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Abstract 
Co-reduction followed by magnetic separation was applied for collaborative utilization 
of red mud (RM) and blast furnace dust (BFD). Direct reduced iron (DRI) with iron grade 
and recovery exceeding 90 wt% was obtained. The results showed that the type of BFD 
had a major influence on the indices of DRI. To verify the wide applicability of this 
process, optimization of co-reduction followed by magnetic separation with GG as the 
reducing agent, which generally had a negative effect, was studied. The results showed 
that, within certain ranges, increasing the reduction temperature, extending the 
reduction time, and adding CaF2 optimized the DRI indices. However, increasing the 
reduction temperature and extending the reduction time had poor optimization effects 
(the iron grade was less than 75 wt%), which could not attain the expected target. Adding 
CaF2 significantly promoted the reduction of iron minerals and growth of metallic iron 
particles, resulting in an iron grade and recovery of more than 90 wt%. With a GG of 30 
wt%, CaF2 of 9 wt%, co-reduction temperature of 1,200 °C, co-reduction time of 60 min, 
grinding fineness of -74 μm content accounting for 62 wt%, and magnetic field intensity 
of 0.1 T, DRI with iron grade and recovery of 90.82 wt% and 93.59 wt%, respectively, 
could be obtained, thus optimizing the process of co-reduction followed by magnetic 
separation. 
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1. Introduction 

Red mud (RM) is an industrial solid waste produced during the process of alumina production[1]. 
Blast furnace dust (BFD) is an industrial solid waste removed by blast furnace gas during the process 
of blast furnace ironmaking[2]. Due to limitations of technologies for comprehensive utilization of 
resources, RM and BFD are still stored in piles, which causes serious environmental pollution[3]. 
Studies have shown that both RM and BFD are rich iron resources (Fe content of up to 25–30 wt%) 
and that BFD is also a rich carbon resource[4-6]. Co-reduction followed by magnetic separation can 
be used for comprehensive utilization of iron and carbon resources in RM and BFD, and direct re-
duced iron (DRI) with an iron grade and recovery of more than 90 wt% can be obtained. However, 
different types of BFD have differential influences on the co-reduction followed by magnetic 
separation of RM and BFD. Using SG as a reducing agent, DRI with an iron grade and recovery of 
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92.05 and 92.14 wt%, respectively, can be obtained, and these are good index values. But, when using 
HG and GG as reducing agents, the DRI indices are poor. In particular, with GG as the reducing agent, 
iron grade and recovery are only 75.27 and 78.38 wt%, respectively[7], which limits the use of this 
process. 

To increase the applicability of co-reduction followed by magnetic separation of RM and BFD, GG, 
with its poor DRI indices, was used as a reducing agent to optimize the process. It was hoped that 
DRI with iron grade and recovery values exceeding 90 wt% could be obtained through this 
optimization process. 

2. Materials and Methods 

2.1 Raw Materials 

The RM used in the study, which was produced by the Bayer process at the Shan-dong Branch of the 
Aluminum Corporation of China, had an iron grade of 22.11 wt%. The Fe was composed of hematite, 
and the main gangue minerals were quartz, calcite, bauxite, and anatase. The X-ray diffraction 
patterns of RM were shown in Figure 1, and the main chemical composition analysis of RM was 
shown in Table 1[7]. 

GG with a fixed carbon content and iron grade of 12.87 and 31.76 wt%, respectively, was used as the 
reductant. It was obtained from a steel enterprise in Gansu Province, China. The main minerals of Fe 
were hematite and maghemite, and the gangue minerals were calcined kaolin and plagioclase 
serpentine[7]. The property analysis of GG was shown in Table 2.The CaF2 used as an additive was 
an-alytically pure. 

 

Table 1. Chemical composition of RM/% 

chemical composition TFe Al2O3 SiO2 CaO MgO Na2O TiO2 N P S else 

content 22.11 18.75 16.22 15.28 0.86 6.93 6.24 1.92 0.09 0.20 1.53 
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Figure 1. X-ray diffraction patterns of RM 
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Table 2. Property analysis of GG /% 

Type 
Fixed 
carbon 

Volat-
iles 

Water 
content 

Ash conten 

TFe Al2O3 SiO2 CaO Na2O MgO ZnO Else 
sub-
total 

GG 12.87 9.17 1.77 31.76 2.71 7.43 8.16 1.51 2.06 2.30 8.15 76.19 

2.2 Experimental Methods 

The “co-reduction roasting” of RM and BFD was performed in a muffle furnace. First, RM, GG, and 
CaF2 (as needed) were mixed in a certain proportion (the amount of RM was 30 g, and those of GG 
and CaF2 were equivalent to their mass fraction relative to RM) and then placed into a graphite clay 
crucible. To isolate air and create a good reducing atmosphere, GG was applied to a cover the surface 
of the mixture (as a separate 2 g amount), and the crucible was covered with a crucible cover. At the 
same time, the muffle furnace was heated according to a set program. After raising the temperature 
to the desired level, the crucible was placed in the furnace for a specified time. Then, the crucible was 
removed from the muffle furnace to obtain the co-reduction product by natural cooling at room 
temperature. The co-reduction product was ground and magnetically separated, and DRI with 
magnetic properties was obtained[7]. 

The iron grade and recovery of the DRI were used as evaluation indices of co-reduction followed by 
magnetic separation of RM and BFD. The iron recovery (R) calculation takes into account the iron in 
RM and BFD. The formula is as follows: 

 

𝑅 =
×

× ( )×
                                    (1) 

 

Where m1 is the mass of RM, m2 is the mass of GG, m3 is the mass of the GG applied as a covering 
on the surface of the mixture, m4 is the mass of DRI, α1 is the iron grade of RM, α2 is the iron grade 
of GG, and β is the iron grade of DRI. 

X-ray powder diffraction (XRD; D8-02; Bruker AXS, Germany) and scanning electron microscopy 
(SEM; Apreo; FEI, USA) with energy-dispersive spectrometry (EDS; INCA; Oxford Instruments, 
UK) were used to analyze the mineralogical composition and microstructure of the co-reduction 
products. 

3. Results and Discussion 

3.1 Effects of Different GG Amounts on the DRI Indices 
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Figure 2. Effects of GG amount on the indices of DRI 
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In the direct reduction process, the reducing atmosphere has a major influence on the reduction of 
iron ore. In the co-reduction followed by magnetic separation of RM and BFD, the amount of BFD 
had an important effect on the strength of the reducing atmosphere, which further affected the DRI 
indices[8-11]. Hence, the effects of different amounts of GG on the indices of DRI were investigated. 
The results are shown in Figure 2. According to previous results[7], the DRI was obtained under a 
grinding fineness of -74 μm content accounting for 62 wt% and magnetic field intensity of 0.1 T, 
after reduction for 60 min at 1,200℃. 

As shown in Figure 2, the amount of GG had a significant influence on the iron grade and recovery 
of the DRI obtained by co-reduction followed by magnetic separation of RM and BFD. In the range 
of the test, with an increase in the GG amount, the iron grade of the DRI decreased gradually, while 
the iron recovery increased gradually. As the amount of GG increased from 10 to 40 wt%, the iron 
grade decreased gradually from 75.27 to 71.23 wt% (a decrease of 4.04 wt%). At the same time, the 
iron recovery increased by 17.33 wt%, from 78.37 to 95.70 wt%. In particular, as the amount 
increased from 10 to 30 wt%, the iron recovery increased from 78.37 to 93.45 wt%, a large increase 
of 15.08 wt%. Therefore, GG can be used as a reducing agent for co-reduction of RM and BFD, but 
the iron grade of the DRI was poor. When the amount of GG was 30 wt%, the iron recovery of DRI 
was high and the recovery of iron resources was good, but the iron grade was only 72.65 wt%. To 
obtain DRI with a high iron grade and recovery when using GG as the reducing agent, the process 
conditions of co-reduction followed by magnetic separation were optimized with a GG amount of 30 
wt%. 

3.2 Optimization of the Reduction Temperature 

The results showed that the reduction temperature had a major influence on the iron grade and 
recovery of DRI in the direct reduction of iron ore. Within a certain range, increasing the reduction 
temperature obviously promotes the reduction of iron minerals and growth of metallic iron particles 
in the direct reduction system, and thus further op-timizes the index of the DRI[12-15]. Therefore, 
the effect of optimization of the reduction temperature on the DRI indices was investigated first. The 
reduction temperature was changed during the test, but the other conditions were the same as above. 
The results are shown in Figure 3. 
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Figure 3. Effects of optimizing the reduction temperature on the DRI indices 

 

As shown in Figure 3, within the reduction temperature range of 1,100–1,250℃, the iron grade of 
DRI obtained via co-reduction followed by magnetic separation of RM and BFD increased gradually 
with increasing reduction temperature, while the iron recovery first increased and then decreased 
slightly. When the reduction temperature was in-creased from 1,100℃ to 1,250℃, the iron grade of 
DRI increased from 60.87 to 73.20 wt%, an increase of 12.33 wt%. In particular, when the reduction 
temperature was increased from 1,100℃ to 1,200℃, the iron grade increased by 11.78 wt% to 72.64 
wt%. However, when the reduction temperature exceeded 1,200℃, the iron grade increased by only 



International Core Journal of Engineering Volume 8 Issue 2, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202202_8(2).0021

 

174 

0.55 wt%. The iron recovery of DRI also increased greatly (by 10.40 wt%) from 83.05 to 93.45 wt% 
when the reduction temperature was increased from 1,100℃ to 1,200℃. When the reduction 
temperature was higher than 1,200℃, the iron recovery decreased by 1.93 to 91.52 wt%. Thus, within 
a certain range, increasing the reduction temperature optimized the conditions of co-reduction 
followed by magnetic separation of RM and BFD, and the iron grade and recovery of DRI improved 
greatly. However, when the reduction tem-perature exceeded 1,200℃, the iron grade of DRI was not 
affected by an increase of re-duction temperature, iron recovery was diminished, and the optimization 
was poor. Therefore, effective optimization could not be achieved by only increasing the reduction 
temperature. 

3.3 Optimization of Reduction Time 

The results also showed that reduction time had a major influence on the iron grade and recovery of 
DRI during the direct reduction of iron ore. Within a certain range, ex-tending the reduction time 
promoted the reduction of iron minerals, and the growth of metallic iron particles, thus optimizing 
the DRI indices[16-19]. Therefore, the effect of re-duction time was investigated. The reduction time 
was varied during the test, but other conditions were the same as above. The results are shown in 
Figure 4. 
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Figure 4. Effects of optimizing the reduction time on the DRI indices 

 

As shown in Figure 4, within the test range, a longer reduction time enhanced the effect of co-
reduction and magnetic separation of RM and BFD on iron recovery. By ex-tending the reduction 
time, the iron grade and recovery of DRI increased gradually and then remained unchanged. When 
the reduction time was extended from 20 to 60 min, the iron grade of DRI increased from 55.48 to 
72.65 wt%, an increase of 17.17 wt%; similarly, the iron recovery increased by 17.14 wt%, from 
76.31 to 93.45 wt %. When the reduction time was extended from 60 to 100 min, the iron grade 
increased by only 1.55 wt%, and the iron recovery decreased slightly, by 0.56 wt%, thus essentially 
remaining unchanged. Therefore, within a certain range, co-reduction followed by magnetic 
separation could be optimized by extending the reduction time. When the reduction time reached 60 
min, almost all iron minerals in the co-reduction system were reduced to iron, and then aggregated 
into metal particles of a certain size. When it exceeded 60 min, the influence of reduction time on the 
size of the metal iron particles became smaller, so that the iron grade and recovery were largely 
unchanged. Therefore, the DRI indices could not be effectively optimized only by extending the 
reduction time. 

3.4 Optimization of CaF2 

Studies on the direct reduction of iron ore have shown that additives can significantly reduce the 
melting point of the system, produce a liquid phase, and promote reduction of iron minerals and 
growth of iron particles[20-23]. Hence, the effect of additives on the DRI indices was investigated. 
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The additive used in the test was CaF2. The amount of CaF2 was varied during the test, but the other 
conditions were the same as above. The results are shown in Figure 5. 
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Figure 5. Effects of optimizing the CaF2 amount on the DRI indices 

 

As shown in Figure 5, the iron grade and recovery of DRI changed as the amount of CaF2 was 
increased. Compared to the case with no additive, the addition of CaF2 increased the iron grade and 
decreased the iron recovery. With an increase of the CaF2 amount, the iron grade of DRI first 
increased and then decreased, while the iron recovery increased gradually. When the amount of CaF2 
was increased from 0 to 9 wt%, the iron grade of DRI increased by 18.17 wt%, from 72.65 to 90.82 
wt%. With a continual increase of the amount of CaF2 to 12 wt%, the iron grade decreased to 85.45 
wt%, a reduction of 5.37 wt%. Compared to the case with no CaF2, when the amount of CaF2 was 3 
wt%, the iron recovery of DRI decreased by 5.73 wt%, from 93.45 to 87.72 wt%. However, with an 
increase of CaF2 amount, the iron recovery increased gradually. When the amount of CaF2 was 12 
wt%, the iron recovery reached 94.92 wt%. Accordingly, when using CaF2 in the co-reduction system, 
the iron grade of DRI increased significantly, although the iron recovery decreased slightly when the 
amount of CaF2 was low. However, with an increase of CaF2, the iron recovery also increased 
gradually. When the amount of CaF2 was 9 wt%, the iron grade and recovery of DRI were 90.82 and 
93.59 wt%, respectively. Thus, the process of co-reduction followed by magnetic separation of RM 
and BFD was optimized. 

3.5 Mechanism of CaF2 
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Figure 6. XRD patterns of co-reduction products: (a) without CaF2; (b) with 9 wt% CaF2 
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A: metallic iron (Fe); B: spinel (FeAl2O4); C: fayalite (Fe2SiO4); D: cancrinite 
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Figure 7. SEM image and EDS results of co-reduction products: (a) without CaF2; (b) with 9 wt% 
CaF2 

 

To discern the effect of CaF2 in the co-reduction system, and to clarify the mechanism by which the 
indices of DRI were optimized, the mineralogical composition and microstructure of the co-reduction 
products obtained without and with 9 wt% CaF2 were analyzed. The mineralogical composition 
results obtained by XRD are shown in Figure 6, and SEM-EDS photomicrographs are shown in 
Figure 7. 

As shown in Figure 6, the addition of CaF2 to the co-reduction system of RM and BFD influenced 
the mineralogical composition of the co-reduction products. In the absence of CaF2, the minerals in 
the co-reduction product were metallic iron (A in Figure 6), spinel (B in Figure 6), and a small amount 
of fayalite (C in Figure 6). After adding 9 wt% CaF2, the mineral in the co-reduction product was 
metallic iron (A in Figure 6); the diffraction peaks of spinel and fayalite disappeared, indicating that 
the addition of CaF2 promoted the reduction of spinel and fayalite, and that the iron minerals were 
further reduced to metallic iron. Therefore, adding CaF2 could improve the iron recovery of DRI. 
Moreover, without CaF2, the gangue mineral in the co-reduction product was gehlenite (D in Figure 
6). With the addition of 9 wt% CaF2, the diffraction peaks of cancrinite (E in Figure 6) and 
CaMg6Al2Si6O20F4 (F in Figure 6) with low melting points appeared in the co-reduction products, 
which may reduce the melting point of the co-reduction system and promote the aggregation and 
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growth of iron particles[24-26], thereby increasing the iron grade of reduced iron. As shown in Figure 
7, the minerals in the co-reduction product were metallic iron (point 1 in Figure 7(a)), spinel (point 2 
in Figure 7(a)), and fayalite (point 3 in Figure 7(a)). After adding 9 wt% CaF2, only metallic iron was 
present as iron mineral in the co-reduction product (point 1 in Figure 7(b)), which also indicated that 
the addition of CaF2 promoted the reduction of spinel and fayalite. In addition, compared to the case 
with no additives, after adding 9 wt% CaF2, the particle size of metallic iron in the co-reduction 
product was larger and the boundary with other minerals was obvious; thus, the grinding–magnetic 
separation conditions were optimized. This was mainly related to cancrinite (point 4 in Figure 7(b)) 
and CaMg6Al2Si6O20F4, which have low melting points, consistent with the XRD analysis results. 

In conclusion, without CaF2, the reduction of iron minerals in the co-reduction products was not 
sufficient, and the particle size of metallic iron was small, leading to a low iron grade and recovery 
of DRI. The addition of CaF2 to the co-reduction system promoted the reduction of spinel and fayalite, 
which in turn improved the iron recovery of DRI. Low melting point cancrinite and 
CaMg6Al2Si6O20F4 were also generated, which reduced the melting point of the system, promoted 
the aggregation and growth of metal iron particles, and improved the iron grade of DRI. Therefore, 
the addition of CaF2 can optimize co-reduction followed by magnetic separation of RM and BFD, 
resulting in op-timized DRI indices. 

3.6 Verification of Co-Reduction Followed by Magnetic Separation of RM and BFD  

As established above, using GG as the reducing agent, the optimal process conditions for co-reduction 
followed by magnetic separation of RM and BFD were co-reduction at 1,200℃ for 60 min, GG and 
CaF2 amounts of 30 and 9 wt%, respectively, grinding fineness of -74 μm accounting for 62 wt%, 
and magnetic field intensity of 0.1T. To verify the effect of co-reduction followed by magnetic 
separation of RM and BFD under the optimal process conditions, repeated tests were performed under 
the above test conditions. The validation results are shown in Table 3. 

 

Table 3. Validation results of the optimum process (wt%) 

Product 
Group 1 Group 2 Group 3 

Iron 
grade 

Iron 
recovery 

Iron 
grade 

Iron recovery Iron grade Iron recovery 

DRI 90.82 93.59 92.89 91.30 90.83 94.31 
Tailings 2.87 6.41 3.93 8.70 2.52 5.69 

Co-reduction  
product 

30.61 100 31.28 100 30.34 100 

 

As shown in Table 3, the iron grade and recovery of DRI obtained by repeated tests conducted under 
the optimum conditions were both above 90 wt%. Moreover, there was a small difference in results 
among the tests, indicating good repeatability and high stability; therefore, optimization of co-
reduction followed by magnetic separation of RM and BFD was realized with GG as the reducing 
agent. 

4. Conclusion 

In the co-reduction followed by magnetic separation of RM and BFD, the DRI indices are generally 
poor when GG is used as the reducing agent. However, in this study, by optimizing the reduction 
temperature, reduction time, and CaF2 amount, the DRI indices were improved. The conclusions of 
the study are summarized below: 

(1) Using GG as a reducing agent, the DRI indices could be optimized by optimizing the co-reduction 
conditions, and DRI with an iron grade and recovery both exceeding 90 wt% could be obtained. 

(2) Within certain ranges, increasing the reduction temperature and extending the reduction time 
could optimize the DRI indices. In particular, the effect of iron recovery was obvious. However, 
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beyond these ranges, changes of reduction temperature and reduction time had little effect on the DRI 
indices, and optimizing co-reduction followed by magnetic separation of RM and BFD could not be 
achieved only by increasing the reduction temperature or extending the reduction time. 

(3) The addition of CaF2 to the co-reduction system promoted a reduction of iron minerals, and 
aggregation and growth of metallic iron particles, thus optimizing the grinding and magnetic 
separation conditions and improving the iron grade and recovery of DRI. When the amount of CaF2 
was 9 wt%, DRI with an iron grade of 90.82 wt% and iron recovery of 93.59 wt% could be obtained, 
reflecting optimization of the co-reduction followed by magnetic separation of RM and BFD. 
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