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Abstract: Blast furnace dust generated in the iron-making process not only contains a large amount of 

iron but also the widely used non-ferrous metal zinc, which is classified as hazardous waste. In this 

study, the process of recycling blast furnace dust by magnetization roasting with straw charcoal as the 

reductant is proposed, and the mechanism of magnetization roasting was explored through 

thermodynamic analysis, X-ray diffraction analysis, and thermogravimetric analysis. The results for 

the thermodynamic analysis showed that the reduction of blast furnace dust by the straw charcoal 

was feasible theoretically. The increase in the roasting temperature not only promoted the reduction of 

hematite (Fe2O3) but also reduced zinc ferrite (ZnFe2O4) to Fe3O4 and ZnO. The results showed that 

almost all Fe2O3 and ZnFe2O4 in the blast furnace dust were reduced to Fe3O4 and ZnO under the 

conditions of straw charcoal amount of 6%, the roasting temperature of 750 ℃, and the roasting time 

of 60 min. Then, the iron concentrate with the iron recovery of 85.61% and an iron grade of 63.50% 

was obtained by the magnetic separation. Meanwhile, the grade of zinc in the iron concentrate was 

0.19%. Finally, the flowsheet of simultaneously recovering iron and zinc from the blast furnace dust 

was put forward, which could realize that 85.61% of iron was recovered and 92.57% of zinc was 

extracted into the solution. 
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1. Introduction 

Blast furnace dust is a hazardous waste produced in the iron-making process (Zhang et al., 2017). A 

gravity dust collector, cyclone dust collector, bag dust collector, and other devices were used to obtain 

blast furnace dust (Luo et al., 2022). It contains zinc, iron, carbon, and other ferrous metals and 

nonferrous metals, and is classified as typical secondary zinc and iron resources (Leclerc et al., 2002; Li 

et al., 2015; Lanzerstorfer, 2017). The particle size of blast furnace dust is generally between 40-120 μm, 

with good fluidity (Nayak, 2022). Therefore, it is easy to cause secondary pollution, especially when 

the dust particles are less than 5 μm, which can be suspended in the air for a long time.  

According to statistics, the global crude steel output in 2019 was about 1.87 billion tons, an increase 

of 3.4% over 2018 (Ye et al., 2021). With the rapid development of the social economy, the demand for 

iron and steel is increasing, the blast furnace tends to become larger, and the output of blast furnace 

dust increases with the years. To recover iron resources, the blast furnace dust as sintering material 

directly back to the blast furnace iron-making process. However, the accumulation of volatile metals 

such as zinc and lead will reduce the utilization coefficient and service life of blast furnaces (Mansfeldt 

and Dohrmann, 2004; Yang et al., 2009). Moreover, simple landfilling or piling treatment is not 

economical because of the environmental impact and waste of precious metal resources in blast 

furnace dust (Mansfeldt and Dohrmann, 2004).  

In order to extract and utilize valuable metal elements from the blast furnace dust, several different 

treatment methods have been proposed, including pyrometallurgical and hydrometallurgical 
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methods (Xu et al., 2020). Among pyrometallurgical methods, sintering ( Makkonen et al., 2002; Chun 

and Zhu, 2015; Lanzerstorfer et al., 2015) and rotary hearth furnace (Hu et al., 2016; Wu et al., 2018) are 

the most widely used. This is because of the high iron and carbon content of blast furnace dust, which 

is a good recycling material to replace raw materials and solid fuels in the sintering process (Shen et 

al., 2010). Although the metal recovery of the pyrometallurgical recovery process is high, due to the 

fine particle size of dust and high moisture content, resulting in poor air permeability and poor 

sintering effect (Lin et al., 2017; Zhong et al., 2018). Consequently, the sintering method for the 

recovery of blast furnace ash has certain limitations. Based on the characteristics that zinc oxide can be 

reduced to metallic vapor by reducing gas, a rotary kiln flue gas volatilization technology was 

proposed to recover zinc from low grade zinc blast furnace dust (Hu et al., 2014; Hu et al., 2017; Wu et 

al., 2017). However, only zinc is recovered in this way while other valuable elements such as iron and 

carbon become pollutants so that the output of secondary waste after flue gas volatilization is almost 

equal to the amount of initial blast furnace dust (Hu et al., 2018). Although the above traditional 

pyrometallurgical process has high metal recovery efficiency, it has disadvantages such as low 

productivity, serious environmental pollution, and large energy consumption (Lin et al., 2017; Ye et al., 

2021). Moreover, the extensive use of anthracite reductants has posed a great threat to the ecological 

environment. The hydrometallurgical method is mainly to extract zinc from blast furnace dust by 

using various leaching agents (Asadi Zeydabadi et al., 1997; Das et al., 2007; Steer and Griffiths, 2013; 

Zhang et al., 2017). Nevertheless, due to relatively high production costs, they are only suitable for 

processing blast furnace dust with high zinc content (Halli et al., 2017; Zhang et al., 2019). Moreover, 

the amount of leaching agent is large, and the treatment of waste liquid is difficult. Therefore, the 

development of an effective treatment process for blast furnace dust is of great significance to resource 

recovery and environmental protection. 

Crop straw is a common agricultural by-product (Guo et al., 2021). In China, a large number of 

straws are directly burned in the open air, resulting in a large number of harmful gases that pollute 

the atmosphere and have been banned in China in recent years (Kanabkaew and Nguyen, 2011; Liu et 

al., 2019). Meanwhile, straw, as a kind of biomass, is considered to be a kind of renewable clean, and 

safe energy, which is conducive to protecting the environment, energy security, and economy 

(Hajinajaf et al., 2021). Straw is increasingly being used for sustainable energy, including the 

production of straw charcoal through carbonization (Seglah et al., 2020). It is concluded that straw 

charcoal can be used as a substitute reducing agent for traditional coal in the future reduction system. 

In this study, the process of recycling blast furnace dust by the magnetization roasting using straw 

charcoal as a reductant was proposed. The effects of straw charcoal dosage, roasting time, and 

roasting temperature on the reduction effect were systematically investigated by a single factor 

conditional experiment. At the same time, thermodynamic analysis, thermogravimetric analysis (TG), 

derivative thermogravimetry (DTG), and X-ray diffraction (XRD) analyses were used to study the 

chemical reaction behavior and phase structure change of iron and zinc during the magnetization 

roasting process. Moreover, the flowsheet for simultaneous recovery of iron and zinc from blast 

furnace dust was presented.  

2. Materials and methods 

2.1. Raw Materials 

The blast furnace dust used in this study was provided by an iron and steel company in Liaoning 

Province, China. The industrial analysis and main chemical composition of blast furnace dust were 

analyzed by industrial analyzer and X-ray fluorescence spectrometry. The results for industrial 

analysis and the chemical composition for of blast furnace dust are presented in Tables 1 and 2, 

respectively. It can be seen from Table 1 that the content of fixed carbon and ash in blast furnace dust 

is 11.32% and 77.05%, respectively. According to the analysis of the chemical compositions (Table 2), 

the content of Fe and ZnO in blast furnace dust is 41.98% and 5.67%, among which the main 

impurities are SiO2, CaO, and Al2O3 at 15.47%, 9.63%, and 4.69%, respectively. The XRD pattern of 

blast furnace dust shown in Fig. 1 indicates that the hematite (Fe2O3), quartz (SiO2), and zinc ferrite 

(ZnFe2O4) are the main components, while calcio-olivine (Ca2SiO4) and calcium oxide (CaO) are the 

minor components. 
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The straw charcoal was provided by a company in Beijing. The industrial analysis of straw charcoal 

was analyzed by industrial analyzer and ash compositions was analyzed by X-ray fluorescence 

spectrometry. The industrial analysis and ash compositions results of the straw charcoal are shown in 

Table 3, in which the fixed carbon, ash, volatiles, and moisture content in the straw charcoal are 

80.17%, 3.97%, 6.12%, and 9.74%, respectively. Ash mainly consists of oxides of silicon, calcium, 

magnesium, aluminum, iron, and sodium. 

Table 1. Industrial analysis of the blast furnace dust 

Component Fixed carbon Ash Volatiles Moisture 

Content (wt.%) 11.32 77.05 10.37 1.26 

Table 2. Main chemical components of the blast furnace dust 

Component TFe* SiO2 CaO Al2O3 ZnO MgO Na2O S P 

Content (wt.%) 41.98 15.47 9.63 4.69 5.67 1.61 1.25 1.43 0.03 

* TFe is the content of all iron elements in the blast furnace dust 

 

Fig. 1 X-ray diffraction (XRD) patterns of the blast furnace dust 

Table 3. Industrial analysis and ash compositions of the straw charcoal 

Component 
Fixed 

carbon 
Ash Volatiles Moisture 

Ash 

SiO2 CaO MgO Al2O3 Fe2O3 Na2O 

Content (wt.%) 80.17 3.97 6.12 9.74 1.25 0.51 0.43 0.57 0.28 0.23 

2.2. Methods 

Fig.  2 shows the schematic diagram of the magnetization roasting experimental set-up. In this study, 

the straw charcoal was used as the reductant to roast with blast furnace dust in an oxygen-free 

environment. Hematite (Fe2O3) in the blast furnace dust was reduced to magnetite (Fe3O4) by the 

straw charcoal, hence iron was recycled by a magnetic separation. In the magnetization roasting 

experiment, the mass of blast furnace dust was 50 g. The amount of straw charcoal was based on the 

mass of blast furnace dust. The detailed experimental procedure is as follows: Firstly, the blast furnace 

dust was ground to less than 0.074 mm by the Laboratory CGQM conical ball mill and mixed evenly 

with straw charcoal according to a certain mass ratio (The mass of straw charcoal accounts for 0%-10% 

of that of blast furnace dust), and the well-mixed samples as required were put into a porcelain boat. 

The porcelain boat was put into a tube furnace. Then, N2 was introduced into the tube furnace to 

remove the oxidizing atmosphere. In the whole experiment, the temperature in the tube furnace was 

increased to a predetermined temperature (600 ℃ -800 ℃ ) at a heating rate of 20°min−1, and 
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maintained at this temperature for a period of time (40 min-80 min); After the roasting process, the 

roasted products were taken out after the temperature cooling to room temperature. Finally, the 

roasted slag was ground and screened to obtain the samples with a particle size less than 0.074 mm for 

the magnetic separation experiment. The magnetic separation experiment was performed to recover 

iron from the roasted samples in a Davies magnetic separator (XCGS-50) at the magnetic intensity of 

120 kA/m.  

In each magnetic separation experiment, the 10 g of the roasted samples were placed in a 1000 cm3 

beaker, about 500 cm3 of deionized water was added, and the mixtures were stirred for 5 min to fully 

wet the particle surface. First, the hose outlet at the lower end of the magnetic separation tube was 

closed, and the clean water was poured into the glass tube to be higher than the two magnetic poles, 

and then the magnetic separator was started. Then, the slurry was slowly poured into the glass tube, 

and the hose outlet at the lower end of the magnetic separation tube was opened, During the whole 

magnetic separation process, the liquid level in the glass tube was kept higher than the two magnetic 

poles. After the magnetic separation, rinsed the concentrate with clean water for 2 min, turned off the 

power supply, and flushed out the concentrate with clean water. Finally, concentrate and tailings were 

obtained by filtration and drying. 

The leaching experiments were carried out in an electric heating magnetic stirrer. The 50 cm3 H2SO4 

solution (0.5 mol/L) was taken to a 100 ml conical flask that was placed in an electric heating magnetic 

stirrer. Then, the 10 g tailings were added under the action of stirring. The slurry was heated to 40 °C 

for 90 min at a stirring speed of 500 rpm. After the reaction was finished, the leaching slurry was 

filtered to obtain the zinc-bearing filtrate and the leaching residues. The leaching efficiency of zinc was 

calculated according to the principle of mass conservation. 

The 0.1 g of the roasted slag or magnetic concentrate was completely dissolved in mixed acid (20 

cm3 HCl, 5 cm3 HNO3, and 5 cm3 HF) and diluted to 100 cm3. The three acids were all purchased from 

Shanghai Maclean Biochemical Technology Co., LTD., and their purity was 37%, 68%, and 40%, 

respectively. The concentration of iron and zinc in the solution was determined by inductively 

coupled plasma emission spectrometry. According to the concentration of iron and zinc in the solution, 

the iron and zinc grade in the roasted slag and magnetic concentrate was determined. Based on the 

principle of conservation of mass, the iron recovery was calculated by Eq. (1). 

𝜂(%) =
𝑚1×𝛽1

𝑚0×𝛽0
× 100%                                                                (1) 

where 𝑚1 stands for the mass of iron concentrate, 𝛽1 for the iron grade in iron concentrate, 𝑚0 is the 

mass of roasted slag used in magnetic separation, and 𝛽0 refers to the iron grade in roasted slag. 

 

Fig. 2. Schematic diagram of the magnetization roasting experimental set-up 

2.3. Characterization 

X-ray fluorescence spectrometry (XRF: Axios, PANalytical B.V., Almelo, Netherlands) analysis for the 

sample was performed under the following conditions: non-attenuating 4 kW X-ray tube, 60 kW solid-
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state generator power, and 160 mA current. X-ray diffractometry (XRD: Smartlab, Rigaku Corporation, 

Tokyo, Japan) was carried out at a scan range of 5° to 90° 2θ at a rate of 5° min−1; The 

thermogravimetric analysis (METTLER TOLEDO, Switzerland) was performed under the protective 

gas at a 100 cm3/min flow rate. The concentration in the solution of iron and zinc was conducted by 

an inductively coupled plasma-atomic mission spectroscopy instrument (iCAP 6300, Thermo Scientific, 

America). 

3. Results and discussion 

3.1. Effects of amount of straw charcoal on magnetization roasting and magnetic separation 

Based on the results of thermodynamic analysis and preliminary exploration experiments, the 

influence of the amount of straw charcoal on the iron grade in magnetic concentrate, iron recovery, 

and zinc grade in magnetic concentrate was investigated under the conditions of magnetization 

roasting temperature of 700 ℃ and roasting time of 60 min, and the results are shown in Fig. 3. 

Fig.  3a shows the iron grade and recovery under different amounts of straw charcoal; Fig. 3b is the 

zinc grade in magnetic concentrate under different amounts of straw charcoal. According to the 

industrial analysis results (Table 1) of blast furnace dust, the content of fixed carbon in blast furnace 

dust is 11.32%, which can also participate in the magnetization roasting process. Therefore, the 

magnetization roasting effect in the absence of straw charcoal was studied. It can be observed from Fig. 

3a that the iron grade in magnetic concentrate obtained by magnetic separation was 54.27% and the 

iron recovery was 71.89% after magnetic roasting without adding reducing agents. However, the zinc 

grade in magnetic concentrate was as high as 1.74%, which indicated that the result of magnetization 

roasting was not ideal without adding reducing agents. When the amount of straw charcoal was 

increased from 2% to 6%, the iron grade and recovery increased continuously, while the grade of zinc 

in magnetic concentrate reduced. When the amount of straw charcoal was 6%, the iron grade and iron 

recovery were 62.07% and 83.76%, and the zinc grade in magnetic concentrate was decreased to 0.26%. 

When the amount of straw charcoal was increased to 8%, the iron grade remained unchanged and the 

iron recovery decreased. After that, when the amount of reducing agent was increased, the decreasing 

trend of iron grade and recovery was observed. Moreover, the increasing the amount of straw 

charcoal would increase the production cost. Therefore, it was finally determined that the best amount 

of straw charcoal was 6% of the blast furnace dust quality. 

 

Fig. 3. Effect of amount of straw charcoal: (a) iron grade and recovery, (b) zinc grade in magnetic concentrate. 

To explore the change of iron and zinc phases in the roasting slag at different amounts of reductants, 

the roasting slag with different amounts of straw charcoal was analyzed by XRD, and the results are 

shown in Fig. 4. As shown in Fig. 4, when no straw charcoal was added for the magnetization roasting, 

the main diffraction peak in the roasting slag had changed to Fe3O4. However, there were still many 

diffraction peaks of Fe2O3 and an obvious diffraction peak of ZnFe2O4 in the XRD patterns of the 

roasting slag. Therefore, the reductants were not enough to reduce Fe2O3 and ZnFe2O4 in blast furnace 

dust to Fe3O4 and ZnO, the iron grade in magnetic concentrate and recovery were low, and the zinc 

grade in magnetic concentrate was high. When the amount of straw charcoal was 2%, the diffraction 

peak of ZnFe2O4 disappeared and the diffraction peak of Fe2O3 weakened. When the amount of straw 
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charcoal was increased to 4%, ZnO was observed in the XRD pattern of roasting slag, but there was 

still a small amount of Fe2O3 diffraction peak. From the Fig. , it can be found that when the dosage of 

straw charcoal was 6%, the Fe2O3, and ZnFe2O4 in the blast furnace dust were basically all reduced to 

Fe3O4 and ZnO. The XRD peaks of the roasting slag with the 8% straw charcoal amount were 

consistent with the 6% straw carbon amount. Nevertheless, the diffraction peak of FeO was found in 

the XRD pattern of the roasting slag obtained when the amount of straw charcoal was 10%. It is due to 

the excessive reduction that part of Fe3O4 was reduced to FeO, so the magnetic separation effect 

became worse. 

 

Fig. 4. XRD patterns of roasted slag with different amounts of straw charcoal 

3.2. Effects of roasting temperature on magnetization roasting and magnetic separation 

Based on the amount of reductant determined in Section 3.1, the effects of different magnetic roasting 

temperatures on iron grade in magnetic concentrate, iron recovery, and zinc grade in magnetic 

concentrate were studied under the conditions that the amount of straw charcoal was 6% and the 

magnetization roasting time was 60 min. The experimental results are shown in detail in Fig. 5. 

  

Fig. 5. Effect of roasting temperature: (a) iron grade and recovery, (b) zinc grade in magnetic concentrate. 

Fig.  5a shows the iron grade and recovery under different roasting temperatures; Fig. 5b shows the 

zinc grade in magnetic concentrate under different roasting temperatures. It is obvious from Fig. 5a 

that the magnetization roasting temperature has a great influence on magnetic separation. When the 

magnetization roasting was carried out at 600 ℃, the iron grade in magnetic concentrate obtained by 

magnetic separation was only 51.75% and the iron recovery was 68.02%. At this temperature, the 

grade of zinc in magnetic concentrate was 2.73%, indicating that most of the zinc was retained in 
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magnetic concentrate, which may be caused by the incomplete decomposition of ZnFe2O4. As the 

increase of magnetization roasting temperature from 600 ℃ to 750 ℃, iron grade and recovery 

increased to 63.52% and 85.61% rapidly, and zinc grade in magnetic concentrate decreased to 0.19%. 

However, when the temperature of magnetization roasting increased to 800 ℃, the iron grade and 

recovery dropped sharply to 56.83% and 49.37%, which may be because part of Fe3O4 was over-

reduced to FeO, so the magnetic separation effect was not ideal. After comprehensive consideration, 

750 ℃ was determined as the optimal temperature for the magnetization roasting. 

Fig.  6 shows the XRD patterns of the roasting slag obtained at different roasting temperatures. It 

can be seen from Fig. 7 that when the roasting temperature was 600 ℃, there were strong diffraction 

peaks of Fe2O3 and ZnFe2O4 in the XRD patterns of the roasting slag. With the roasting temperature 

rising to 650 ℃, the diffraction peak intensity of ZnFe2O4 decreased and that of Fe3O4 increased. 

However, at 650 ℃, there were still obvious Fe2O3 diffraction peaks in the slag, indicating that this 

temperature cannot meet the requirements of magnetization roasting. When the roasting temperature 

was 700 ℃ and 750 ℃, the phase composition of the roasting slag was the same, and the diffraction 

peaks of the XRD pattern were mainly Fe3O4, SiO2, and ZnO. But, it can be observed that the 

diffraction peak intensity of ZnO in roasting slag was stronger than that at the roasting temperature of 

700 ℃. When the roasting temperature rose to 800 ℃, not only did the strong diffraction peak of FeO 

appear in the roasting slag but also the diffraction peak of Fe3O4 weakened. The XRD patterns of the 

roasting slag obtained at different roasting temperatures perfectly explain the reason why iron grade 

in magnetic concentrate and recovery firstly increased and then decreased with the roasting 

temperature rising from 600 ℃ to 800 ℃. 

 

Fig. 6. XRD patterns of roasted slag with different roasting temperatures 

3.3. Effects of roasting time on magnetization roasting and magnetic separation 

Under the conditions of straw charcoal amount of 6% and magnetization roasting temperature of 

700 ℃, the effect of the roasting time on the iron grade in magnetic concentrate, iron recovery, and 

zinc grade in magnetic concentrate was investigated, and the results are shown in Fig. 7. 

Fig.  7a is the iron grade and recovery under different magnetization roasting times; Fig. 7b is the 

zinc grade in magnetic concentrate under different magnetization roasting times. As shown in Fig. 7, 

with the roasting time extending from 40 min to 80 min, iron grade and recovery increased firstly and 

then decreased, while zinc grade in magnetic concentrate decreased firstly and then remained stable. 

When the roasting time was 60 min, iron grade and iron recovery were 63.49% and 85.62%, 

respectively, and zinc grade in magnetic concentrate was 0.19%. After 60 min, the iron grade and iron 

recovery decreased gradually when the roasting time was extended. Therefore, the optimal roasting 

time was finally determined to be 60 min. 
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Fig. 7. Effect of roasting time: (a) iron grade and recovery, (b) zinc grade in magnetic concentrate. 

Fig.  8 shows the XRD patterns of the roasting slag obtained at the different roasting times. When the 

roasting time was 40 min, the diffraction peak of ZnO was not observed in the XRD pattern of the 

roasting slag, indicating that ZnFe2O4 was not completely reduced. And, a small amount of Fe2O3 

diffraction peaks were also observed. When the roasting time was extended to 50 min, the diffraction 

peak of ZnO appeared in the roasting slag, but there was still a weak diffraction peak of Fe2O3. The 

roasting time was 60 min, and there was almost no diffraction peak of Fe2O3 in the roasting slag. After 

60 min, the diffraction peak of FeO began to appear in the roasting slag, and with the extension of 

roasting time, the diffraction peak of FeO gradually increased, resulting in the magnetic separation 

effect becoming worse. 

 

Fig. 8. XRD patterns of roasted slag with different roasting time 

3.4. Thermodynamic analysis and mechanism of magnetization roasting 

In this study, the purpose of magnetization roasting was to reduce hematite (Fe2O3) in the blast 

furnace dust to magnetite (Fe3O4) and zinc ferrite (ZnFe2O4) to magnetite (Fe3O4) and zinc oxide (ZnO). 

The reactions that occurred in the magnetization roasting process of blast furnace dust by the straw 

charcoal are listed as following Eqs. (2)-(15): 

3Fe2O3(s) + C(s) = 2Fe3O4(s) + CO(g)                                     (2) 

6Fe2O3(s) + C(s) = 4Fe3O4(s) + CO2(g)                                                   (3) 

3Fe2O3(s) + CO(g) = 2Fe3O4(s) + CO2(g)                                        (4) 

2Fe3O4(s) + C(s) = 6FeO(s) + CO2(g)                                     (5) 
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Fe3O4(s) + CO(g) = 3FeO(s) + CO2(g)                                       (6) 

2FeO(s) + C(s) = 2Fe(s) + CO2(g)                                             (7) 

FeO(s) + CO(g) = Fe(s) + CO2(g)                                                           (8) 

3ZnFe2O4(s) + C(s) = 3ZnO(s) + 2Fe3O4(s) + CO(g)                                           (9) 

6ZnFe2O4(s) + C(s) = 6ZnO(s) + 4Fe3O4(s) + CO2(g)                                          (10) 

3ZnFe2O4(s) + CO(g) = 3ZnO(s) + 2Fe3O4(s) + CO2(g)                                   (11) 

2ZnO(s) + C(s) = 2Zn(s) + CO2(g)                                                      (12) 

ZnO(s) + C(s) = Zn(s) + CO(g)                                                     (13) 

ZnO(s) + CO(g) = Zn(s) + CO2(g)                                         (14) 

CO2(g) + C(s) = 2CO(g)                                                             (15) 

 

Fig. 9. Relationships between ΔG-T for main reactions of magnetization roasting process 

Fig.  9 shows the standard free energy changes of the above reactions in the temperature range of 0 ℃

-1000 ℃. In the process of magnetization roasting, hematite (Fe2O3) in the blast furnace dust was 

reduced to magnetite (Fe3O4) phase with strong magnetism mainly through Eqs. (2)-(4). The reaction 

of Eq. (2) could only occur above 300 ℃, while that of Eq. (3) could occur above 200 ℃. It can be noted 

that the standard free energy of the reaction of Eq. (4) is negative in the whole temperature range, but 

when the temperature is higher than 300 ℃, the reaction of Eq. (3) is dominant. The reduction of 

ZnFe2O4 by carbon includes direct (Eq. (9) and (10)) and indirect (Eq. (11)) ways, and the ZnFe2O4 will 

be reduced to ZnO and Fe3O4 directly by carbon above 600 ℃ (Eq. (9) and (10)). However, when the 

temperature is lower than 600 ℃, ZnFe2O4 is indirectly reduced to ZnO and Fe3O4 by CO. When the 

temperature is higher than 600 ℃, the standard free energy of the direct reduction method (Eq. (10)) is 

lower than that of the indirect reduction method (Eq. (11)), indicating that the direct reduction method 

(Eq. (10)) is the main reduction method of ZnFe2O4. One of the most important points in 

magnetization roasting is to prevent Fe3O4 from being reduced to FeO, thus affecting the magnetic 

separation effect. It can be observed from Fig. 3 that when the temperature is higher than 700 ℃, the 

standard free energy of Eq. (5) and (6) is negative, indicating that Fe3O4 can be reduced to FeO by 

carbon or carbon monoxide. When the temperature is higher than 800 ℃, FeO is reduced by carbon to 

metallic iron, while carbon monoxide is hardly reduced FeO to metallic iron in the whole temperature 

range. Neither carbon nor carbon monoxide reduces ZnO to metallic zinc at 0-1000 ℃. Moreover, it 

can be observed that when the temperature is higher than 700 ℃, carbon dioxide and carbon can react 

to generate carbon monoxide by the way of Eq. (15). Based on the above analysis, hematite (Fe2O3) and 

zinc ferrite (ZnFe2O4) in the blast furnace dust are reduced to magnetite (Fe3O4) and zinc oxide (ZnO) 

with straw charcoal as the reducing agent by controlling the temperature of magnetization roasting, 

and then iron is recovered and zinc is enriched by magnetic separation. 

To further understand the magnetization roasting process of blast furnace dust with straw charcoal 

as the reductant, thermogravimetric analysis was carried out on the mixed samples with the amount 

of straw charcoal accounting for 6% of the mass of blast furnace dust, and the results are shown in Fig. 

10. 
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Fig. 10. TG and DTG curves of the mixed samples of blast furnace dust and straw charcoal in the N2. 

It can be seen from Fig. 10 that when the temperature increased from 25 ℃ to 100 ℃, the TG curve 

of the mixed samples showed an obvious downward trend. In this temperature range, the 

volatilization of the free water of the blast furnace dust and straw charcoal mainly occurred. When the 

temperature reached 100 ℃, the weight loss ratio of the mixed samples was only 1.12%. When the 

temperature was between 100 ℃ and 250 ℃, the TG curve decreased slowly, and the weight loss ratio 

of the samples was only 0.51%, indicating that no reduction reaction occurred between the blast 

furnace dust and the straw charcoal. The decrease in the TG curve was caused by the loss of bound 

water in the mixed samples. After 250 ℃, the TG curve continued to decline slowly. According to the 

thermodynamic analysis above, after 300 ℃, Fe2O3 in blast furnace dust began to reduce with carbon. 

However, it can be seen from Fig. 10 that when the temperature was between 250 ℃ and 450 ℃, the 

TG curve decreased slowly, which shows that the reduction reaction in this temperature range had 

not happened violently. After the temperature increased to 450 ℃, the TG curve dropped rapidly. 

Between 450 ℃ and 750 ℃, an obvious valley was observed in the DTG curve, which was caused by 

the drastic reduction reaction at this temperature. After 750 ℃, the TG curve decreased slowly, 

indicating that the reduction reaction was completed, and the decrease in the TG curve was caused by 

the further reduction of Fe3O4 to FeO. The thermogravimetric analysis of mixed samples was 

consistent with the results of the thermodynamic analysis, which explained the process and 

mechanism of magnetization roasting. 

 

Fig. 11. Mechanism of recycling blast furnace dust by magnetization roasting with straw charcoal as reductant 
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Based on the above analysis, the mechanism diagram of recycling blast furnace dust by the 

magnetization roasting with the straw charcoal as the reductant is drawn, as shown in Fig. 11. When 

the amount of straw charcoal was 6%, the roasting temperature was 750 ℃, and the roasting time was 

60 min, the reduction reaction of high furnace dust with reductant (fixed carbon and straw charcoal) 

occurred. Hematite (Fe2O3) in the blast furnace dust was reduced to Fe3O4 and zinc ferrite (ZnFe2O4) to 

Fe3O4 and ZnO by direct (C) and indirect (CO) reduction methods. Iron was recovered from roasting 

slag by low-intensity magnetic separation, while zinc was enriched in magnetic separation tailings in 

the form of ZnO, which could be recovered by the acid leaching. 

4. Open circuit test for iron and zinc recovery 

According to the optimal conditions determined in Section 3, the blast furnace dust was magnetization 

roasting under the conditions of 6% straw charcoal amount, 750 ℃ roasting temperature, and 60 min 

roasting time, and then the roasted slag was treated by the magnetic separation process. The magnetic 

separation experiment was performed to recover iron at the magnetic intensity of 120 kA/m. 

Subsequently, the magnetic separation tailings were dried and used as raw materials for zinc 

extraction experiments. The tailings were leached for 90 min with 0.5 mol/dm3 H2SO4 solution at 40 ℃ 

and the liquid-solid ratio of 5:1 for zinc extraction. The whole flowsheet is shown in Fig. 12. 

Blast furnace dust Straw charcoal

Mixing

Magnetization roasting

Magnetic separation

Tailing

Iron concentrate

Acid leaching

Leaching residue Zinc enriched solution

Zinc recovery

Wet-milling

 

Fig. 12. The flowsheet for simultaneously recovering iron and zinc from the blast furnace dust 

Under the above conditions, the roasting slag was subjected to one-stage magnetic separation, and 

the iron grade in magnetic concentrate was 63.50%, the iron recovery was 85.61%, and the grade of 

zinc in magnetic concentrate was only 0.19%. Fig.  13 showed the phase composition of roasting slag, 

iron concentrate, and tailings. It can be seen from Fig. 13 that the main composition phases of roasting 

slag were Fe3O4, SiO2, and ZnO. Only a small amount of Fe2O3 diffraction peak with low intensity 

exists, indicating that Fe2O3 and ZnFe2O4 in the blast furnace dust were reduced to Fe3O4 and ZnO. 

The XRD pattern of magnetic concentrate showed that the main diffraction peak was Fe3O4, while the 

diffraction peak of ZnO was observed in the XRD pattern of tailings, demonstrating that iron and zinc 

were separated by magnetic separation after the magnetization roasting of blast furnace dust. After 

the leaching for the tailings with 0.5 mol/dm3 H2SO4 solution, it was determined that about 8.74% iron 

and 7.23% zinc remained in the leaching residues, indicating that 92.57% of zinc was extracted into the 

solution while only 5.65% of iron was co-extracted into the zinc-rich solution. Table 4 shows the 

chemical composition of iron concentrate, it can be seen from Table 4 that iron concentrate contains a 
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small number of impurities such as silicon, calcium, and sulfur, so it can be used as an ingredient in 

iron-making. 

At present, the research on the recovery of the blast furnace dust mainly focuses on the separation 

of zinc and iron by high-temperature calcination, the calcination temperature is usually above 1000 ℃ 

(Lin et al., 2017).  For example, Hu et al. (Hu et al., 2018) found that high-grade zinc smelting materials 

could be collected from the flue gas when the blast furnace dust was heated to 1150 ℃. Some 

researchers have studied the selective extraction of zinc from the blast furnace dust by the 

hydrometallurgical process. For example, Halli et al. (Halli et al., 2017) studied the selective leaching 

of zinc from the electric arc furnace dust by the direct leaching method and found that the leaching 

efficiency of zinc was more than 75% and that of iron was less than 6% by leaching with 10% aqua 

regia or 1.2 mol/dm3 hydrochloric acid. In this study, the process proposed of recycling blast furnace 

dust by the magnetization roasting magnetic can decompose zinc ferrite in the blast furnace dust by 

magnetic roasting at a lower temperature (750 ℃), and then recover iron and zinc by magnetic 

separation and leaching respectively. The proposed flowsheet for simultaneously recovering iron and 

zinc from the blast furnace dust may provide a new idea for the treatment and utilization of blast 

furnace dust. 

 

Fig. 13. XRD patterns of roasting slag, iron concentrate, and tailing 

Table 4. Main chemical components of iron concentrate 

Elements Fe Si Ca S Zn Al Mn 

Contents (%) 63.50 1.14 0.63 0.43 0.19 0.14 0.11 

5. Conclusions 

In this study, the process of recycling blast furnace dust by the magnetization roasting with the straw 

charcoal as a reductant is the proposed. Under the conditions of straw charcoal amount of 6%, the 

roasting temperature of 750 ℃, and the roasting time of 60 min, hematite (Fe2O3) and zinc ferrite 

(ZnFe2O4) in the blast furnace dust were reduced to Fe3O4 and ZnO. Then, iron concentrate with an 

iron recovery of 85.61% and iron grade of 63.50% was obtained by magnetic separation at the 

magnetic intensity of 120 kA/m. Meanwhile, the grade of zinc in magnetic concentrate was 0.19%, 

indicating that most of the zinc was enriched in the tailings. Zinc would be recovered from magnetic 

tailings containing ZnO by the existing zinc hydrometallurgy process. In addition, the proposed 

process for simultaneously recovering iron and zinc from the blast furnace dust could achieve that 

85.61% of iron was recovered, 92.57% of zinc was extracted into solution, while only 5.65% of iron was 

co-extracted into zinc-rich solution. The straw charcoal in this study was innovatively used as the 

reductant to replace traditional anthracite, which not only saved non-renewable fossil fuels but also 
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reduced harmful gas emissions in the magnetization roasting process due to the sulfur content of 

straw charcoal is much lower than that of anthracite. 
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