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Abstract: The properties of flash-roasted products from low-grade refractory iron tailings (IGRIT) and 

the improved method for their magnetic separation index were investigated by the MLA, XRD, iron 

phase analysis, and magnetic separation test. The results show the siderite and hematite in the IGRIT 

have been converted to magnetic iron after the flash roasting treatment with a time of 3-5 s; magnetic 

iron in roasted products has a monomeric dissociation of 37.20%, and a 75−100% exposed area of 

contiguous bodies as rich intergrowth was 29.83%, and that a 32.97 poor intergrowth; moreover, 

magnetic iron is mainly associated with muscovite and quartz. It is also found that the regrinding-

magnetic separation (1500 Oe) treatment of the middling was beneficial to obtain more qualified iron 

concentrate products. Therefore, roasted products magnetic separation process in the absence/ 

presence of the middling regrinding-magnetic separation treatment obtains an iron concentrate with 

60.10%/ 60.12% iron grade and 72.04%/81.13% iron recovery. The iron concentrate from the magnetic 

separation process with middling regrinding-magnetic separation can have a 9% higher recovery than 

the process without middling regrinding-magnetic separation. The work is significant for helping to 

improve the utilization of IGRIT. 
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1. Introduction 

Iron ore is an important resource for social construction and economic development (Zhang et al., 

2022). In recent years, China's iron ore import rate is as high as 80% (Huang et al., 2020). Shortage of 

iron ore resources has become a major bottleneck restricting China's iron and steel industry and 

economic and social development (Xu and Dong, 2013). Therefore, maximizing the use of China's own 

iron ore resources is the key to mitigating the shortage of iron ore resources in China. 

The resources of iron ore are abundant in China (Mishra and Swain, 2020). However, more than 

97% of the iron ore is low-grade refractory iron ore (LGRIO) resources, such as limonite, siderite, and 

high phosphorus oolitic hematite (Roy et al., 2020; Yu et al., 2020). They are not effectively utilized due 

to the limitations of mineral processing technology and costs (Sun et al., 2020; Sun et al., 2019). 

In recent years, magnetization roasting technology has attracted a lot of attention in the field of 

utilization of LGRIO (Sun et al., 2019; Das and Rath, 2020; Das et al., 2018). It can convert weakly 

magnetic minerals into strongly magnetic minerals and thus improving the separability of LGRIO 

(Sun et al., 2020; Yu et al., 2017). Moreover, several economical and effective roasting technologies for 

LGRIO have emerged, such as flash roasting, low-temperature roasting, and so on (Boehm et al., 2014; 

Wan et al., 2022; Pinto et al., 2022; Tang et al., 2019). However, studies on the nature of roasted 

products and the dissociation and magnetic separation of fine, complex, and highly disseminated 

types of iron ore have seldom been reported. 

Some studies have found that coarser particle size is helpful in the magnetic separation of magnetic 

iron from gangue minerals (Yu et al., 2016; Guo et al., 2020). However, coarser particle size also means 

more intergrowth, which can easily lead to poor quality of the magnetic separation product. Therefore, 
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the process flow of stage grinding and separation are often used to improve the quality of iron 

concentrate. Guo et al. also found that particle size also significantly affects the magnetic separation of 

magnetic iron (Guo et al., 2020; Wang et al., 2018). As the magnetic particles gradually reduce in size, 

the magnetic induction intensity of the magnetic iron decreases. This will result in a gradual reduction 

in the magnetic induction intensity difference between fine magnetic iron and coarse-grained rich 

intergrowth, causing an increase in the challenge of their separation (Yuan et al., 2022). Therefore, it is 

necessary to further optimize the magnetic separation parameters based on the properties of roasted 

products to improve the magnetic separation index of LGRIO. 

In response to the above problems, this paper investigated the process mineralogy properties of the 

flash-roasted product with a roasting time of 3-5s, analyzed the influence of the process parameters of 

middling product regrinding-magnetic separation on the Iron concentrate quality and recovery, and 

finally recommended the optimized magnetic separation process for the flash roasted product. 

2. Materials and methods 

2.1. Materials 

LGRIT in this work are from Daxigou Mining Company in Shangluo, China. Firstly, the LGRIT were 

ground to 90.0% −75 μm using a dry vertical mill. Secondly, powder products were reduced for 3-4 s 

at 780 °C with 10% CO in the CO2 using a fluidized bed. Finally, powder products before and after 

roasting were used as sample for chemical multi-element analysis, XRD diffraction analysis, iron 

phase analysis and magnetic separation. 

The results of the chemical multi-element analysis, XRD diffraction analysis and iron phase 

analysis of the LGRIT are shown in Fig. 1, Fig. 2 and Table 1. The results of Fig. 1 and Fig. 2 show that 

the total Fe content in the LGRIT was 20.25%; the major iron minerals in the iron tailing include 

siderite, hematite, and magnetite; the major gangue minerals in the LGRIT include quartz, muscovite, 

and kaolinite. Table 1 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%. 

 

Fig. 1. The results of chemical multi-element analysis of the LGRIT 

Table 1. Iron distribution in LGRIT 

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 

2.2. MLA analysis 

MLA analysis was conducted by MLA software with SEM-EDS. During MLA work, different 

phases/minerals/ mineralogical parameters were distinguished/ identified/analyzed by the 

differences in the grey scale of backscattered electron images/ energy spectra/ modern image analysis  
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Fig. 2. The results of XRD diffraction analysis of the LGRIT 

techniques (Sandmann, 2013; Schulz et al., 2019). Then, the data (element distribution, particle size 

distribution, liberation degree, intergrowth relationship, etc) of the LGRIT will be obtained. 

2.3. Iron phase analysis 

The iron phase analysis was used to analyze/obtain the content/ distribution rate of Fe in carbonate/ 

hematite/ magnetic iron/ silicate. In the process of iron phase analysis, the ore is first divided into 

magnetic part and non-magnetic part by magnetic separation (900 Oe) . The magnetic iron content can 

be obtained in the magnetic part, the non-magnetic part is treated with 2 mol/L acetic acid to dissolve 

the siderite, and the residue is leached with 4 mol/L hydrochloric acid containing 3% stannous 

chloride to extract hematite, pyrite is leached with aqua regia and the residue is iron-bearing silicate. 

The process of iron phase analysis was shown in Fig. 3 (Wan et al., 2022; Zhang et al., 2021). 

 

Fig. 3. Iron phase analysis 

2.4. Magnetic separation 

The roasted products (-74 μm 90%) were prepared into a 30% concentration pulp, then 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 schematic 

diagram of magnetic separation process is shown in Fig. 4. 

The last two middlings from the process of the processing plant were combined and ground to 

96.0% −38 μm using a wet ball mill (RK/ZQM-150 × 50, Wuhan Rock Grinding Equipment 
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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 

schematic diagram of the middling regrinding-magnetic separation is shown in Fig. 5. 

 

Fig. 4. The flowchart of the magnetic separation of roasted products in the processing plant 

 

Fig. 5. The flowchart of the middling regrinding-magnetic separation  

3.  Results and discussion 

3.1.  Properties of roasted products 

3.1.1. Component of roasted products 

The results of chemical multi-element analysis and iron phase analysis of the roasted products are 

shown in Fig. 6 and Table 2. The results of Fig .6 show that the total Fe content in the roasted products 

was 22.70%; compared to the LGRIT before roasting, the total Fe content in the roasted product 

increased by about 2.5%. Table 2 shows the content of Fe in carbonate/ hematite/ magnetic iron/ 

silicate is 0.12%/ 0.16%/ 21.88%/ 1.24%; the distribution rate of Fe in carbonate/ hematite/ magnetic 

iron/ silicate is 0.51%/ 0.68%/ 93.50%/ 5.30%. This indicates that the siderite and hematite in the 

LGRIT have been converted to magnetic iron after the flash roasting treatment (Fig. 7). Moreover, the 

maximum recovery of iron in the roasted product is not higher than 93.50%. 

Table 2. Iron distribution in the roasted products 

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

Content (%) 0.12  0.16  21.88  1.24  23.40  

Distribution rate (%) 0.51  0.68  93.50  5.30  100.00  

3.1.2. Particle size distribution of the siderite in the LGRIT before and after roasting 

The particle size distribution of the siderite in the LGRIT before and after roasting from the MLA 

analysis are shown in Fig. 8.  

The results of Fig. 8 show that the content of -38 μm particle size of the siderite in the LGRIT before 

roasting  is  less than that of the siderite in the LGRIT after roasting; the content of -4.1 μm particle size 
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Fig. 6. The results of chemical multi-element analysis of the roasted products 

 

Fig. 7. Magnetic hematite mineralization of siderite and hematite 

1-Structure of siderite，2- Structure of hematite 

 

Fig. 8. The particle size distribution of siderite in the LGRIT before and after roasting 
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of siderite in LGRIT is almost constant before and after roasting. This indicates that the roasting 

process could cause further dissociation of the +38 µm siderite. This result may be attributed to the 

decomposition reaction of siderite in a high-temperature environment and the release of carbon 

dioxide gas (García et al., 2020; Zhang et al., 2021). The decomposition reaction of siderite equations is 

as follows. 

             FeCO3 (s) → FeO (s) + CO2 (g)                                                           (1) 

3.1.3. Liberation degree and intergrowth characteristics of magnetic iron in the roasted products 

 

The liberation degree characteristics of siderite/ magnetic iron (from siderite) in the LGRIT / roasted 

products are shown in Fig. 9. Fig. 9 shows that the siderite/ magnetic iron in the LGRIT / roasted 

products has a monomeric dissociation of 27.94%/ 37.20% and a 75−100% exposed area of contiguous 

bodies as rich intergrowth was 26.50%/ 29.83%. The total content of rich intergrowth and monomer 

siderite/ magnetic iron was 54.44%/67.03%. The content of poor intergrowth of siderite/ magnetic 

iron was over 45.56%/32.97. The poor intergrowth of magnetic iron (from siderite) in the roasted 

products is 12.59% less than that of siderite in the LGRIT. This indicates that the roasting process can 

promote the further dissociation of siderite with vein minerals. This agrees with the results of the 

particle size distribution of siderite in the LGRIT before and after roasting (Fig. 5). 

 

Fig. 9. Liberation degree characteristics of siderite/ magnetic iron in the LGRIT / roasted products 

The intergrowth relationship between magnetic iron and major gangue minerals in the roasted 

products is shown in Fig. 10. The mineral map of the roasted products is shown in Fig. 11. Fig. 10 and 

11 show that within the non-monolithic siderite mineral particles, the gangue minerals associated with 

siderite in the roasted products are quartz, muscovite, and kaolinite; moreover, as the exposure of 

siderite increases, the area occupied by the major gangue becomes gradually smaller; under the 0% 

and 0-25% exposed area of contiguous bodies, the major gangues are associated with siderite in the 

following order: quartz > muscovite > kaolinite; under the 25-50%,50-75% and 75-100% exposed area 

of contiguous bodies, the major gangues are associated with siderite in the following order: muscovite 

> quartz > kaolinite. These indicate that siderite in roasted products is mainly associated with 

muscovite and quartz. As a result, they may generate large amounts of middling products and result 

in a lower iron recovery.  

3.2.  Improving the magnetic separation index of roasted products 

3.2.1. Magnetic separation index of roasted products based on the process of the processing plant 

The flowchart of the magnetic separation of roasted products in the processing plant is shown in Fig. 

4. The results are shown in Table 3. From the results in Table 3, we can find that the iron concentrate 

1/middling 3/ middling 2/ middling 1 and tailings with Fe grade of 60.10%/ 38.47%/ 21.20%/ 

9.44%/ 5.05% and iron recovery of 73.35%/ 8.16%/ 4.45%/ 5.07%/ 10.28% were obtained based on the 
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process of the processing plant; moreover, the iron content of both middling 2 and 3 is higher than 

20%, especially, the iron content of middling 3 is nearly 40%. Therefore, the mixture of middling 2 and 

3 will be considered for regrinding to further improve iron recovery. 

 

Fig. 10. Intergrowth characteristics of siderite in the roasted products 

 
(a) 

 
(b) 

Fig. 11.  The mineral map of the roasted products. 

(a) the particle size of −38~ +75 µm and (b) particle size of −38 µm 



8 Physicochem. Probl. Miner. Process., 58(6), 2022, 156725  

 

Table 3. The results of magnetic separation of roasted products based on the process of the processing plant 

Name Yield (%) 
TFe (%) 

Grade  Recovery  

Concentrate 1 28.60 60.10 72.04 

Middling 3 5.06 38.47 8.16 

Middling 2 5.01 21.20 4.45 

Middling1 12.82 9.44 5.07 

Tailings 48.51 5.05 10.28 

Roasted ore 100.00 23.86 100.00 

3.2.2. Effect of middling regrinding on magnetic separation index 

The flowchart of regrinding of the mixture of middling 2 and 3 is shown in Fig. 5. The results are 

shown in Fig.12. The results of Fig. 12 show that with the increase of regrinding fineness, the iron 

content curve in concentrate 2 tends to first increase and then flatten out, and the recovery always 

shows a decreasing trend. The iron content in concentrate 2 is higher than 60% and the recovery is 

70.47% when the regrind fineness reaches 96% -38 µm. This indicates that the regrinding of the 

mixture of middle 2 and 3 is beneficial to obtain more qualified iron concentrate products. Therefore, a 

mixed iron concentrate can be obtained by mixing iron concentrates 1 and 2. The iron grade/recovery 

of the mixture of iron concentrate is 60.12%/81.13%. 

 
Fig. 12. The results of regrinding of the mixture of middling 2 and 3 

3.2.3. Effect of magnetic field strength on the magnetic separation of the middling product 

The flowchart of the effect of magnetic field strength on the magnetic separation of the middling 

product is shown in Fig. 5, in which regrinding fineness is -38μm 96.0%, and the magnetic field 

intensity is variant. The results are shown in Fig. 13. From Fig. 13, it can be seen that with the increase 

of magnetic field strength, the iron grade and recovery curve in iron concentrate 2 always show an 

increasing trend. This indicates that after regrinding in the middling, the magnetic iron particle size 

decreases, which causes its magnetic induction intensity to become weaker. Therefore, the high 

magnetic field strength is beneficial to the effective recovery of magnetic iron in fine particle size. This 

result is in agreement with the result of Guo et al. (2020). 

3.2.4. Product Analysis of Iron Concentrate 

Results of the study on the properties of roasted products indicated that quartz, muscovite, and 

kaolinite are the main gangue minerals in roasted products, especially quartz and muscovite are 

closely associated with siderite. The product analysis of the mixture of iron concentrate was carried 

out by XRD and chemical multi-element analysis. The results of them are shown in Fig. 14 and Table 

4. Combining the results of Table 4 and Fig. 14 found that the iron content in the mixed iron 

concentrate is up to the requirements of the processing plant (＞60%). SiO2 is the main impurity in the 
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mixed iron concentrate. It has a content of 6.82% and is derived from quartz and muscovite. The result 

is in agreement with the intergrowth relationship between magnetic iron and major gangue minerals 

in the roasted products (Fig. 10). The content of other impurities is rather low, e.g., S (0.14%), P 

(0.013%), Cu (0.092%), Pb (0.054%), Zn (0.018%), Sn (0.012%), As (0.006%) and F (＜0.01). This indicates 

that the mixed iron concentrate reaches the first grade of C60 in the Chinese iron concentrate quality 

standard. Therefore, Fig. 15 is proposed as the optimized magnetic separation process for the flash-

roasted product.  

 

Fig. 13. Effect of magnetic field strength on the magnetic separation of the middling product 

 

Fig. 14. The result of XRD analysis of mixed iron concentrate 

 

Fig. 15. the optimal process flow of magnetic separation for the flash-roasted product 
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Table 4. The result of chemical multi-element analysis of mixed iron concentrate 

Element TFe SiO2 S P Cu Pb Zn Sn As F 

Content (%) 60.12 6.82 0.14 0.013 0.092 0.054 0.018 0.012 0.006 ＜0.01 

4. Conclusions 

The properties of flash-roasted products from LGRIT and the enhancement method for their magnetic 

separation index were investigated. The results of the iron phase analysis show the distribution of iron 

in carbonate/ hematite/ magnetic iron accounted for 0.51%/ 0.68%/ 93.50% of the total iron content 

in the roasted product. This indicates that the siderite and hematite in the LGRIT have been converted 

to magnetic iron after the flash roasting treatment. The MLA results show that magnetic iron in 

roasted products has a monomeric dissociation of 37.20% and that a 75−100% exposed area of 

contiguous bodies as rich intergrowth was 29.83%, and a 32.97 poor intergrowth; moreover, magnetic 

iron is mainly associated with muscovite and quartz. Therefore, they may cause a decrease in the 

quality of iron concentrate. The results of middling regrinding and magnetic separation show that the 

regrinding of the mixture of middle 2 and 3 is beneficial to obtain more qualified iron concentrate 

products; after regrinding in the middling, the magnetic iron particle size decreases, which causes its 

magnetic induction intensity to become weaker. Therefore, the high magnetic field strength is 

beneficial to the effective recovery of magnetic iron in fine particle size. The product analysis of the 

mixture of iron concentrate found that the mixed iron concentrate reaches the first grade of C60 in the 

Chinese iron concentrate quality standard. The optimized magnetic separation process can be used to 

obtain a mixture of iron concentrate with 60.12%/81.13% iron grade/recovery. The optimized 

magnetic separation process has a 9% higher recovery than the magnetic separation process of the 

processing plant. 
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