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Abstract The coal-based direct reduction characteristics of low-grade iron ore
during lignite pyrolysis were investigated. Especially, the coal used as reducing agent
contains a high percentage of volatile matter and a low percentage of fixed carbon,
which could produce a large amount of H2 and CO during pyrolysis at high temper-
ature and improve the speed of reduction reaction. The results show that appropri-
ately increasing the reduction temperature, increasing the amount of reducing agent,
and prolonging the reduction time can all improve the index of DRI. At reduction
temperature of 1150 °C, lignite ratio of 20 wt.%, and reduction time of 40 min, the
metallization degree of 92.71%, the index of DRI with iron grade of 90.94%, and
iron recovery rate of 85.07% were obtained. The results could be useful for compre-
hensive utilization of low-grade refractory iron ore by the coal-based direct reduction
process.

Keywords Direct reduction · Magnetic separation · Low-grade iron ore · Iron
recovery

Introduction

Effective utilization of low-grade iron ore is essential in order to reduce production
cost and solve the problem of gradual depletion of high-grade iron ore. There are
abundant resources of low-grade iron ore in China; nevertheless, it commonly has
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the characteristics of low iron content, fine iron minerals, complicated composition,
and high content of harmful elements [1, 2]. More than 97% of iron ores need to
be processed before entering the blast furnace for smelting. It also contains iron
silicate gangue minerals with similar physical and chemical properties. As a result
of these characteristics, it is difficult to concentrate the ore by conventional processing
methods [3–5]. Efficient and economical use of these mineral resources remains a
challenge [6–8].

Coal-based direct reduction followed by magnetic separation is an effective way
to deal with this type of iron ore [9–12]. Iron oxides can be reduced to pure metallic
iron and then separated from the ores by magnetic separation. Products with a degree
of metallization exceeding 85% can be obtained from raw ores, which were reduced
at high temperature (1100–1250 °C) for 60–100 min [9, 10, 13], from which 80% of
the iron content could be recovered (TFe ≥ 90%) by magnetic separation. However,
these laboratory studies recommend a high reduction temperature range, which is
impractical for commercial production such as the high energy consumption and the
formation of massive fayalite phases [14–17]. The fayalite is formed by the solid-
phase reaction between SiO2 and FeO during the reduction process, which is difficult
to reduce, and its lowmagnetism can result in loss of iron duringmagnetic separation
process. In addition, fayalite will melt at 1177 °C and form liquid phase [18], which
will hinder the further reduction of iron oxides. So, accelerating reduction presence
of iron oxide to iron and avoiding forming large numbers of fayalite are important.

It is well known that the amount of volatile matter produced by low-rank coals,
such as lignite coal and subbituminous coal, is higher (25–65 wt.%) than that
produced by high-rank coal. Based on the previous works, the low-rank coal showed
high reactivity as a reducing agent, because volatile matter could produce large
amounts of reducing gas and deposited carbon during pyrolysis process, which
can ameliorate reducing atmosphere, improve reduction rate of the iron oxide, and
decrease the generation of fayalite. In this study, a method of reduction roasting and
magnetic separation of iron ore with high volatile coal as reducing agent was used to
deal with a low-grade refractory iron ore. The reduction characteristics of low-grade
iron ore during lignite pyrolysis were investigated to seek a feasible route for efficient
utilization of low-grade iron resources.

Experimental

Materials

The iron ore sample used for this investigation was obtained from Xiaohebian Iron
Mine in Yunnan Province of China. The chemical multi-element analysis for the
compositions and the phase analysis of iron are given in Table 1 and Table 2, respec-
tively. The results of multi-element analysis demonstrated that the main valuable
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Table 1 Multi-element analysis of the iron ore sample

Compositions Fe FeO Al2O3 SiO2 CaO MgO P S

Mass fraction (wt.%) 22.35 12.38 3.04 31.82 16.19 1.89 0.026 0.299

Table 2 Phase analysis of iron for sample

Phase name Fe in
magnetite

Fe in siderite Fe in
hematite and
limonite

Fe in pyrite Fe in silicate Total

Content
(wt.%)

12.08 1.21 5.00 0.426 3.64 22.35

Percentage
(%)

54.04 5.41 22.37 1.90 16.28 100

Table 3 Proximate analysis results of lignite

Compositions Fixed carbon Volatile matter moisture Ash

Mass fraction (wt.%) 43.60 41.05 4.61 10.74

metal in the sample was Fe, with a content of 22.35 wt.%. The amounts of impurities
like P and S were very low by 0.026 wt.% and 0.299 wt.%, respectively.

From Table 2, the iron elements were mainly found to exist in the form of
magnetite, hematite, and limonite in the low-grade iron ore sample, and nearly half
of the iron is difficult to recover by conventional methods.

The lignite, a low-rank coal, used in this study was obtained from Xinjiang
Province of China. The proximate analyses were based on GB/T212-2008 in China
as shown in Table 3, respectively. Table 3 shows that the lignite has a low fixed carbon
content of 43.60 wt.%, high volatile content of 41.05 wt.%, and low ash content of
10.74 wt.%, which is suitable for coal-based reduction of iron ores. The low-rank
coal is able to produce deposited carbon at temperatures of 400–600 °C and a large
amounts of reducing gas (H2 and CO) above 700 °C, which significantly promotes
the reduction reaction [19]. The gasification rate of fixed carbon in coal has reached
to 87.98% at temperatures of 950 °C, respectively, guaranteeing the process will
achieve rapid reduction. The coal was crushed to 5–20 mm size.

Methods

Four group experiments were designed to investigate the effects of different param-
eters on iron recovery from iron ore, such as reduction temperature, the ratio of coal
to iron ore, reduction time, and gringing time. The experimental flowsheet included
preheating, electric heating rotary kiln reduction, cooling, grinding, and magnetic
separation procedures, as shown in Fig. 1. Firstly, 1000 g of low-grade ore had a
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Fig. 1 Schematic diagram of reduction and magnetic separation process of low-grade iron

controlled particle size distribution from 0 to 15 mm. Secondly, the iron ore was
charged into a laboratory scale electric heating rotary kiln with a diameter of 80 mm
and a length of 1000mm, rotating at 1 rpmwhen the temperaturewas raised to a given
value. Ten min later, divide the lignite into ten parts on average and put them into
the rotary kiln, respectively. After a given time, the reduced samples were taken out
when cooling down to 100 °C in the airtight kiln. Next, the cooled reduced sample
was ground with a ball grinding mill to a given particle size. Finally, the ground
material was separated to produce crude iron powders with the Davis magnetic tube
at an optimized intensity of 0.1 T. Eventually, the wet iron powders and the tailing
were filtered and dried in a vacuum oven. The grades of magnetic concentrate were
analyzed by chemistry method.
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Results and Discussion

The effects of main process parameters, which included reduction temperature,
lignite ratio (the mass ratio of lignite to raw ore), reduction time, and milling time,
on the separation and recovery of iron were examined.

Effects of Reduction Temperature on Iron Recovery

Reduction temperature is the main factor that impacts the reaction. In this experi-
ment, reduction temperatures were selected as 950, 1050, 1150, and 1250 °C. Other
parameters were kept constant as following: lignite ratio of 20 wt.% (200 g lignite:
1000 g raw ore), reduction time of 40 min, milling time of 10 min. Results were
shown in Fig. 2.

FromFig. 2,with the increasing of reduction temperature, themetallization degree
of roasted samples and iron grade of crude iron powders (magnetic concentrate) and
iron recovery rate increased gradually. The recovery rate of iron increased rapidly

Fig. 2 Effects of reduction
temperature on iron recovery
(lignite ratio: 200:1000,
reduction time: 40 min,
milling time: 10 min)
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as the reduction temperature increased from 950 to 1250 °C, and then decreased
slightly. The maximum recovery rate of iron is about 85.07%, the metallization
degree is 92.71%, and iron grade is 90.94 wt.%.

It is well known that coal pyrolysis generates gas products such as H2, CO, CO2,
and CH4, which were strongly effected by the pyrolysis conditions such as tempera-
ture, gas flow rate, and type of catalyst [20–22]. At high temperatures, coal pyrolysis
resulted in a larger amount of gas products; hence, the indirect reaction of iron ore
with gas components such as CO and H2 was accelerated. As a result, the metal-
lization degree of iron ore increased at higher temperatures, which was beneficial to
improve iron recovery and iron grade.

Effects of Lignite Ratio on Iron Recovery

In order to investigate the optimum content of lignite, different ratios of lignite to
iron ore were studied, respectively. Under the conditions of reduction temperature
1150 °C, reduction time 40 min, and milling time 10 min, the effect of lignite ratio
on the separation and recovery of iron was studied, and the ratio of lignite to iron ore
was selected as 100:1000, 150:1000, 200:1000, and 250:1000. Results were shown
in Fig. 3.

As shown in Fig. 3,with the increasing of lignite ratio, iron grade and iron recovery
rate of magnetic concentrate slowly increased. The metallization degree of roasted
product rapidly increased as the lignite ratio increased from 10 to 20 wt.%, and
then leveled off after lignite ratio at above 20 wt.%. Theoretically, the higher the
quality of coal, the longer the duration of strong reduction atmosphere, which is
more conducive to the reaction. However, the high quality of coal will also bring a
series of problems. First, the increase of cost. Secondly, the sulfur content in coal
is generally high, which not only pollutes the environment, but also may lead to the
problem of too high sulfur in the final iron concentrate. Hence, the optimal lignite
ratio was determined to be 20 wt.%.

Effects of Reduction Time on Iron Recovery

By keeping lignite ratio of 20%, the samples were roasted at 1150 °C for different
time. The effect of reduction time on the recovery of iron is shown in Fig. 4.

As shown in Fig. 4, the metallization degree of roasted samples and iron grade of
crude iron powders (magnetic concentrate) and iron recovery rate increased rapidly
as the reduced time increased from 20 to 40 min, but leveled off after reduced time
passing 40 min. It was inferred that when the reduction temperature was 1150 °C,
the optimum reduction time was about 40 min, during which iron oxides reducing
was mostly completed except for some difficult reduction phases such as Ca2Fe2O5

and CaFe2O4 [23].
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Fig. 3 Effects of the lignite
ratio on iron recovery
(reduction temperature: 1150
°C, reduction time: 40 min,
milling time: 10 min)

Effects of Milling Time on Iron Recovery

Because of the complex dissemination characteristics of roasted products, they
needed to be milled before magnetic separation. The effect of milling time of the
roasted samples on the recovery of iron was tested here. The conditions of magnetic
reducing were as the following: the reduction temperature of 1150 °C for 40 min,
with the proportion of lignite and iron ore at 200:1000. The results were shown in
Fig. 5.

With the increasing of milling time, the percentage of minus 74 µm and iron
grade in the concentrate increased rapidly, while recovery rate of iron decreased
slightly. The decrease of particle size was beneficial to monomer dissociation of
metallic iron particles in reduced product feeding to magnetic separation. The
monomer dissociation is extremely important to metallic iron particles to be effec-
tively recovered by magnetic separation. At 97.32% of particles less than 74 µm,
sufficient monomer dissociation of metallic iron particles was obtained. The crude
iron powders, produced under this particle size, contained 90.94% iron grade with
iron recovery rate of 86.13%.
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Fig. 4 Effects of reduction
time on iron recovery
(reduction temperature: 1150
°C, lignite ratio: 200:1000,
milling time: 10 min)

Conclusion

This iron ore is characterized by its low iron grade, high silicate content. Quartz,
magnetite, hematite, limonite, calcite, mica, and kaolinite existed in the iron ore
as main phases, and nearly half of the iron is difficult to recover by conventional
methods. Effective utilization of low-grade iron ore by lignite pyrolysis was proposed
to increase the degree of reduction and iron recovery. The behavior of the reduction
reaction during lignite pyrolysis over low-grade iron orewas evaluated. The reduction
temperature, lignite ratio, reduction time, and milling time of roasted samples are
four main factors which affect the iron recovery. Optimized process conditions are
obtained by one factor at a time tests for recovery iron from low-grade iron as
the following: roasting at 1150 °C for 40 min, lignite ratio of 20 wt.%, milling
10 min, and particle size of 97.32% less than 74 µm in the roasted product. Under
the optimum reducing conditions, the metallization degree of roasted samples was
92.71%, and the iron grade of magnetic concentrate was 90.94% with iron recovery
rate of 85.07%.The results demonstrate that coal-based direct reduction followed by
magnetic separation for recovery iron from low-grade iron is the feasibility using
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Fig. 5 Effects of milling
time on iron recovery
(reduction temperature: 1150
°C, reduction time: 40 min,
lignite ratio: 200:1000)

lignite as reductant. Lignite pyrolysis at high reduction temperatures is beneficial to
accelerate the conversion of iron oxides to iron.
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