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Abstract

:

Refractory iron ore is often discarded as tailings. This causes a great waste of iron resources. In this paper, the flash roasting-magnetic separation process was designed by combining the magnetic separation process of magnetite and the process mineralogy of iron tailings. The flash suspension roasting effects with 3–4 s roasting time were evaluated by magnetic separation. The MLA results show that the tailings are ground to a fineness of P90 −75 μm, where the distribution of siderite and M/H in the −75 μm particle size is 85.37% and 92.75%, respectively. Moreover, M/H and siderite are mainly associated with muscovite and quartz. This indicates that regrinding for contiguous bodies of M/H and siderite is beneficial for improving the grade and recovery of iron concentrates. The results of the flash roasting-magnetic separation process show that a mixed iron concentrate containing 60.10% Fe with an iron recovery of 81.13% would be achieved after selective grinding and staged magnetic separation of the roasted ore. The result indicates that the flash suspension roasting effects with 3–4 s roasting time are achievable. The study provides an efficient approach for recovering refractory iron from tailings.
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1. Introduction


Iron ore is one of the essential raw materials for refining iron and steel [1]. It promotes national economic and social development and is irreplaceable and nonrenewable. Iron ore has been added to China’s strategic resource list in 2021 [2,3].



China’s iron ore resources are relatively abundant, with the world’s fourth-largest total reserves [4]. However, more than 97% of the iron ore are low-grade iron ore resources, such as limonite, siderite, and high phosphorus oolitic hematite [5,6]. These ores have the characteristics of low grade, high impurity, fine particle size, and complex composition. It is challenging to recover effectively using conventional beneficiation methods [5,7]. Therefore, for a long time, refractory iron ore is often discarded as tailings due to the limitations of the separation technology and costs [8,9].



Roasting-magnetic separation technology is an effective method for recovering refractory low-grade iron ore [7,8,9]. First, the magnetization roasting method is used to modify the refractory iron ore, transforming it from a weakly magnetic mineral to a strongly magnetic one, thus increasing the separability of the refractory iron ore.



Temperature is one of the essential parameters for magnetization roasting. Zhang et al. found that, under mildly reducing conditions, the hematite could be reduced to magnetite, and siderite could decompose to magnetite and wustite, the ratio depending on temperature [10]. Their reaction equations are as follows.


FeCO3 (s)→FeO (s) + CO2 (g)



(1)






FeO (s) + 1/3 CO2 (g)→1/3 Fe3O4 (s) + 1/3 CO (g)



(2)






Fe2O3 (s) + 1/3 CO (g)→2/3 Fe3O4 (s) + 1/3 CO2 (g)



(3)







In the magnetization roasting process, reactions 1 and 2 are continuous processes. FeO is the reaction intermediate. The overall reaction 4 for the magnetization roasting process is obtained by combining reactions 1 and 2 [11]. The Gibbs free energy of reactions 3 and 4 are shown in Figure 1.


FeCO3(s)→1/3 Fe3O4 (s) + 2/3 CO2 (g) + 1/3 CO (g)



(4)







Figure 1 shows that the Gibbs free energy of reactions 3 and 4 are always negative in the range of 400 K to 1200 K [10,11]. Moreover, the higher the roasting temperature, the more easily reaction 3 and 4 occurs. These indicate that during the roasting process reactions 3 and 4 will occur spontaneously at roasting temperatures above 500 K. In addition, the thermodynamic analysis only theoretically evaluates the reaction trend. The reliability of reactions 3 and 4 has been confirmed by the experimental studies of Zhang and Zhang et al. [12,13]. Zhang et al. also found that the rising temperature was favorable for the reaction rate of siderite decomposition and hematite reduction, which would generate magnetite spontaneously [11]. Even the magnetization roasting time for siderite and hematite could be reduced from 340 s at 510 °C to 69 s at 720 °C [14]. Feng et al. have predicted that for Daxigou siderite, at sufficiently fine particle size, the magnetization reaction could be completed within 10 s when temperatures were above 650 °C; at temperatures above 750 °C, the magnetization reaction took less than 1 s [15]. However, studies have not reported on the magnetization roasting time in less than 30 s. This may be because the refractory iron ores that have been studied were rarely ground to the same fineness as Daxigou siderite.



The particle size of the mineral is an important process mineralogy parameter. It also is another essential parameter affecting magnetization roasting [16,17]. Liu et al. found that hematite particle size significantly influenced the magnetization roasting efficiency [18]. During the suspension roasting process, as the particle size was reduced, the rate of conversion of Fe2O3 to Fe3O4 increased. Gao et al. found that at a fixed time the reduction rate for large particles was less than for small particles because the reduction rate was decreasing with time until complete reduction is achieved [19]. Therefore, finer particle size will be beneficial to increasing the magnetization reaction rate.



The above results indicate that the ore’s particle size distribution and intergrowth characteristics determine the process flowsheet and parameters for the suspension roasting-magnetic separation of refractory iron ores. Meanwhile, numerous studies have also shown that mineralogy research can optimize beneficiation processes and parameters to improve the beneficiation index [20,21,22].



This paper is the first to recover iron from iron tailings by flash suspension roasting-magnetic separation with a roasting time of 3–4 s. To simplify the flash suspension roasting-magnetic separation experimental process, the mineral liberation analyzer (MLA) was used to conduct process mineralogy research on discarded iron tailings in Shaanxi. The characteristics of particle size distribution, liberation, and intergrowth were identified to estimate roasted ore fineness and rough concentrate regrind fineness by MLA. The flash suspension roasting effects are evaluated by magnetic separation. The reasons for iron concentrate with iron grades ≥60% not being available in previous studies are discussed.




2. Materials and Methods


2.1. Materials


Discarded iron tailings in this study were obtained from Daxigou Mining Company in Shaanxi, China. The chemical multi-element analysis results and mineral compositions of the discarded iron tailings are shown in Table 1 and Figure 2. Table 1 shows the total Fe content in the discarded iron tailings was 20.25%. Figure 2 shows that the iron tailing includes siderite, hematite, magnetite, quartz, muscovite, and kaolinite. The Daxigou iron ore mine is the largest siderite deposit in China. It has a geological reserve of 302 million tons. The siderite and hematite have very fine particle sizes and are intergrown with vein minerals [23].




2.2. Process Mineralogy Characteristics


The process mineralogy characteristics were mainly identified via MLA with SEM-EDS (FEI Quanta200-EDAX Genesis XM 2i, FEI Corporation, Hillsboro, OR, USA). The operation and image acquisition of the apparatus was controlled using SEM Control and MLA Investigator software. The optimal operating distance and electron beam acceleration voltage were 10 mm and 25 kV, respectively. During MLA work, differences in the greyscale of backscattered electron images were used to distinguish between different phases; energy spectra were used to identify minerals quickly and accurately, and modern image analysis techniques were used to obtain process mineralogical parameters [22,24,25,26,27]. The detailed MLA measurement modes have been reported in the previous literature [24,25,26,27]. The following data could be obtained from the MLA: element distribution, particle size distribution, liberation degree, intergrowth relationship, etc.



The mineral composition was analyzed by X-ray diffraction (Shimadzu D/MAX-RA, Shimadzu Corporation, Tokyo, Japan). The operating parameters were: Cu target radiation, nickel filter, tube voltage 40 kV, tube current 40 mA, scanning range 2θ = 5°–90°, step width 0.033°, scanning speed 12°/min, operating temperature 25 °C.



The method of iron phase analysis was from the literature (Figure 3) [11,28]. The chemical composition of iron tailing was analyzed by the potassium dichromate titration method and Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Thermo Fisher Scientific Inc., Waltham, MA, USA).




2.3. Flash Suspension Roasting-Magnetic Separation Procedure


The discarded iron tailings were first ground to 90.0% −75 μm using a dry vertical mill (DL-M-R500, self-developed). Milled tailing was then reduced for 3 s to 4 s at 780 °C with 10% CO in the CO2 using a suspension roaster (Fluidized bed, DL-R-B01, self-developed). The roasted ore was next prepared into a 30% concentration pulp fed into a wet magnetic separator (DCXJ-400 × 240, Shandong Huatech Magnetics Technology Co., Weifang, China) with 1500 Oe, one rougher concentrate, and one tailing. The rougher concentrate was ground to 94.5% −38 μm using a wet ball mill (XMQ-240 × 90, Jilin Prospecting Machinery Factory, Jilin, China). The mill product was subjected to three sequential magnetic separations in the magnetic separator with 1300 Oe, 1000 Oe, and 700 Oe, and obtained one iron concentrate and three middlings. The last two middlings were combined and ground to 96.0% −38 μm using a wet ball mill (RK/ZQM-150 × 50, Wuhan Rock Grinding Equipment Manufacturing Co., Wuhan, China). The mill product was subjected to 1-time magnetic separations in the magnetic separator with 1500 Oe and obtained one iron concentrate and one middling. The flowchart of flash suspension roasting-magnetic separation is shown in Figure 4. The schematic diagram of the flash suspension reactor is shown in Figure S1 in Supplementary Materials.




2.4. Recovery of Concentrate


The recovery of Fe during the separation was calculated using the equation as follows,


   ε =    β ×  γ β    α × 100   × 100 %  



(5)




in which ε is the recovery of Fe during separation, %; α is the grade of Fe in the discarded iron tailings, %; β is the grade of Fe in the concentrate, %; γβ is the yield of concentrate during separation, %.





3. Results and Discussion


3.1. The Iron Phase Compositions


The results of the iron phase analysis are shown in Table 2.



Table 2 shows the content of Fe in carbonate/hematite/magnetic iron/silicate is 12.85%/5.28%/1.60%/0.85%. The distribution rate of Fe in carbonate/hematite/magnetic iron/silicate is 62.44%/25.66%/7.77%/4.13%. Therefore, the maximum theoretical recovery of iron in the tailings is 95.87%.




3.2. Particle Size Distribution Characteristics of Major Iron Minerals


The particle size distribution characteristics of magnetite + hematite (M/H) and siderite in the tailings from the MLA analysis are shown in Figure 3. The statistical result of the particle size distribution are shown in Table 3.



Combining the results of Table 3 and Figure 5 found that the particle size of M/H in the tailing is mainly distributed in the size range of −75 μm, accounting for 92.75%, of which −9.6 μm~+4.8 μm and −4.8 μm~+2.4 μm account for 26.72% and 28.72%, respectively. The siderite particle size in tailing is distributed in −75 μm, accounting for 85.37%, with 30.90% in −38 μm~+19 μm and 23.28% in −19 μm~+9.6 μm, which is coarser than M/H. This indicates that M/H is more amenable to grinding than siderite.




3.3. Liberation Degree and Intergrowth Characteristics of Major Iron Minerals


The liberation degree and intergrowth characteristics of major iron minerals are shown in Figure 6.



Figure 6a shows that the M/H in this tailing has a monomeric dissociation of 30.44% and that a 75–100% exposed area of contiguous bodies as rich intergrowth was 18.37%. The total content of rich intergrowth and monomer was 48.81%. The content of poor intergrowth was over 50%. This indicates that M/H has a low liberation degree. The results in Figure 6b show that the mono-mineral liberation degree of siderite was 27.94%; the total content of rich intergrowth (area percentage, more than 75%) and monomer was 54.43%. The content of poor intergrowth was 45.57%. For magnetic separation, the liberation degree of siderite is more suitable than that of M/H. These results explain the low mono-mineral liberation degree of M/H and siderite in iron tailings under the current grinding fineness. Their liberation degree can be increased by improving the grinding fineness. However, at a grinding fineness of −75 μm at 90%, the inclusions of both siderite and M/H in the tailings were less than 1%. This can be used for flash magnetization roasting.



Table 3 result shows M/H and siderite have been ground to a fineness of 92.75% and 85.37% with −75 μm, especially M/H, which already has a −9.6 μm content of 60.72%. The siderite has a −9.6 μm content of 16.63%. This indicates that the M/H is being ground too fine at the current grinding fineness to facilitate recovery by magnetic separation [29,30]. However, previous studies have found that with a regrind fineness of −43 μm at 95%, the grade of iron ore concentrate is less than 60% [31]. This indicates that the regrind fineness does not achieve the requirement for monomer dissociation. The regrind fineness needs to be increased. However, high grinding fineness is not favorable for magnetic separation. Therefore, it is necessary to carry out the regrinding of the middlings. This will improve the grade of the iron concentrate while ensuring iron recovery. The regrind fineness was determined to be −38 μm at 94.53% (−43 μm at 95%). The regrind fineness of the congeners was set at −38 μm at 96%.



The mineral map of the tailing is shown in Figure 7. The intergrowth relationship between major gangue minerals and major iron minerals is shown in Figure 8.



Figure 7 and Figure 8 show that within the non-monolithic M/H and siderite mineral particles, the gangue minerals associated with M/H are quartz, muscovite, and kaolinite. Figure 8a shows that as the exposure of M/H and siderite increases, the area occupied by the major gangue becomes gradually smaller; the major gangues are associated with M/H in the following order: muscovite > quartz > kaolinite; The major gangues are associated with siderite in the following order: muscovite > quartz > kaolinite. These indicate that M/H and siderite are mainly associated with muscovite and quartz. The main impurities in the iron concentrate are likely to be muscovite and quartz. Therefore, selective grinding for contiguous bodies of M/H and siderite is beneficial for improving the grade and recovery of iron concentrates [29].




3.4. Application in Flash Suspension Roasting-Magnetic Separation


The mineralogical information above indicated that the discarded iron tailings were low-grade siderite. The content of impurities such as S and P are low in the tailings. Moreover, they are seldom closely associated with the main iron minerals (M/H and siderite). The effect of impurities (S and P) on the iron concentrate can be disregarded. The main gangue minerals are quartz, muscovite, and kaolinite. Quartz/muscovite is closely associated with siderite/M/H. The current grinding fineness is −75 μm, accounting for 90% of the total. The particle size of M/H in the tailings is mainly distributed in the size range of fewer than 75 μm, accounting for 92.75%, especially the size of −9.6 μm, accounting for 60.72%. This may be detrimental to its recovery by magnetic separation. Siderite is mainly distributed in the particle size range of −75 μm for 85.37%. Only 16.63% of siderite have a size of −9.6 μm. Nearly 85% of the siderite in the particle size can be recovered by magnetic separation. There are significant congeners of quartz and muscovite with major iron minerals at the current grinding fineness. They can affect iron concentrate grades and recoveries [30,32,33]. Therefore, it is necessary to carry out regrinding of intermediate products to improve iron concentrate grade or recovery [29]. The results are shown in Table 4.



Table 4 shows that the iron concentrates 1 and 2 with Fe grade of 60.10% and 60.15% and iron recovery of 73.35% and 7.78% were obtained under the flash suspension roasting-magnetic separation process. A mixed iron concentrate with an iron grade/recovery of 60.10%/81.13% can be obtained. The XRD results of the mixed iron concentrate are shown in Figure 9. The diffraction intensity and content distribution of major iron minerals and gangue minerals in mixed iron concentrate differed significantly from the discarded iron tailings (Figure 9). The mixed iron concentrate contains magnetite, hematite, quartz, and muscovite. This indicates that despite grinding finenesses to 94.5% −38 µm, there are still massive concretions of quartz and muscovite with iron minerals in the iron concentrate. This will affect the quality of the iron concentrate and is the reason why iron concentrates with iron grades ≥60% were not available in the previous study. Concentrate 2 is obtained from a portion of the middling (grade of 25.58%) by a regrinding-magnetic separation process. This result is consistent with the intergrowth relationship between major gangue minerals and iron minerals.





4. Conclusions


Based on the process mineralogy characteristics, the laboratory-scale recovery of iron from the discarded iron tailings using flash suspension roasting followed by magnetic separation was investigated. The MLA results show that the tailings are ground to a fineness of P90 −75 μm, where the distribution of siderite and M/H in the −75 μm particle size is 85.37% and 92.75%, respectively. Moreover, M/H and siderite are mainly associated with muscovite and quartz. This indicates that regrinding for contiguous bodies of M/H and siderite is beneficial for improving the grade and recovery of iron concentrates. Therefore, with the suspension roasting conditions, comprising a milled tailing fineness of P90 −75 μm, the roasting time of 3–4 s, the reductant dosage of 10% CO in the CO2, the roasting temperature of 780 °C, a mixed iron concentrate containing 60.10% Fe with an iron recovery of 81.13% would be achieved after selective grinding and staged magnetic separation of the roasted ore. The result indicates that the flash suspension roasting effects with 3–4 s roasting time are achievable; the regrinding process of the middling can help to improve the recovery of iron concentrates. The study provides an efficient approach for recovering refractory iron from tailings.
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Figure 1. The Gibbs free energy of reactions 3 and 4. 
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Figure 2. The XRD diffraction results of the discarded iron tailings. 
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Figure 3. Iron phase analysis. 
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Figure 4. The flowchart of flash suspension roasting-magnetic separation. 
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Figure 5. The particle size distribution characteristics of M/H and siderite in the tailing. 
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Figure 6. Liberation degree of major iron minerals. (a) M/H; (b) siderite. 
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Figure 7. The mineral map of the tailing. (a) the particle size of −38~+75 µm and (b) particle size of −38 µm. 
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Figure 8. Intergrowth relationship between major gangue mineral and iron minerals (a) Intergrowth relationship between major gangue mineral and M/H; (b) Intergrowth relationship between major gangue mineral and siderite. 
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Figure 9. The XRD results of the mixed iron concentrate. 
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Table 1. The results of chemical multi-element analysis of the discarded iron tailings.
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	Component
	TFe
	Al2O3
	SiO2
	CaO
	MgO
	K2O
	P
	S
	MnO
	TiO2





	Content (%)
	20.25
	15.22
	41.45
	0.44
	1.30
	1.30
	0.01
	0.25
	0.80
	0.45
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Table 2. Iron distribution in tailings.






Table 2. Iron distribution in tailings.





	Fe Phase
	In Carbonate
	In Hematite
	In Magnetic Iron
	In Silicate
	TFe





	Content (%)
	12.85
	5.28
	1.60
	0.85
	20.58



	Distribution rate (%)
	62.44
	25.66
	7.77
	4.13
	100.00
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Table 3. The statistical result of particle size distribution.






Table 3. The statistical result of particle size distribution.





	
Particle Size/μm

	
Siderite (%)

	
M/H (%)




	
Content

	
Cumulative Distribution

	
Content

	
Cumulative Distribution






	
+75

	
4.82

	
14.63

	
4.93

	
7.25




	
−75~+38

	
14.56

	
85.37

	
11.72

	
92.75




	
−38~+19

	
30.9

	
7.77




	
−19~+9.6

	
23.28

	
12.55




	
−9.6~+4.8

	
12.81

	
26.72




	
−4.8~+2.4

	
3.52

	
28.72




	
−2.4~+1.2

	
0.27

	
5.18




	
−1.2

	
0.02

	
0.1
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Table 4. The results of the flash suspension roasting-magnetic separation.






Table 4. The results of the flash suspension roasting-magnetic separation.





	
Name

	
Yield (%)

	
TFe (%)




	
Grade

	
Recovery

	
Cumulative Grade






	
Concentrate 1

	
28.60

	
60.10

	
73.35

	




	
Concentrate 2

	
3.03

	
60.15

	
7.78

	
25.58




	
Middling 2

	
7.04

	
10.85

	
3.26




	
Middling1

	
12.82

	
9.44

	
5.16

	




	
Tailings

	
48.51

	
5.05

	
10.45

	




	
Roasted ore

	
100.00

	
23.43

	
100.00
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