the use of coal gangue in power generation, filling, building materials, light-weight aggregates, and the extraction of chemical products [11,12,13,14].



However, it is clear from the aforementioned studies that in order to use gangue as a resource, it must first be crushed, and various utilization techniques have strict requirements for the gangue’s chemical composition and particle size. Whether the chemical components of gangue will migrate along with the grain size after dynamic crushing and what migration rules are among the components are the preconditions for judging which resource utilization method the broken gangue will be used in. This is not covered in existing research. However, the existing research on gangue particle size and composition analysis mainly focuses on gangue’s particle size under static compression or dynamic impact loading [15,16]. Wu [15] studied the mechanical behavior of gangue filling materials in depth. Through the physical compression test and particle flow numerical simulation of red sandstone gangue with different particle sizes, the bearing characteristics of gangue compaction were comprehensively compared and analyzed from macro and micro perspectives. The deformation failure laws were also discussed. Song et al. [16] studied the compaction and re-compaction characteristics of different grades of coal gangue and conducted a compaction fractal test on coal gangue with different talbol power exponents. The test results analyzed the compaction deformation parameters of coal gangue, such as displacement and stress-strain. Li [17] used an impact crusher to conduct impact crushing tests on gangue at different impact speeds. The effects of the impact velocity and coal gangue hardness on the coal gangue particle size distribution function were obtained through the data fitting of the experimental results. Yang [18] conducted impact experiments on gangue based on uniaxial compression experiments. According to the Rosin–Rammler distribution law, the particle size distribution of coal and gangue at different impact speeds was studied by collecting and sieving the broken coal gangue particles. The relationship between the separation index and impact velocity was discussed. However, most of the studies on element separation in gangue are focused on leaching tests. For example, Zhang H et al. [19,20] conducted leaching tests on coal gangue in the laboratory to study the migration mechanism and laws of harmful metals in coal gangue. The concentration of each element in the leaching water was changed, and the factors affecting the dissolution and release rate of each element in the gangue were obtained. Li [21] simulated the leaching and precipitation characteristics of heavy metals in low-sulfur coal gangue under different environmental conditions through indoor dynamic leaching experiments, which provided a theoretical basis for environmental restoration in mining areas. The results showed that the higher the content of heavy metals in low-sulfur coal gangue, the greater the leaching of heavy metals; the acidic conditions promote the release of heavy metals in low-sulfur coal gangue. Previous studies have shown that although there are many possible applications for gangue, the chemical composition of gangue itself determines the type of gangue resource utilization [22,23,24,25,26]. Therefore, the scientific utilization of gangue with different crushed particle sizes needs to be determined according to the composition of the crushed gangue.



Based on the above-discussed literature, it can be concluded that there are few existing studies on the analysis of particle size and chemical composition of gangue after jaw crushing. In fact, due to differences in the natural friability of minerals, the jaw crushing process inevitably increases the particle size differences between minerals, resulting in fluctuations in the composition of the gangue at the different particle sizes. To unveil the distribution of gangue particle size after mechanical crushing and to examine the distribution of the main chemical components of gangue, it is necessary to study the crushed particle size of gangue using crushing equipment. The findings of this research will provide significant direction for the crushing process and the utilization of gangue resources.




2. Materials and Methods


2.1. Raw Material Preparation


The gangue used in this research was taken from the Mahuangliang Mine in the southeast of the Yushen Mining Area (Yulin City, Shaanxi Province), a mine under construction. The minefield has a simple geological structure. The current main coal seam is a #3 coal seam, with a buried depth of 180–210 m and a coal seam thickness of 9.06 m. The gangue produced during mining mainly comes from coal bed gangue and roof gangue (Figure 1). It can be seen from the stratigraphic map that the gangue lithology is mainly mudstone, carbonaceous mudstone, silty mudstone, and argillaceous siltstone.




2.2. Test Equipment


The gangue crushing equipment used in the experiment is a jaw crusher which is also traditional ore-crushing equipment commonly used in mines. Due to its simple structure and reliable operation, it is one of the most widely used mechanical equipment for gangue crushing [22,27]. The model of the indoor jaw crusher is PEF60 × 100, and the maximum feeding particle size is 100 mm. The width of the discharge port can be adjusted from 6 to 10 mm.



The phase and composition of the crushed gangue were analyzed by the XRF-1800 scanning X-ray fluorescence spectrometer and the D/max2550 automatic X-ray diffractometer. The XRF instrument comprises an excitation source (X-ray tube) and a detection system. The instrument has ultra-high-speed analysis capabilities and an effective element measurement range from O8 to U92. The D/max2550 automatic X-ray diffractometer uses a voltage of 40 kV, a scan rate of 8 deg/min, and a scan range of 2–80° (2-theta).



However, the gangue contains carbon, which is an important manifestation of its difference from other rocks and a parameter that XRD and XRF cannot directly test. Therefore, the calculation of carbon content was carried out according to the standard GBT 35986-2018 “Determination of Loss on Ignition of Coal Gangue”, and the loss on ignition was tested and then indirectly obtained using the loss on ignition. The specific method is as follows:



Assuming that the other conditions remain unchanged, the ignition loss is caused by the thermal decomposition of CaCO3 and MgCO3 to release CO2 and the combustion of C to generate CO2. Assuming that the loss on ignition is a%, the percentages of CaO and MgO are b% and c%, respectively.


       C a C  O 3  → C a O + C  O 2                  56         44                 b       44 b / 56           M g C  O 3  → M g O + C  O 2                  40         44                 b       44 b / 40           C +  O 2  → C  O 2       12         44        x     a − ( 44 b / 56 ) − ( 44 c / 40 )       











Then, the percentage of carbon is calculated using:     12 × ( a −   44 b   56   −   44 c   40   )   44    .




2.3. Scheme Design


The test involved in this research is divided into two parts: gangue-crushing particle size statistics and chemical composition analysis. The specific test flow chart is shown in Figure 2.



Through crushing tests on three groups of originally graded gangue with various discharge port widths, the alterations in the particle size of gangue at different discharge port widths were investigated. Using statistical research on crushing particle size and adjusting the width of the discharge port of the jaw crusher, the gangue was crushed once, and then, the crushed gangue was screened and weighed; the particle size distribution of the gangue at different discharge port widths we calculated (Figure 2a). In order to study the selective crushing phenomenon in the process of gangue crushing, as shown in Figure 2b, the gangue in a range of particle sizes was grounded after crushing, and its chemical composition was analyzed by means of XRD and XRF.





3. Results and Discussion


3.1. Particle Size Distribution of Jaw-Crushed Gangue


In order to describe the functional relationship between gangue particle size and proportion, the particle size distribution of jaw-crushed gangue was explored. Firstly, standard sieves were utilized to classify the particle size of the gangue, and then, the mass proportion of the gangue in each particle size range after sieving was counted. The Rosin–Rammler formula (abbreviated as “R–R”) is used to statistically analyze the particle size distribution of the gangue [28,29,30,31]. The formula is expressed as follows (Equation (1)):


  R    D p    = 1 − exp   −        D p     D e       n     



(1)







In Equation (1),   R    D p      represents the cumulative (%) characteristic particle size of the sieve residue and  n  represents the uniformity index, which characterizes the breadth and narrowness of the particle size distribution range. The original particle size distribution curve (Figure 3) and gangue’s function expression are obtained using Matlab fitting and statistics. For this, the gangue collected at the mine site was used as an example.



Figure 4 shows the R–R relationship curve of the gangue particle size distribution at different discharge port widths in double logarithmic coordinates. It can be seen from Figure 4 that the regression curve of the scatter plot at any width of the discharge port is a straight line, and the smallest square of the regression coefficient is R2 = 0.978, which is in good agreement with the R–R distribution function. It is also evident from Figure 4 that the uniformity index n decreases with the increase of the discharge port width. This is because in the double logarithmic lnd-ln{-ln [1-R(dp)]} coordinate system, the slope of the regression line is constantly decreasing slightly from 1.146 (when the width of the discharge port is 6mm) to 1.083 (when the width is 10 mm).


       y = 1   . 146 x − 1   . 996       y = 1   . 1 x − 2   . 61       y = 1   . 083 x − 2   . 81       ⇄        R (   D p   ) = 1 − exp ( − (   D p   / 5   . 71 ) ) ^ 1   . 146       R (   D p   ) = 1 − exp ( − (   D p   / 10   . 72 ) ) ^ 1   . 1       R (   D p   ) = 1 − exp ( − (   D p   / 13   . 35 ) ) ^ 1   . 083       



(2)







The particle size distribution of the gangue is depicted in Figure 5, where the width of the discharge port is 6–10 mm into the particular formula (2) of the particle size distribution. This was obtained from the linear regression line equation (Figure 5). It can be seen from Figure 5 that the gangue was broken under the influence of the discharge port widths. It was found that, overall, the particle size distribution trend of the gangue under the width of each discharge port is consistent and follows a normal distribution as the width of the discharge port increases. The characteristic particle size of gangue rises exponentially with the increase of the discharge port width, from 5.71 mm at a discharge port width of 6 mm to 13.35 mm at a discharge port width of 10 mm.



Figure 6 shows the variations in the characteristic particle size and uniformity index at different discharge port widths. It can be seen from Figure 6 that as the width of the discharge port increases, the particle size De of the characteristic value increases logarithmically, and the obtained expression is


   D e  = 7.39 ∗ l n   x − 3.82    



(3)







In contrast, the uniformity index  n  decreases exponentially, and the expression is


  n = 1.399 ∗  x  − 0.1129    



(4)







This is because as the width of the discharge port increases, each particle size distribution of gangue within the particle size range becomes wider, and the uniformity decreases. From the above analysis and data fitting, the particle size distribution model of the jaw crusher with different discharge port widths is expressed as


  R    D p    = 1 − exp   −        D p    7  . 39 ∗ ln ( x − 3   . 82 )        1  . 399 ∗ x ^ ( − 0   . 1129 )       



(5)








3.2. Research on the Phenomenon of Selective Crushing of Gangue


Previous studies have shown that although there are many possible applications for gangue, the chemical composition of the gangue itself determines the utilization of the gangue resource [28,29,30,31]. Therefore, the scientific utilization of gangue with different crushed particle sizes needs to be determined according to its composition. To this end, the author conducted grinding and elemental analyses on products with different particle sizes after crushing to explore the distribution of elements at different particle size ranges and reveal the selective crushing phenomenon of gangue.



The scan results were analyzed by Jade to obtain the gangue phase composition. Figure 7 shows the phase composition of the gangue (XRD test results) and the proportion of main components (XRF test results). The results illustrate that the phase composition of the selected gangue mainly includes Quartz (SiO2), Gypsum (CaSO4), Kaolinite (Al2O3∙2SiO2∙2H2O), Mica ((KAl2(AlSi3O10)(OH)2)), Ankerite (CaMg(CO3)2), etc. The main chemical components, and their proportions, are SiO2 (59.65%), Al2O3 (22.7%), Fe2O3 (5.703%), CaO (3.217%), MgO (2.02%), C (0.37%), etc.



Two indicators, the distribution rate (ε) and the enrichment ratio (θ), which are similar to the beneficiation evaluation indicators, were introduced to quantify the changes in chemical composition after crushing [32,33,34]. The distribution rate (ε) refers to the percentage of a certain component’s content in the product of a certain grade to the component’s content in the original ore sample expressed by Equation (6). The distribution ratio (ε) can investigate the distribution of each component in the raw ore sample in the two grades of products. The enrichment ratio (θ) is similar to the ratio of concentrate grade to raw ore grade in the beneficiation evaluation index, expressed in Equation (7), which measures the enrichment ratio of a certain mineral in a certain particle size product.


  ε = γ ·  β α   



(6)






  θ =  β α   



(7)







In Equations (6) and (7), α represents the percentage content (%) of a mineral in the original ore; β represents the percentage content (%) of a mineral in the two grades of products; and γ represents the yield (%). Furthermore, γ represents the mass fraction of each particle size after crushing, which is obtained by testing the ratio between the mass of each part of gangue and the total mass (Figure 2a), and parameters such as α and β, which represent the elemental composition, are obtained by XRD and XRF tests (Figure 2b).



3.2.1. Element Enrichment at Different Discharge Ports Widths


The classification of granular objects in powder mechanics is introduced to study the selective crushing phenomenon of gangue at different discharge port widths [35]. For the test, a 3 mm particle size limit is used to categorize the crushed gangue into fine and coarse grain gangue. Particulate material (−3 mm) and crushed solid material (+3 mm) are referred to as fine particle size and coarse particle size, respectively. It can be seen from Figure 3 that the −3 mm gangue particles in the original gangue account for about 1.0%. Therefore, the −3 mm gangue obtained after crushing can be regarded as a product of jaw crushing.



Figure 8 elucidates the particle size distribution of crushed gangue and the yields of +3 mm and −3 mm particles at different discharge port widths. It can be seen from Figure 8 that the particle size distribution at each discharge port width conforms to the particle size distribution model in Section 3.1. As the width of the discharge port increases, the yield of the +3 mm particles gradually increases, and the yield of the −3 mm particles gradually decreases.



Table 1 shows the proportion of the chemical components in the two grades of products under different ore discharge conditions. Table 1 shows the percentage content of each gangue component in the two grades of products after crushing compared to the original ore, and significant alterations have occurred. The mineral distribution depends on the amount that goes into that fraction. In order to further investigate the separation and enrichment of the elements, the separation effect of the main components in the gangue was analyzed, and the distribution rate (ε) and enrichment ratio (θ) of each component were calculated. The obtained results are shown in Figure 9 and Figure 10.



Figure 9 shows the change in the element distribution rate (ε) in the gangue of various particle sizes. According to the changing trend of the distribution rate (ε) of each element displayed in Figure 9a, they can roughly be divided into two categories. The distribution rate (ε) of type I (SiO2, Al2O3, Fe2O3, CaO, MgO) always increases with the width of the discharge port, indicating that the larger the width of the discharge port, the greater the distribution rate (ε) of these components in the coarse fraction. The distribution rate (ε) of type II (C) in coarse-grained products decreases with the increase in discharge port width because the substances containing CaCO3 and MgCO3 (magnesium carbonate) are also distributed into the coarse-grained products. At the same time, C in gangue tends to be distributed in −3 mm particle size products. Figure 9b shows that the distribution ratio (θ) of each element in the fine-grained product changes with the width of the discharge port. Except for element C, all other components decrease with the increasing width, indicating that the elements containing C gradually enter the fine-grained product, expanding their distribution rate (ε) in the fine-grained product. Figure 9a,b show a significant variation between the distribution ratios of the aforementioned components in the two granular products. From the Δεmax (referring to the difference between the ε-max value and the ɛ-min value at different widths of discharge ports) for each element, it is clear that the influence of the width of the discharge port on each component is in the following order: Fe2O3 > SiO2 > Al2O3 > C > MgO > CaO. The corresponding percentages of each mineral follow this order: 36.00% > 19.83% > 15.54% > 14.43% > 9.51% > 8.38%.



Figure 10 shows the enrichment of elements in the two-part particle size gangue. According to the variation in the enrichment ratio (θ) of each component with the width of the discharge port, the components in Figure 10a can be divided into four categories. The enrichment ratio (θ) of type I (including CaO and MgO) was always greater than 1.0 in the coarse-grained products. The enrichment ratio (θ) increased gradually as the discharge port width decreased. This shows that the proportion of coarse-grained products is always larger than that of the raw ore. According to Figure 7, this is because the components containing CaO and MgO, such as gypsum and dolomite, are difficult to break [36], resulting in the enrichment of CaO, MgO, and other components in large particles. The enrichment ratio (θ) of type II (including Fe2O3) fluctuated around 1.0 and gradually increased with the increase of the width of the discharge port, indicating that with the increasing discharge port, Fe2O3 gradually enriches from fine to coarse particles. The enrichment ratio (θ) of type III (including Al2O3 and SiO2) increased slowly with the increase of the width of the discharge port, and the range was concentrated between 0.95 and 1.0; the change in enrichment ratio (θ) was not particularly significant. The reason may be that some of the SiO2 were stored in clay minerals with little hardness [37], and some were deposited in silicate minerals with significant hardness, such as calcium silicate. As a result, the enrichment ratio of type III in the coarse and fine particle size is less affected by the discharge port, and the two particle-size products are seriously mixed. The enrichment ratio (θ) of type IV (including C) was always less than 1.0 and decreased with the increase of the width of the discharge port, indicating that C is mainly enriched in the fine-grained products after crushing compared with the original ore. According to the analysis in Figure 7, it can be seen that the phase composition containing Al2O3, SiO2, and C mainly consisted of kaolinite, mica, carbon, and other substances. These substances are relatively easier to break due to their low strength [38,39,40]; thus, they were broken and enriched in the fine-grained products. Similarly, Figure 10b shows the enrichment of elements in the fine-grained gangue, and the changing trend of the enrichment ratio (θ) of each component in the fine-grained gangue is opposite to that in the coarse-grained gangue. In conclusion, in the jaw crushing process, the gangue particles containing CaO and MgO are enriched in the coarse-grained products as the width of the discharge port increases. The particles containing Fe2O3 in the gangue gradually concentrated from fine-grained to coarse-grained, and the gangue particles containing Al2O3, SiO2, and C were more easily broken and enriched in the fine-grained products.




3.2.2. Elemental Enrichment at Different Particle Sizes


The gangue samples obtained when the width of the ore port was 6mm were chosen for component analysis in five particle size ranges of <1 mm, 1–2.5 mm, 2.5–5 mm, 5–10 mm, and >10 mm, respectively, to investigate the elemental distribution in various particle size ranges. Table 2 summarizes the yields and element ratio in different particle size regions.



Compared with the original ore, the percentages of CaO, SiO2, A12O3, and Fe2O3 in the gangue after crushing changed greatly in each grade, as depicted in Figure 7 and Table 2. Figure 11 shows the distribution rate (ε) of each component at different particle size ranges. According to a thorough investigation of the variation law of each component of the gangue with crushed particle size, the distribution rate (ε) of each element exhibits a law of first increase and then decrease. This is because, in the jaw-crushing process, the gangue yield distribution of each particle size was normally distributed in the region; thus, the distribution rate (ε) of each component also increased first and then decreased when affected by the yield. Correspondingly, by comparing the Δεmax of each component in Figure 11, it can be seen that the effect of particle size on each component is C > MgO > CaO > Fe2O3 > Al2O3 > SiO2. Additionally, from the analysis of the proportion of the main components of gangue in Table 2, it can be seen that the particles containing C have lower hardness and are relatively easier to break. They could easily be distributed as small particles after crushing and rarely appeared in large particles. The particles containing MgO and Cao were mainly gypsum and dolomite, which were not fully broken due to their high hardness; thus, they almost did not exist in small particle sizes. Therefore, particle size has a great influence on C, MgO, and CaO. In comparison, Al2O3, Fe2O3, and SiO2 mainly exist in mica, kaolinite, and quartz, which include clay minerals with lower hardness and silicate minerals with higher hardness. Therefore, the separation effect was not significant due to the influence of particle size.



Figure 12 shows the enrichment of each component in gangue at different particle sizes. It can be seen from Figure 12 that the trend of each component changes with particle size in the form of “  y = a + b ∗  c x   ”. Among them, the enrichment ratios of SiO2, Al2O3, and C decreased with the increase of particle size (b > 0), and MgO, CaO, and Fe2O3 decreased with the increase of particle size (b < 0). The specific expressions are shown in Figure 12.



From the definition of the enrichment ratio, it can be deduced that if θ = y = 1.0, the element enrichment is the same as that of the original gangue. Therefore, according to the expression of the enrichment ratio of each component in gangue at different particle sizes presented in Figure 12, it is clear that the enrichment ratio of SiO2 is less than that of the original gangue when the particle size is greater than 5.9 mm. The enrichment ratio of Al2O3 is smaller than that of the original gangue when the particle size is greater than 5.40 mm. When the particle size exceeds 10.20 mm, the enrichment ratio of C is smaller than that of the original gangue. Similarly, when the particle size is smaller than 9.84, 6.0, and 5.0 mm, the enrichment ratio of Fe2O3, CaO, and MgO is correspondingly smaller than in the original gangue. According to the changes of each curve, the enrichment ratios of C, CaO, and MgO change significantly more than those of Fe2O3, Al2O3, and SiO2, which is consistent with the change of the distribution ratio of each component analyzed in Section 3.2.1.



According to a detailed analysis of the variation law of the mineral components of coal gangue with the crushing particle size, the phenomenon of selective crushing occurs in the jaw-crushing process as a result of the different compositions of particles contained in the gangue during the crushing process. As a result, the proportion of particles in the coarse and fine particles is different from the original gangue. Therefore, the materials containing CaO and MgO are broken because they cannot be sufficiently crushed, and the particle size grade tends to be larger. However, particles containing C, SiO2, Al2O3, and other components are vulnerable to impact crushing and enter the fine-grained components.






4. Summary


Through the gangue particle size obtained after jaw crushing and the corresponding composition analysis, the distribution law of particle size and the correlation between the particle size and chemical composition content of the gangue after jaw crushing are obtained, and the following conclusions are drawn:




	(1)

	
The R–R formula is used to describe the particle size distribution of gangue crushing at different port widths. The relationship between the characteristic particle size, uniformity index, and port width is obtained through a numerical fitting. Then, the particle size distribution model of gangue after jaw fracture is obtained:


  R    D p    = 1 − exp   −        D p    7  . 39 ∗ ln ( x − 3   . 82 )        1  . 399 ∗ x ^ ( − 0   . 1129 )       












	(2)

	
By comparing the chemical composition of gangue at different particle size ranges after crushing, it was found that the distribution rate (ε) of SiO2, Al2O3, Fe2O3, CaO, and MgO always increased with the increase in the width of the discharge port. The distribution rate (ε) of the C element in the coarse-grained product decreased with the increase of the width of the discharge port. From the Δεmax of each component, it can be concluded that the influence of the width of the discharge port on the distribution rate (ε) of each component is Fe2O3 > SiO2 > Al2O3 > C > MgO > CaO.




	(3)

	
The gangue exhibits an obvious selective crushing phenomenon in the crushing process. As the width of the discharge port/port increased, the gangue particles containing CaO and MgO were enriched in the coarse-grained products. The enrichment ratio (θ) increased gradually as the discharge port width decreased. The enrichment ratio (θ) of particles containing Fe2O3 fluctuated around 1.0 and gradually enriched from fine-grained to coarse-grained with the increased discharge port. The enrichment ratios (θ) of Al2O3 and SiO2 increased slowly with the width of the discharge port, and the range was concentrated between 0.95 and 1.0. The enrichment ratio (θ) of gangue particles containing C was always less than 1.0 and decreased with the increase of the discharge port width.




	(4)

	
The variation law of each component of the gangue in the crushed particle size can be obtained, and the distribution rate (ε) of each element showed a law of first rising and then falling. Compared with Δεmax, it is evident that the effect of particle size on each component is C>MgO>CaO>Fe2O3>Al2O3 >SiO2. The trend of the enrichment ratio (θ) of each component in the broken gangue is consistent with the form   y = a + b ∗ c ^ x  . The enrichment ratios of SiO2, Al2O3, and C decreased with the increase in particle size, while MgO, CaO, and Fe2O3 decreased with the increase in particle size.




	(5)

	
The research results have significance in guiding the selection of resource utilization methods of gangue with different particle sizes after crushing. For example, fine-particle gangue rich in the element C can be used for combustion and power generation; large-particle gangue rich in the elements CaO and MgO can be used for construction materials or road cornerstones, etc. Such selection is helpful to maximize the utilization value of gangue.
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Figure 1. Geological conditions and gangue sampling sites of Mahuangliang mine. 
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Figure 2. Grain size statistics and composition analysis of gangue. 
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Figure 3. Grain size distribution curve of original gangue. 
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Figure 4. R–R relation curves at different ore port widths in the double logarithmic coordinates system. 
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Figure 5. The particle size distribution of gangue at different discharge ports. 
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Figure 6. Changes in particle size and uniformity index of gangue characteristic value after jaw crushing. 
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Figure 7. Phase composition and proportion of main components of gangue. 
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Figure 8. The particle size distribution of gangue crushing and the yield of +3 mm and −3 mm particles at different discharge port widths. 
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Figure 9. Distribution ratio of elements in gangue with different particle sizes. (a) +3 mm. (b) −3 mm. 
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Figure 10. Element enrichment in gangue with different particle sizes. (a) +3 mm. (b) −3 mm. 
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Figure 11. Distribution of elements in gangue at different particle sizes. 
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Figure 12. Element enrichment of gangue with different particle sizes. 
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Table 1. Proportion of each component at different widths of discharge ports.
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Width

	
SiO2 (%)

	
Al2O3 (%)

	
Fe2O3 (%)

	
CaO (%)

	
MgO (%)

	
C (%)




	
+3 mm

	
−3 mm

	
+3 mm

	
−3 mm

	
+3 mm

	
−3 mm

	
+3 mm

	
−3 mm

	
+3 mm

	
−3 mm

	
+3 mm

	
−3 mm






	
6 mm

	
57.54

	
62.67

	
20.49

	
24.12

	
5.77

	
6.03

	
4.61

	
0.75

	
3.05

	
0.58

	
0.12

	
1.13




	
8 mm

	
56.15

	
65.32

	
20.07

	
25.66

	
5.90

	
4.12

	
4.76

	
0.48

	
3.16

	
0.29

	
0.05

	
1.54




	
10 mm

	
56.02

	
66.32

	
22.01

	
26.09

	
5.93

	
0.77

	
4.91

	
0.13

	
3.22

	
0.12

	
0.01

	
1.74
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Table 2. Element distribution in different particle size ranges.
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Size/mm

	
Yield/%

	
Element Ratio/%




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
C






	
<1

	
12.7

	
67.32

	
26.09

	
0.27

	
0.13

	
0.12

	
1.59




	
1–2.5

	
13.26

	
64.31

	
25.48

	
1.67

	
0.53

	
0.40

	
1.57




	
2.5–5

	
31.67

	
60.10

	
22.75

	
3.82

	
2.94

	
2.58

	
0.72




	
5–10

	
27.42

	
57.54

	
20.49

	
5.77

	
4.61

	
3.05

	
0.39




	
>10

	
14.95

	
55.10

	
18.41

	
7.05

	
5.53

	
4.54

	
0.02
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