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Abstract: Iron ore is an important raw material for manufacturing steel, while the grade of domestic 

iron ore is relatively low in China, thus it is difficult to concentrate. The low-grade iron ore with a total 

iron content of only 33.51% is innovatively upgraded by the magnetic-gravity combined beneficiation 

method. The effects of three key operating parameters of magnetic induction, grinding concentration, 

and centrifuge speed on magnetic-gravity combined beneficiation are investigated. These results show 

that the magnetic-gravity combined beneficiation method significantly improves the iron grade of the 

concentrates at high recovery. The feasibility is further confirmed through continuous expansion semi-

industrial tests with the optimized parameters. The grade of the iron ore concentrate is increased from 

33.51% to 63.58% with an iron recovery of 71.01% and a productivity of 37.43%. It is thus concluded 

that the magnetic-gravity combined beneficiation method has provided a technical reference for the 

recovery of iron resources from low-grade ores. 

Keywords: low-grade iron ore, magnetic-gravity combined beneficiation method, continuous 

expansion semi-industrial tests 

1. Introduction 

Iron is a widely distributed element in the earth’s crust, constituting up to 4.75% (Tang, 2021). Steel 

and ferroalloys are widely used in industries such as mechanical manufacturing, transportation and 

construction, etc. (Liu et al., 2022; Nunna et al., 2021). Since the beginning of the 21st century, with the 

rapid development of the steel industry, the supply of iron ore in the international market has been 

tight (Ma et al., 2018). The consumption pattern of steel showing an increasing trend these days is a 

matter of concern as the high-grade iron ores are getting depleted very fast (Subhnit et al., 2020). With 

high-quality iron ores having been almost exhausted, processing methods for low-grade iron ores 

should be developed and utilized (Xu et al., 2023; Song et al., 2019). China is the world's largest 

consumer of iron ore. According to the 2023 China Mineral Resources Report, China's apparent iron 

ore consumption (domestic production and net imports) is 1.42 billion tons. Among them, the amount 

of imported iron ore is 1.124 billion tons, accounting for 80% of the total. China is rich in iron ore, but 

the ore grade is very poor. To meet its iron ore needs, a large portion of iron ore needs to be imported 

from other countries, such as Brazil, Australia, and India (Liu et al., 2021). Therefore, in the face of 

such a negative situation, the significance of comprehensive separation and utilization technology for 

low-grade ore is quite necessary (Yue et al., 2021; Lima et al., 2020). Iron ore beneficiation and 

metallurgy produce large quantities of iron tailings, which are hazardous wastes. More than 10 billion 

tons of iron tailings are deposited in iron tailings dams globally every year. At present, the cumulative 

amount of iron tailings has reached 6 billion tons in China (Deng et al., 2023). The comprehensive 

utilization of iron tailings has attracted global attention. Various recovery technologies including 

gravity separation (LIU et al., 2019), flotation (Tiu et al., 2022), magnetic separation (Guiral-vega et al., 

2022), bioleaching (Han et al., 2023), etc., are developed for the development of abundant iron 

resources in iron tailings based on the unique characteristics of iron oxide and gangue minerals. 

However, the comprehensive utilization rate of iron tailings is still about 20%, which is still far from 
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the average level of the comprehensive utilization rate of tailings in China. In addition, there are still 

problems such as low added value of products in the resource utilization of iron tailings in China (Du 

et al., 2024). Actually, many experts and scholars have been innovating their technology to improve 

the efficiency of mining and refining low-grade ore. The commonly used low-grade iron ore refining 

methods mainly include flotation, gravity separation, and magnetic separation in the mineral process 

(Dudchenko et al., 2024; Baawuah et al., 2020; Das and Rath, 2020).  

In the past few decades, flotation has been fully researched, and it has been widely used in iron ore 

upgrading. Iron ore flotation generally adopts two technical routes: iron oxide direct flotation and 

reverse flotation of gangue minerals inhibited by iron oxides. Nowadays, reverse flotation is the most 

commonly used route in iron ore flotation. Cationic reverse flotation and anionic reverse flotation are 

applied in the iron ore dressing industry. Anionic collectors such as fatty acids are adsorbed on the 

mineral surface through chemical adsorption. Cationic collectors such as amines are adsorbed on the 

mineral surface using electrostatic interaction. However, these methods have their limitations; for 

example, in the reverse flotation process of iron ore, non-target minerals are often collected, which 

reduces the selectivity (De Matos et al., 2022; Fan et al., 2020; Rath and Sahoo, 2022; Dehghani et al., 

2022). Magnetic separation is a method often employed in the iron ore beneficiation process (Wan et 

al., 2022). The magnetic separator for iron ore beneficiation is simple in operation and high in 

separation efficiency as the magnetic separation technology throws out unqualified tailings in 

advance, reduces the amount of grinding, and improves the economic benefits of iron ore plants. But, 

for low-grade iron ore using a single magnetic separation, the grade of iron ore increases by a small 

margin (Kukkala et al., 2024; Xie et al., 2022; Sivrikaya and Arol, 2012). Hematite, limonite, and 

siderite are typically purified by gravity separation according to different mineral properties. Gravity 

separation is also usually used to treat coarse-grained disseminated ores (Terzi et al., 2021). Gravity 

separation has a significant effect on improving the grade of lean iron ore. Compared with reverse 

flotation, gravity separation is relatively simple and does not pollute the environment, and its 

separation principle was introduced in detail by Rodrigues et al. (Rodrigues et al., 2023). However, 

only using a single gravity separation method leads to a relatively high tailings grade and a low iron 

recovery rate, which is not conducive to the comprehensive recovery and utilization of minerals 

(Mitchell et al., 2023; Nayak et al., 2021).  

According to previous studies, low-grade iron minerals are difficult to refine using single magnetic 

separation. A single gravity separation method produce high-grade ore. Nevertheless, it is difficult to 

guarantee the recovery rate. Thus, a magnetic-gravity combined beneficiation method is innovatively 

proposed. It is conceivable that the low-grade iron ore is subjected to magnetic separation, with 

guaranteed recovery, and then gravity separation is used to increase the grade of the iron ore to obtain 

a satisfactory concentration (Chang et al., 2020). In this investigation, the magnetic-gravity combined 

beneficiation method is used to improve the grade of lean iron ore, and the effects of main operating 

parameters on the separation performance are introduced in detail. In addition, its feasibility is further 

confirmed by the continuous expansion semi-industrial tests.  

2. Materials and methods 

2.1. Chemical multi-element analysis and occurrence state analysis of raw ore 

The materials used in this survey are from Hubei Province, China. The low-grade iron ore test sample 

is analyzed by chemical composition multi-element analysis and mineral composition using an X-

fluorescence spectrometer (ZSXPrimuslll+) manufactured by Rigaku (Gu et al., 2024). The results of 

the analysis are presented in Tables 1 and 2.  

From Table 1, the TFe content in the crude iron ore is 33.51%, so the crude iron ore is a low-grade 

ore. The main impurities contained in crude iron ore are SiO2 and Al2O3, with the contents of 37.61% 

and 4.28%, respectively. The content of other impurities is relatively small. From Table 2, the main 

metallic minerals in this crude iron ore are hematite and magnetite, with content of 21.61% and 9.3%, 

respectively. There is also a small amount of limonite at 1.59%. The composition of other metallic 

minerals is negligible.  

2.2. Experimental investigation 

Chemical  phase  analysis  results  of  the  sample ore indicate that the ore iron is mainly distributed in 
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Table 1. The chemical composition of crude iron ore (wt.%) 

 

 

 

Table 2. Metallic mineral composition of crude iron ore (wt.%) 

 

hematite and magnetite. Other iron minerals are too low in content to be valuable for development. 

Magnetite is a strongly magnetic mineral, while hematite is a weakly magnetic mineral. As a result, 

weak and strong magnetic separations are used to recover them respectively. Since the original ore is 

low-grade ore, it is difficult to obtain high-grade ore only using magnetic separation. In the process, 

gravity separation is added to improve the ore grade effectively.  

The experimental ore sample in this research is low-grade iron ore, with the TFe content of 33.51%. 

Firstly, coarse-grained magnetic separation and tailing treatment are carried out on the raw ore. This 

method greatly reduces the cost of beneficiation due to the low-grade of the ore. After that, the 

obtained coarse concentrate is ball milled (Wan et al., 2022), and then the coarse concentrate after 

grinding treatment is selected using magnetic-gravity combined beneficiation method. In the process 

of magnetic separation, the strong magnetic minerals are separated employing the SCT-44 permanent 

magnetic separator, and the weak magnetic minerals are separated utilizing the SLon-100 periodic 

pulsating high gradient magnetic separator. Finally, a SL-400 centrifugal separator is used to purify 

the coarse concentrate after strong magnetic separation. Each experimental product is filtered, dried, 

weighed, sampled, and analyzed separately, and the final product indicators are calculated. The 

specific experiment process is shown in Fig. 1. The above equipments are manufactured by SLon 

Magnetic Separator Co., Ltd., Ganzhou.  

 

Fig. 1. Experiment flow chart 
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2.3. Industrial tests 

After the parameters are obtained through experiments, to ensure the effectiveness of the beneficiation 

method and various parameters in industrial applications, continuous expansion semi-industrial tests 

are carried out to further verify them. SCT-44 permanent magnet separator is used for the magnetic 

separation of strong magnetic minerals, and the SLon-500 periodic pulsating high gradient magnetic 

separator is used for the separation of weak magnetic minerals. In order to effectively improve the 

grade of iron ore, the SL-400 centrifugal separator is used for selection. Finally, the physical 

composition of the concentrate is analyzed by an X-ray powder diffractometer (D8 Advance) 

produced by Bruker AXS GmbH in Germany.  

3. Results and discussion 

3.1. Conditional experiments 

3.1.1. The effect of magnetic induction intensity on coarse-grained tail throwing 

The TFe content of the raw ore is only 33.51%, and the coarse-grained tail-throwing method is used. 

This method increases the grade while reducing the milling treatment capacity, and also improves the 

economic efficiency of the beneficiation plant and reduces the cost. Some minerals in the ore exhibit 

strong magnetic properties, necessitating a preliminary weak magnetic separation process. The SCT-

44 Permanent Magnetic Separator is used to separate strong magnetic minerals from low-grade ores 

with weak magnetic induction intensity. The magnetic induction intensity of weak magnetic 

separation is determined through conditional experiments. 

As illustrated in Fig. 2, the iron recovery rate exhibits a notable increase with elevated magnetic 

induction intensity, although the grade of the recovered iron ore declines. Once the magnetic 

induction intensity reaches 0.1 T, the recovery of iron ore essentially ceases to increase, while the 

grade of iron ore declines significantly. This is because a small amount of impurity particles are 

entrained by metallic iron particles. Thus, with increasing magnetic induction intensity, the small 

impurity particles, entrained by the iron particles, are then dressed into the magnetic product. This 

may explain why the grade of iron ore decreases as the intensity of the magnetic induction increases. 

So the magnetic induction intensity is not too high or too low, just 0.1 T is appropriate (Liu et al., 2017).  
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Fig. 2. Coarse grain tail throws weak magnetic induction intensity experimental results 

As the weak magnetic separation tailings also contain some valuable weak magnetic minerals, the 

weak magnetic separation tailings are subjected to further strong magnetic separation experiments. 

Weak magnetic minerals are separated using the SLon-100 periodic pulsating high gradient magnetic 

separator. The intensity of the strong magnetic induction is determined through conditional 

experiments.  
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As illustrated in Fig. 3, the recovery of iron ore exhibits a continuous increase with an augmenting 

magnetic induction intensity, while the grade undergoes a gradual and slow decline. When magnetic 

induction intensity exceeds 1.3 T, iron ore recovery remains largely unchanged, while iron ore grade 

declines rapidly. Accordingly, the results obtained from the experimental investigation demonstrate 

that a magnetic induction intensity of 1.3 T is optimal. The combination of a concentrate derived from 

weak magnetic separation and a concentrate derived from strong magnetic separation is considered a 

coarse concentrate.  
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Fig. 3. Coarse grain tail throw strong magnetic induction intensity experimental results 

3.1.2. The effect of grinding particle size 

The treatment of coarse tailings has been demonstrated to significantly enhance the iron ore grade. In 

order to achieve a higher grade, it is necessary to subject the coarse concentrate to further grinding 

and re-screening. The grinding particle size is determined by conditional experiments. The grinding 

particle size is variable, with a weak magnetic induction intensity of 0.1 T. 

From Fig. 4, it is clear that the quality of the concentrate obtained by weak magnetic separation 

increases as the grinding particle size gets finer, while the recovery rate goes in the opposite direction. 

If the 0.074 mm grinding size accounts for more than 85%, the iron ore grade does not improve and 

the recovery rate is obviously reduced. This observation is interpreted by the fact that at finer particle 

sizes, the liberation of magnetite is higher, resulting in better-quality iron concentrate. The reason for 

the decline in recovery that it is more difficult to capture fine magnetite by magnetic separation 

compared to coarse magnetite. Since the magnetic force is proportional to the cubic of the particle 

diameter, the magnetic force decreases dramatically as the particle diameter decreases. Few ultrafine 

particles are captured in the attraction zone when the magnetic force is inadequate to drive fine 

particles, whereas the majority of ultrafine particles flow into the tailings due to drag and gravity 

forces (Dai et al., 2023; Liu et al., 2022; Yu et al., 2017). To balance the grade and recovery of the 

concentrate, and taking into account the cost of grinding, a grind size of -0.074 mm for 85% is 

appropriate.  

3.1.3. The effect of magnetic induction intensity on weak magnetic separation of coarse concentrate 

After grinding, the coarse concentrate is again selected by weak magnetic separation. In order to 

determine the magnetic induction intensity of weak magnetic separation with the condition of 

grinding particle size of-0.074 mm accounting for 85%, it is necessary to use SCT-44 permanent 

magnet magnetic separator to test the magnetic induction intensity of weak magnetic separation. 

As shown in Fig. 5, as the magnetic induction intensity is increased, the recovery of the concentrate 

rises continuously, but the grade progressively declines. At magnetic induction intensity in excess of 

0.1 T, there is almost no change in the recovery of iron ore, while the grade is significantly reduced. 

Therefore, it is more appropriate to select the magnetic induction intensity of the pre-selected 

concentrate as 0.1 T in weak magnetic separation.  
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Fig. 4. Experimental results of grinding fineness 
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Fig. 5. Weak magnetic separation magnetic induction intensity experimental results 

3.1.4. The effect of magnetic induction intensity on strong magnetic separation of coarse concentrate 

Although the pre-selected concentrate grade following weak magnetic separation is relatively high, 

the recovery of iron ore remains low. Consequently, it is imperative to implement robust magnetic 

separation of the coarse concentrate tailings subsequent to the weak magnetic separation, to enhance 

the recovery of iron ore. In order to determine the magnetic induction intensity of strong magnetic 

separation, the magnetic induction intensity condition experiments of strong magnetic separation are 

carried out by using a Slon-100 vertical ring pulsating high gradient magnetic separator. 

As illustrated in Fig. 6, the recovery of the concentrate from strong magnetic separation exhibits a 

pronounced increase with rising magnetic induction intensity. However, the grade exhibits an inverse 

relationship. It has been observed that as the magnetic induction intensity exceeds 0.8 T, the recovery 

of iron ore increases at a slower pace, while the grade decreases at a more rapid rate. Accordingly, a 

determination of the magnetic induction intensity of 0.8 T in strong magnetic separation is more 

appropriate.  

3.1.5. The effect of centrifuge speed 

The experimental results presented above demonstrate that strong magnetic separation results in the 

production of a relatively low-grade concentrate. In order to further improve the grade of the 

concentrate obtained through strong magnetic separation, the concentrate is subjected to gravity 

separation by centrifuge, thereby improving the grade. The pre-selected concentrate resulting from 

magnetic separation and the concentrate derived from gravity separation are combined into a 
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composite concentrate. The grade of composite concentrate needs to be above 63% to be considered 

acceptable. To ascertain the centrifugal velocity of the centrifuge, the SL-400 centrifuge is employed to 

conduct gravity separation condition experiments.  

As illustrated in Fig. 7, the recovery of the composite concentrate increases with an increase in 

centrifuge speed, while the grade tends to decrease. At centrifuge speeds in excess of 450 r/min, the 

grade of the composite concentrate drops dramatically, while recovery increases minimally. Because 

of the increased centrifugal force, more gangue minerals are entrained in the concentrate. Therefore, 

when the centrifugal speed is too high, the grade of iron ore drops sharply (Nirlipta and Bhatu, 2013). 

Furthermore, it is essential to guarantee that the grade of the composite concentrate exceeds 63%. 

Therefore, it is established that a centrifuge speed of 450 r/min is more appropriate.  
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Fig. 6. Strong magnetic separation magnetic induction intensity experimental results 
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Fig. 7. Centrifugal beneficiation experimental results. 

3.2. Continuous expansion semi-industrial tests 

Through the previous conditional experiments, it is determined that the magnetic induction intensity 

of weak magnetic tailings is 0.1 T, the magnetic induction intensity of strong magnetic tailings is 1.3 T, 

the coarse concentrate grinding particle size of-0.074 mm accounts for 85 %, the magnetic induction 

intensity of the weak magnetic separation is 0.1 T, the magnetic induction intensity of the strong 

magnetic separation is 0.8 T, and the centrifuge speed is 450 r/min. 

Based on the above data, continuous expansion semi-industrial tests are conducted. The SCT-44 

permanent magnet magnetic separator is used as a weak magnetic separator, the SLon-500 vertical 

ring pulsating high gradient magnetic separator is used as a strong magnetic separator, and the SL-400 

centrifugal separator is used for gravity separation, and the test results are shown in Fig. 8.  
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According to the test results in Fig. 8, the productivity of the composite concentrate is 37.43%, the 

grade is 63.58%, and the rate of recovery is 71.01%. The experimental indicators are good, providing a 

reference for the recovery of poor iron ore. Finally, X-ray diffraction analysis is performed on the 

composite concentrate, and the analysis results are shown in Fig. 9.  

From Fig. 9, the predominant forms of iron in the composite concentrate are Fe2O3 and Fe3O4. It 

also contains a small number of associated minerals such as Mn, and the gangue mineral is mainly 

SiO2. The content of other impurities is minimal, and the mineral composition of the concentrate is 

relatively straightforward.  
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Fig. 8. Continuous expansion semi-industrial test results 
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Fig. 9. XRD analysis results of concentrate 

4. Conclusions 

(1) The low-grade iron ore from China has a TFe content of 33.51% and a relatively simple chemical 

composition. Following a series of preliminary trials, the magnetic-gravity combined beneficiation 

method has demonstrated its efficacy in the recovery of iron minerals from low-grade ores. 

Through conditional experiments, it is determined that the magnetic induction intensity of weak 
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magnetic tailings is 0.1 T, the magnetic induction intensity of strong magnetic tailings is 1.3 T, the 

coarse concentrate grinding particle size of-0.074 mm accounts for 85%, the magnetic induction 

intensity of the weak magnetic separation is 0.1 T, the magnetic induction intensity of the strong 

magnetic separation is 0.8 T, and the centrifuge speed is 450 r/min.  

(2) The results of the continuous expansion semi-industrial tests indicate that the productivity of the 

composite concentrate is 37.43%, the grade of iron is 63.58%, and the recovery rate of iron is 71.01%. 

The tests indexes are of an excellent quality. The success of the continuous expansion semi-

industrial tests provides a reference and basis for the full industrial test. Continuous expansion 

semi-industrial tests has proved that the process effectively improves the grade of low-grade iron 

ore in industrial applications. Compared to other methods such as flotation, the cost is lower and 

the efficiency is higher. The magnetic-gravity combined beneficiation method does not require the 

use of large quantities of chemicals and therefore has a lower environmental impact.  

(3) The process flow of the method is relatively simple, and it is easy to operate and maintain. 

However, the scope of application of this method is limited, and the effectiveness of magnetic 

separation and gravity separation may be reduced for very fine-grained minerals. If the ore 

contains a variety of minerals with different properties, especially when the physical properties of 

these minerals are similar, the magnetic-gravity combined beneficiation does not achieve the 

desired separation effect. Despite the low operating costs, the initial investment costs for magnetic 

separation and gravity separation equipment are relatively high for large-scale industrial 

production. For the magnetic-gravity combined beneficiation technology, it is necessary to further 

study how to optimize the magnetic-gravity combined beneficiation process for complex ores 

containing multiple minerals.  
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