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Abstract

:

Because of its low whiteness, complex composition, radioactivity and high impurity percentage, the usage of phosphogypsum (PG) resources is limited. A theoretical foundation for upgrading and bleaching PG can be obtained by researching the presence and status of impurities in the material and its symbiotic connection with gypsum. This paper makes use of an automatic mineral phase analyzer, optical microscope, XRF, XRD and SEM-EDS. After analyzing the chemical makeup of PG, phase composition and particle size composition, the distribution law and symbiotic interaction between impurities and gypsum in various particle sizes were discovered. Using a flotation test, the process mineralogy analysis results were confirmed. According to the XRF and XRD study results, the primary impurity elements in PG are Si, P and F. Si is more abundant in PG that is between +850 μm and −37.5 μm in size. The concentrations of gypsum and quartz in PG are 82.59% and 8.73%, respectively, according to the results of XRD and process mineralogy. The monomer dissociation degree of the gypsum mineral phase is as high as 90.47%. Gibbsite and pyrite are the primary causes of the low whiteness of PG and are clearly related to the quartz mineral phase. The coupling process of “flotation + pickling” produced purified PG with a purity of 95.35%, whiteness of 70.76% and SiO2 content of 2.73%. The quality met the first-class index standards of PG in GB/T23456-2018.
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1. Introduction


Phosphogypsum (PG) is an industrial solid waste produced during the production of phosphoric acid through the wet process [1]. In 2021, the newly increased production of PG was estimated to be 80 million tons and the cumulative stacking capacity was up to 800 million tons [2]. The continuous dissolution of phosphorus and fluorine impurities in accumulated PG causes regional environmental pollution (including water and soil pollution) as well as a high-pressure ecological environment. Therefore, it is very critical to realize the harmlessness, recycling and reduction of PG [3,4,5]. Resource utilization is one of the key ways for effective PG utilization at present. However, due to the high impurity content, complex composition, radioactivity and low whiteness of PG, the utilization level of its comprehensive resources has been seriously restricted [6,7,8,9,10]. Therefore, exploring the occurrence regularity of the main color-causing minerals in PG and developing technology to enhance the quality and whiteness of PG is of great significance to realize its high-value comprehensive exploitation.



During the phosphoric acid production process (also known as the “wet process of phosphoric acid”), phosphate rock hydrolyzed with sulfuric acid forms a supersaturated solution of calcium sulfate in the acidolysis reaction tank and the CaSO4·2H2O crystal grows rapidly in the supersaturated solution [11,12]. During crystal growth, large amounts of unreacted fluorapatite, quartz impurities, colloidal, soluble phosphorus and other impurities of phosphate rock composition also precipitate and get included in the produced PG. Hence, the production of PG can be considered a chemical mineralization process. Therefore, the quality and whiteness of PG can be improved by employing mineral processing methods. Currently, investigators have conducted research on PG purification through flotation and coupling-flotation processes [13,14,15]. Qi et al. [16] obtained gypsum concentrate with 69.2% whiteness and 97.24% purity through a reverse-positive flotation process. Wang et al. [17] increased the whiteness of PG from 31.3% to 58% through a closed-circuit flotation test. The purity of CaSO4·2H2O obtained in the concentrate reached above 95% with a concentrate efficiency of 65%. The purity of CaSO4·2H2O in PG can be improved via the flotation process, but the purification efficiency of PG flotation is low and a large amount of tailings produced during flotation causes secondary pollution. The main reason is that the mineral phase composition of PG impurity is complex and the occurrence regularity of various mineral phases is unclear. The investigation of the basic mineralogical data of the PG process helps to achieve the goal of full utilization of PG resources [18].



Process mineralogical characteristics mainly include the composition, content, dissociation degree and embedded characteristics of the mineral phase, which are capable of giving basic research parameters to realize the efficient exploitation of minerals [19,20,21]. The process of mineralogy parameters can be determined through microscopic investigations and by the automatic mineral analysis system [22,23,24]. Microscopic study is one of the crucial tools for processing mineralogical studies. Mineral composition, content, embedding relationships and particle size composition of raw ore or mineral processing products can be determined through observation and identification of optical microscopes such as binocular stereomicroscope, transmission polarizing microscope and reflection polarizing microscope [25,26,27]. Automatic mineral characterization system (AMCIS) is an effectual automated mineral analysis system based on high-resolution scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). Such an effective system is able to realize the grainy treatment of backscattered electron images of samples, distinguish various mineral phases and automatically collect their energy spectrum data. It then accurately identify minerals by using X-rays generated from energy spectrum and establish the standard database of sample minerals and relevant factors, including mineral symbiosis, intergrowth and dissociation degree, after automatic fitting and calculation by computer [28,29,30].



A brief survey of the literature reveals that little research has been devoted to the process mineralogy of PG in the academic community [31,32]. This study intends to employ the research method of process mineralogy to explore the mineral phase composition, the dissociation degree of essential minerals and the occurrence characteristics of the color-causing mineral phase in PG. It is hoped that this exploration provides theoretical support for improving the quality and whiteness of PG in the flotation process.




2. Experimental Materials and Methods


2.1. Experimental Reagents and Raw Materials


Dodecylamine is the cationic collector used for flotation, and 98% concentrated sulfuric acid is diluted to create the acid wash solution. HNO3 and NaOH are examples of pH regulators, and deionized water is used in research. The China National Pharmaceutical Group provided the analytical quality dodecylamine, H2SO4, HNO3 and NaOH used in the experiment. The PG samples used in the experiment came from one Yichang, China-based enterprise that produces phosphorus fertilizer.




2.2. Analysis and Testing Methods


A Bruker D8 Advance X-ray diffuser (XRD) is used to examine the phase composition of the PG samples, while a RIGAKU ZSX Primus X-ray fluorescence spectrometer (XRF) is used to analyze the materials’ chemical composition. AMICS is used to investigate the mineral content, composition and embedding properties of PG samples. The powder samples of PG are dried to a consistent weight at 45 °C for AMICS analysis. After that, they are embedded in epoxy resin to create circular specimens that have a diameter of 30 mm. Once the specimens have been polished and coated in gold, they are put under an electron microscope. The samples’ whiteness is measured by ZB-B whiteness meter. Several measurements are made in order to get the average result. The content of CaSO4·2H2O is determined using the method specified in GB/T 2018-23456 PG [33].




2.3. Flotation Experiment Method


A dosage of 200 g/t of dodecylamine and a pH of 2.0 result in flotation for three minutes, which generates concentrate. Then, to obtain extensively purified PG samples, pickling treatment is carried out at a liquid–solid ratio of 5:1, pickling period of 2 h and temperature of 25 °C using 5% H2SO4 solution as the leaching solution. Figure 1 illustrates the PG purification procedure utilizing the “flotation-acid leaching“ combined process.





3. Results


3.1. Analysis of Mineral Composition of PG


The PG samples used in this study are collected from the PG produced during the production of phosphoric acid through a wet process (the so-called “dihydrate process”) by a phosphate fertilizer manufacturing company in Yichang, Hubei Province of China. The collected samples are dried to a constant weight in a drying oven at 45 °C via a standard sampling method and then placed in a desiccator for storage. The composition of the mineral phase was analyzed and determined using XRD and the obtained results are presented in Figure 2.



The results of the XRD analysis reveal that the main mineral phases of PG are calcium sulfate dihydrate, quartz and incompletely reacted fluorapatite and the intensity at the diffraction peaks of the impurity mineral phase (such as fluorapatite) is weak. This is mainly attributed to the fact that the mineral impurity content is much lower than calcium sulfate dihydrate and quartz and its characteristic peak is masked by the strong absorption peak of calcium sulfate dihydrate and quartz. It should be emphasized that although XRD analysis is often not able to precisely identify minerals with low content, it may accurately identify the phase information of important minerals. Furthermore, as Yang et al. [34] have shown, important mineralogical details including the micro-morphology, particle size and mineral development relationships cannot be obtained by XRD analysis.




3.2. Chemical Composition and Particle Size Distribution of PG


The results of the XRF analysis are provided in Table 1. CaO, SO3 and SiO2 are the main chemical components of PG and their contents in order are 37.30, 51.83 and 7.66%. P2O5 and Al2O3 are secondary components, with contents of 1.28% and 0.39%, respectively. In addition, they also contain a small amount of K2O, Fe2O3, MgO and TiO2, the content of which is less than 0.2%. The results of the chemical composition analysis indicate that the main component of PG is calcium sulfate, whereas phosphorus and fluorine represent the main impurity elements. The presence of fluorine was depicted from XRD pattern, since XRF method does not identify this element.



The formation process of PG in the wet process phosphoric acid reaction system can be considered as a chemical ore-forming process. In this process, with the irregular growth of calcium sulfate dihydrate crystal, impurity mineral phases in PG particles with various particle sizes show different occurrence characteristics. To discover the enrichment law of phosphorus, fluorine, iron, aluminum and other impurity elements in PG with different particle sizes, we investigate the embedded characteristics of PG elements with various particle sizes. The results showed that phosphorus could be enriched in PG particles with particle size > 0.150 mm and particle size < 0.0374 mm, which presents the rule of “enrichment at both ends”. The analysis results of the chemical composition of PG in different particle sizes are provided in Table 2.



Based on the analysis results of chemical elements in PG with various particle sizes, Pearson’s correlation coefficient could be used to analyze the correlation between chemical elements in PG and investigate the effect of PG particle size on the occurrence of chemical elements. The results of the analysis are presented in Figure 3.



The results of the correlation analysis showed that there would exist a strong negative correlation between the CaSO4 content and the particle size, which showed that with the increase in the size of the PG particles, the CaSO4 content demonstrated a downward trend and the minimum calcium sulfate dihydrate content appeared in the 400-mesh particle size. The results indicated that there was a negative correlation between SiO2 and particle size, indicating that the content of SiO2 decreases with increasing particle size of PG. The correlation coefficient between Al2O3 and particle size was between −0.0708 and −0.0518, demonstrating a weak negative correlation, indicating that Al2O3 content reduces with increasing particle size. The correlation coefficient between the P2O5 content and the particle size was between −0.1399 and 0.2633. As shown in Figure 3a, when the particle size of PG is less than 150 μm, there is an increasing trend in P2O5 content with increasing particle size. The obtained results revealed that soluble phosphorus and fluorine were the main impurity elements of PG. A strong correlation between the crystal grain size and the soluble phosphorus content was detected in the wet process phosphoric acid reaction system as well as in the calcium sulfate acid system. Figure 3b presents the correlation analysis results among elements in PG. It is worth mentioning that iron and aluminum exhibit a strong positive correlation with silicon and a strong negative correlation with calcium. Relevant studies reveal that iron mineral phases in PG are mainly pyrite and limonite and aluminum minerals are mainly feldspar, gibbsite and chlorite. The iron and aluminum mineral phases in PG may essentially coexist with quartz minerals.




3.3. Embedded Characteristics of Essential Minerals in PG


3.3.1. Optical Microscope Analysis


Mineral phase analysis is usually performed through microscopic observation and XRD analysis. Herein, the mineral phase of PG is qualitatively analyzed with a polarized microscope. The analysis results are presented in Figure 4.



The analysis results by optical microscope showed that the mineral phases in PG are gypsum, quartz, apatite and gibbsite. Under the optical microscope, gypsum (Gp) in the form of fine scales or fibrous grains or rhombic particles, colorless and transparent, slightly negative low protrusion, first-order gray-white interference color, with a group of intact cleavage visible parallel extinction, scattered and evenly distributed or aggregated in a mass distribution. Quartz (Qtz) is irregular and fragmented, colorless and transparent, first-order gray-white to first-order yellow-white, cracks in grains, sporadic distribution and pyrite can be seen in individual fragments; Apatite (Ap) is a short columnar or residual shape with high protrusion, first-order gray interference color, parallel extinction, sporadic distribution and particle size of 0.03–0.10 mm; Gibbsite (Gbs) is fragmented or fine aggregate, light brown, secondary interference color, sporadic distribution and particle size of 0.01–0.12 mm. The results of the microscopic analysis are able to qualitatively analyze the primary impurity mineral phases in PG, but the occurrence state of phosphorus, fluorine, potassium and other impure elements cannot be determined. Therefore, AMCIS is proposed for further analysis of the occurrence state of impurity elements in PG.




3.3.2. Analysis of Automatic Mineral Analyzer


The automatic mineral analysis system is able to realize the quantitative analysis of the mineral phase composition in the target mineral. In the current investigations, the AMCIS automatic mineral analyzer is employed to examine the mineral phase composition and content in PG. The schematic representation of the analysis process is provided in Figure 5.



The mineral composition of the PG sample determined by the AMCIS automatic mineral analyzer is presented in Table 3. The test results reveal that the main mineral phases in PG are gypsum and quartz, which constitute 82.58% and 8.73%, respectively. The gypsum content is slightly lower than the 85% limit for first-grade PG specified in GB/T 2018-23456 PG. Potassium silicate and calcium aluminate represent the impurity mineral phases in PG whose content ranks second after quartz, and the mass ratio of potassium silicate mineral is 1.64%. The analysis results of the content of the main mineral phase based on the AMCIS automatic mineral analyzer indicate that if there is a need to improve the purity of PG products, the removal of quartz and potassium silicate impurity minerals in PG should be considered first.



The morphology and embedded characteristics of the main mineral particles of PG are illustrated in Figure 6. The embedded characteristics of gypsum, quartz and other minerals are also presented in Table 4 and Table 5.



Figure 6a presents the symbiosis of gypsum and quartz and Figure 6b illustrated the common junction structure of gypsum and quartz particles. The analysis results in Table 4 show that gypsum minerals in PG mainly exist in the form of monomer dissociation and the degree of monomer dissociation is 90.47%. The essential minerals with a binary symbiotic relationship with gypsum are quartz and fluorapatite, which are 5.21 and 1.06%, respectively. The ratio of minerals with a ternary symbiotic relationship with gypsum is relatively low and its cumulative ratio is less than 0.1%. The analysis results in Table 5 reveal that quartz mineral exists in PG in the form of monomer dissociation, and its monomer dissociation degree is 84.80%, which is slightly lower than the gypsum mineral phase. The essential minerals with a binary symbiotic relationship with quartz are PG, wollastonite and rutile, which in order account for 11.34%, 1.00% and 0.70%. Pyrite and quartz are mainly in ternary form, accounting for 0.39%. This analysis result is consistent with the strong correlation analysis results of Si and Fe elements in the high-correlation analysis that is shown in Figure 3b. Automated mineralogical analysis of AMCIS showed more order of occurrence of SiO2 and Fe2O3 impurities in PG. The analysis results indicated that the separation of SiO2 in PG could effectively improve the content of gypsum components in PG. Additionally, it could achieve the collaborative removal of iron-containing mineral phase components and improve the whiteness of PG.




3.3.3. Occurrence Characteristics of Essential Impurity Minerals in Phosphogypsums


Based on the clarity of the mineral phase composition of PG in the sample, this paper examines the occurrence characteristics of impurity minerals such as quartz, rutile, biotite and chlorite in the essential mineral (gypsum) of principal PG. The analysis results are presented in Figure 7.



The mass distribution of particles with various gypsum contents is illustrated in Figure 7a. The gypsum content in PG particles is generally high, and the ratio of particles with 80%–100% gypsum content reaches 78.07%, whereas the mass ratio of gypsum minerals in the form of completely separated monomer minerals is 44.97%. Further, the particles containing 20%–40% gypsum contain 11.02% and the amount of gypsum in other particles is less than 6%. It can be seen from Figure 7b that the mass ratio of quartz minerals in solid impurities of PG is 55.56%. For potassium silicate and unknown minerals in solid impurities, the corresponding mass ratio is 10.28% and 20.05%, respectively. It can be seen from Figure 7c that the mass ratios of quartz minerals, potassium silicate minerals and unknown minerals in order are 11.45%, 10.56% and 65.43% in interconnected minerals with 0%–20% content. Figure 7d displays that the mass ratio of quartz minerals with a gypsum content of 20%–40% is substantially lower than that of gypsum of 0%–20%, which is only 4.07%, 34.65% in unknown minerals and 8.85% in potassium silicate minerals. Figure 7e also demonstrates that the mass ratio of quartz in the conjoined mineral with 40%–60% gypsum content is only 0.82%, the unknown mineral is 29.60% and that of the biotite mineral is 5.63%. Figure 7f illustrates that the mass ratio of quartz mineral in the conjoined mineral with 60%–80% gypsum content is 0.81%, which is similar to that in the conjoined mineral with 60%–40% gypsum content. The mass ratio of unknown minerals is 20.48% and biotite minerals is 1.84%.



The distribution proportion analysis of gypsum minerals with various contents reveals that quartz is the primary impurity mineral of PG minerals. The symbiotic relationship between quartz and PG is significant in the conjoined mineral with less than 40% gypsum content, and the symbiotic phenomenon between unknown minerals and PG particles with low content is more significant. This part of the unknown mineral may represent an organic substance wrapped in PG, so the automatic mineral analysis system is not able to accurately match the mineral phases. According to the mass distribution law of gypsum minerals in various contents, PG particles essentially consist of gypsum minerals and the impurity mineral phase primarily occurs in particles with low gypsum content.





3.4. Experiment on Improving Quality and Whiteness of PG by Flotation


The impurity gangue mineral phase in PG is mainly distributed in the gypsum mineral phase, and the gangue mineral phases such as pyrite and magnetite are mainly symbiotic with the quartz mineral phase. In addition, the impurity gangue mineral phases such as fluorapatite, rutile, biotite and chlorite are mainly symbiotic with the gypsum mineral phase. The dissociation degree of gypsum mineral phase monomer in PG is as high as 90.47%. Through flotation, the separation of gypsum and impurity mineral phases could be effectively performed, and then the whiteness and purity of PG can be improved. Based on process mineralogical analysis, the direct flotation approach coupled with acid pickling was employed to treat PG. As a result, the whiteness of purified PG reached 70.76%, the content of calcium sulfate dihydrate climbed up to 95.35% and the contents of soluble phosphorus and fluorine decreased to 0.098% and 0.052%, respectively.



FI-TR analysis was performed on the original sample of PG after quality and whiteness improvement using manual flotation with acid pickling. As demonstrated in Figure 8, the intensity of the distinctive O-S-O absorption peaks at 596 cm−1 and 671 cm−1 is higher in the “positive flotation + acid washing” coupling procedure for treating PG than in the original PG sample. This improvement might result from CaSO4·2H2O being the primary ingredient in the test sample [35,36]. Following the coupling process treatment, the concentration of CaSO4·2H2O rises considerably, which significantly enhances the distinctive O-S-O absorption peaks in the 400–700 cm−1 range. Furthermore, at 1142 cm−1, a notable enhancement in the intensity of the distinctive absorption peak of the anti-symmetric stretching vibration of SO4 is detected in the CaSO4·2H2O crystal molecule [37].



SEM-EDS mapping analysis was performed on the original PG, and the quality and whiteness of the sample were both improved by direct flotation with acid pickling. Figure 9 and Table 6 present the SEM images and the chemical composition of the mineral phase in PG. The mass ratio of calcium in purified PG was remarkably increased from 33.40% in raw ore to 58.54%, and the contents of Si and Fe showed a decreasing trend from 12.91% and 0.76% in raw ore to 0.11% and 0.51%, respectively. In tailings, calcium content decreased to 1.81% and Si increased to 78.06%, indicating a clear enrichment. The mass ratio of Fe was obtained as 13.63%, which was not as enriched as Si, indicating that Fe impurities were partially dissolved and transferred to the pickling solution during pickling. SEM mapping analysis revealed that the direct flotation process combined with acid pickling could achieve the collaborative separation of Si and Fe impurities in PG samples. Lehr et al. found a high correlation between the presence of iron impurities and silicon elements in phosphogypsum [38]. The mapping analysis results of PG samples obtained by the combined process in this study are highly consistent with the research conclusions of Lehr et al.





4. Conclusions


	(1)

	
The analysis of mineral phases demonstrated that the main phases in PG include calcium sulfate dihydrate, quartz and incompletely reacted fluorapatite. The results of the chemical composition analysis revealed that the main component of PG was calcium sulfate, whereas phosphorus and fluorine were the main impurity elements and quartz showed an obvious enrichment phenomenon in fine-grained PG particles.




	(2)

	
The process mineralogical analysis approach showed that gangue minerals with a binary symbiotic relationship in PG include fluorapatite, quartz, wollastonite, rutile, calcite, biotite, calcium aluminate and chlorite. Among them, the gangue mineral and fluorapatite mineral phases represent the main symbiotic impurity minerals. The dissociation degree of the gypsum mineral phase in PG is as high as 90.47% and the impurity mineral phase is majorly enriched in the conjoined mineral with 20%–60% gypsum Through the coupling process of “flotation + pickling,” the purity of CaSO4·2H2O could reach 95.35%, the whiteness could touch 70.76% and the contents of soluble phosphorus and fluorine could reach 0.098% and 0.052%, respectively.




	(3)

	
The production process of PG can be considered a chemical mineralization process. The process mineralogical analysis approach can be employed to quantitatively analyze the composition and content of impurity mineral phases and the dissociation degree of main mineral phases in PG, which can provide a new way for PG impurity phase analysis and a theoretical basis for PG deep purification and resource utilization.
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Figure 1. Process flowchart for direct flotation coupled with acid leaching. 
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Figure 2. XRD analysis results of PG. 
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Figure 3. Heatmap used for analysis of correlation between (a) particle size and (b) chemical composition. 
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Figure 4. (a,b) Results of same PG sample from different locations via polarizing microscope. 
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Figure 5. Determination of PG using AMCIS automatic mineral analyzer. 
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Figure 6. Morphology and embedded characteristics of main mineral particles of quartz and PG. (a) conjunctive edge relation (b) assorted relation. 
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Figure 7. (a) Mass distribution ratio of mineral particles with various gypsum contents, and quantity ratio of each mineral content in the conjoined mineral with (b) 0%, (c) 0%–20%, (d) 20%–40%, (e) 40%–60% and (f) 60%–80% gypsum contents. 
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Figure 8. FI-TR analysis and test results of original PG sample and improved PG concerning quality and whiteness. 
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Figure 9. SEM-EDS mapping analysis results of original PG sample, flotation concentrate, and tailings: (a,e,i) SEM images of test samples, (b,f,j) mapping analysis results of Ca element in test samples, (c,g,k) mapping analysis results of Si element in test samples, (d,h,l) mapping analysis results of Fe element in test samples. 
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Table 1. Chemical composition and content of PG.
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	Element
	SO3
	CaO
	SiO2
	P2O5
	K2O
	Al2O3
	Na2O



	Content%
	51.83
	37.30
	7.66
	1.28
	0.53
	0.39
	0.19



	Element
	Fe2O3
	TiO2
	MnO
	MgO
	NiO
	SrO
	BaO



	Content%
	0.42
	0.14
	0.008
	0.059
	0.0034
	0.071
	0.12










 





Table 2. Chemical composition of PG with various particle sizes.
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Particle Size/μm

	
<37.4

	
37.4–75

	
75–105

	
105–150

	
150–250

	
250–830




	
Element

	






	
Na2O

	
0.18

	
0.15

	
0.15

	
0.19

	
0.23

	
0.19




	
MgO

	
0.076

	
0.047

	
0.05

	
0.059

	
0.069

	
0.062




	
Al2O3

	
0.43

	
0.35

	
0.35

	
0.39

	
0.44

	
0.44




	
SiO2

	
12.92

	
7.69

	
7.60

	
7.66

	
8.78

	
8.64




	
P2O5

	
1.61

	
1.28

	
1.20

	
1.28

	
1.37

	
1.45




	
SO3

	
49.77

	
52.07

	
51.88

	
51.83

	
51.18

	
51.35




	
K2O

	
0.34

	
0.44

	
0.62

	
0.53

	
0.58

	
0.51




	
CaO

	
33.36

	
37.16

	
37.41

	
37.30

	
36.49

	
36.52




	
TiO2

	
0.19

	
0.14

	
0.13

	
0.14

	
0.17

	
0.13




	
MnO

	
0.007

	
-

	
-

	
0.008

	
-

	
0.008




	
Fe2O3

	
0.76

	
0.45

	
0.40

	
0.42

	
0.48

	
0.49




	
SrO

	
0.068

	
0.078

	
0.074

	
0.07

	
0.069

	
0.073




	
Y2O3

	
-

	
0.004

	
0.002

	
-

	
0.003

	
0.003




	
NiO

	
0.004

	
-

	
0.003

	
-

	
0.004

	
-




	
BaO

	
0.27

	
0.15

	
0.14

	
0.12

	
0.15

	
0.12











 





Table 3. Main mineral composition of PG.
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	Mineral
	Weight Percentage (%)
	Area Percentage

(%)
	Area (μm2)
	Segment Number
	Relative Error (%)





	Gypsum
	82.58
	79.87
	2,724,381
	10,558
	0.02



	Quartz
	8.73
	8.45
	288,266.8
	1215
	0.06



	Potassium Silicate
	1.64
	1.59
	54,145.04
	236
	0.13



	Calcium Aluminates
	0.62
	0.6
	20,375.62
	184
	0.15



	Rutile
	0.41
	0.39
	13,410.66
	127
	0.18



	Biotite
	0.3
	0.23
	7874.27
	50
	0.28



	Pyrite
	0.25
	0.24
	8288.05
	41
	0.31



	Chlorite
	0.21
	0.22
	7638.36
	48
	0.29



	Wollastonite
	0.13
	0.12
	4131.54
	33
	0.35



	Anorthite
	0.08
	0.07
	2348.49
	18
	0.47



	Fayalite
	0.07
	0.06
	2089.49
	19
	0.46



	Flour-Apatite
	0.06
	0.06
	2045.8
	18
	0.47



	Calcite
	0.05
	0.05
	1797.41
	16
	0.5



	Magnetite
	0.05
	0.04
	1390.49
	13
	0.55



	Kirschsteinite
	0.05
	0.05
	1612.05
	11
	0.6



	Quartz + Pyrite
	0.02
	0.02
	685.26
	6
	0.82



	Titanite
	0.02
	0.01
	496.78
	4
	1










 





Table 4. Embedded characteristics of gypsum and other gangue minerals (%).
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Mineral

	
Apatite

	
Quartz

	
Wollastonite

	
Rutile

	
Calcite

	
Titanite

	
Fayalite

	
Chlorite

	
Biotite

	
Other Minerals






	
Monomer dissociation

	
90.47




	
Dyadic symbiosis

	
1.06

	
5.21

	
1.02

	
0.05

	
0.05

	
0.00

	
0.02

	
0.07

	
0.15

	
0.15




	
Three-membered

encapsulation

	
0.00

	
0.02

	
0.00

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
0.01

	
0.07











 





Table 5. Embedded characteristics of single quartz mineral and other minerals (%).
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Mineral

	
Wollastonite

	
PG

	
Rutile

	
Pyrite

	
Chlorite

	
Biotite






	
Monomer dissociation

	
84.80




	
Dyadic symbiosis

	
1.00

	
11.34

	
0.70

	
0.44

	
0.60

	
0.00




	
Three-membered encapsulation

	
0.02

	
0.03

	
0.00

	
0.39

	
0.00

	
0.06











 





Table 6. SEM-EDS mapping analysis of element composition in samples.
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Mineral

	
Element (wt.%)




	
Ca

	
S

	
Si

	
P

	
F

	
Fe

	
Al

	
K






	
Raw ore

	
33.40

	
49.82

	
12.91

	
1.61

	
0.35

	
0.76

	
0.43

	
0.34




	
Ore concentrates

	
58.54

	
38.98

	
0.11

	
1.83

	
0.00

	
0.51

	
0.00

	
0.03




	
Mine tailing

	
1.81

	
4.29

	
78.06

	
2.15

	
0.00

	
13.63

	
0.01

	
0.05
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