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a b s t r a c t

Iron ore tailings have become one kind of the most hazardous solid waste. In order to recycle iron in the
tailings, we present a technique using magnetizing roasting process followed by magnetic separation.
After analysis of chemical composition and crystalline phase, according to experimental mechanism, the
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effects of different parameters on recovery efficiency of iron were carried out. The optimum reaction
parameters were proposed as the following: ratio of coal: iron ore tailings as 1:100, roasting at 800 ◦C for
30 min, and milling 15 min of roasted samples. With these optimum parameters, the grade of magnetic
concentrate was 61.3% Fe and recovery rate of 88.2%. With this method, a great amount of iron can be
reused. In addition, the microstructure and phase transformation of the process of magnetizing roasting
agnetizing roasting
agnetic separation

were studied.

. Introduction

With 30 years of reform and opening up, Chinese iron and steel
ndustry has developed rapidly. Meanwhile, a continuous increase
f hazardous industrial wastes like iron ore tailings generated by
ron steel industry are becoming a serious problem. In China, the
otal 59.7 billion tons of tailings have been discarded as waste, and
he generation of iron ore tailings is estimated to be one third of
he total tailings [1]. Iron ore tailings not only cover huge land and
ollute environment, but also give rise to security risks. In Novem-
er 2007, 13 people died in the accident caused by iron ore tailings
am-break in Anshan of Liaoning province, China.

At the same time, iron ore tailings as secondary resources have
een of great importance to all countries in the world [2–7]. At
resent, there are some different ways of utilization of iron ore
ailings, as the following: recycling of useful metal, such as Fe, Co,
i and Cu [8]; producing of building materials directly (including

ement clinker and admixture, glass ceramics and wall materials,
tc.); filling goaf; and using as soil modifier and magnetization fer-
ilizer [9,10].
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In addition, with the continuous exhaustion of mineral
resources, iron ore resources in China become increasingly scarce.
According to statistics, the annual emission of iron ore tailings is
130 million tons, while every 1 ton of iron ore concentrate should
discharge 2.5–3 tons iron ore tailings. Assuming the tailings con-
tain an average of 11% iron, there are 1.41 million tons of metallic
iron losses in the tailings [11]. Therefore, the recovery and utiliza-
tion of iron in iron ore tailings are very important to save iron
resources.

At present, magnetizing roasting and direct reduction are the
two main ways to recycle iron from tailings or other iron con-
tained wastes [12]. The differences between them are summarized
in Table 1.

In our group, the comprehensive utilization of iron ore tailings
is the focus of our research, and our final goal is to realize zero-
emission of iron ore tailings wastes. Based on the above description
of different ways of utilization of iron ore tailings, the cost of only
recover iron from tailings is high because of the low content of iron.
On the other hand, there is no good economic benefit just using iron
ore tailings to produce cementitious materials. So our innovative
idea is combining the recovery of iron with reuse of residues to
prepare cementitious materials together, which means recovering

iron in the process of cementitious materials’ preparation using
iron ore tailings. The combination point is roasting, by which it
can reduce hematite to magnetite and promote the cementitious
properties of iron ore tailings at the same time. By this way, the
iron ore tailings not only can be comprehensive utilized, but also

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:chao-li07@mails.tsinghua.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.09.018
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Table 1
The differences between magnetizing roasting and direct reduction.

Magnetizing roasting Direct reduction

Object To produce iron concentrate (Fe3O4), used for iron smelting To produce sponge iron (Fe), used for steel making
Temperature Usually between 700 and 900 ◦C Usually >1000 ◦C

Long (usually 2–5 h)
o be
hard to be

More reducing agent is needed, and heat consumption is
larger than magnetizing roasting
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Table 2
Chemical composition of iron ore tailings.

Components SiO2 Fe2O3 CaO Al2O3 MgO Na2O K2O LOI
Content (wt%) 47.39 24.82 8.85 7.42 0.097 0.32 0.70 10.40

Province, China) was used as the reducing agent. The proximate
analysis of coal is shown in Table 3.
Production cycle Short (usually in 1 h)
Key point Reducing atmosphere is necessary in order not t

oxidized, because Fe2O3 is weakly magnetic and
separated

reate maximum economic benefit. First of all, the recovery of iron
s the first step of the whole technology.

The recovery of iron from low-grade iron ore was investigated
y many researchers using froth flotation process [13], reverse
nionic flotation of quartz [14], and magnetic separation [15]. As we
ll know, the most economic and environmental friendly method
o recover iron is magnetic separation. Magnetic separation is a

ethod to separate and capture fine magnetic particles by the
agnetic force acting on the particles in a gradient magnetic field

16]. The principle of the process is the selective adsorption of the
agnetite material on to a mineral surface in a mixed pulp which

enders the coated grains amenable to recover by the magnetic
eparation techniques [6].

Uwadiale [17] gave a thorough review of magnetizing roasting
f hematite and concluded that although the roles of tempera-
ure, particle size, coal/ore ratio, and catalysts or inhibitors are
ell established, the mechanism and kinetics of the magnetizing

eduction process remain unsolved due to the porous nature of the
eduction products. Uwadiale and Whewell [18] reported that a
ematite was progressively converted into magnetite, wustite and
etallic iron when temperature was increased during reduction

oasting.
Considering that the appropriate activation temperature is

bout 800 ◦C, so in this paper, the recovery of iron from iron ore
ailings using magnetizing roasting was studied, and the reaction
rocess was analyzed.

. Experiment

.1. Experimental mechanism

According to the difference of ore property, magnetizing roast-
ng process for the recovery of iron minerals includes reducing
oasting, neutral roasting and oxidizing roasting [19]. For hematite,
he purpose of magnetizing roasting is reducing hematite to mag-
etite, and the reducing agents are usually C, CO and H2. The
eaction theory can be expressed with the following equations:

Fe2O3 + C → 2Fe3O4 + CO ↑ (1)

Fe2O3 + CO → 2Fe3O4 + CO2↑ (2)

Fe2O3 + H2 → 2Fe3O4 + H2O ↑ (3)

aking Eq. (1) as an example, the relationship between reduction
egree and parameters is shown in Eq. (4) [20],

R = R′

[AKMc · exp(−E/R0T)]
+ r′

0�0 · [1/2 − R′/3 − (1 − R′)2/3/2]
3De

(4)

In Eq. (4), tR is the time of iron oxide reduction (s), A is the reac-

ion constant, R′ is the reduction degree of production (%), K is the
alance constant of iron reduction equation, Mc is the coal ration
%), E is the activation energy (J mol−1 K−1), R0 is the ideal gas con-
tant (8.314 J mol−1 K−1), T is the temperature (K), r′

0 is the grain
adius when reduction degree is R′ (m), �0 is the oxygen contain
Fig. 1. XRD pattern of iron ore tailings.

in iron oxide initially (mol m−3), and De is the diffuse coefficient in
solid phase (m2 s−1).

From Eq. (4), the parameters that influence reduction reac-
tion of magnetizing roasting are reaction temperature, reaction
duration, and ratio of carbon. Meanwhile, the process of milling
roasted sample is necessary because of the complicated dissemi-
nation characteristics of raw materials (seen Fig. 8) [21].

2.2. Raw materials

Iron ore tailings were sampled from tailing dam of an iron ore
dressing plant in Anshan of Liaoning Province, China. Chemical
compositions of iron ore tailing samples was analyzed, seen in
Table 2. The crystalline phases were investigated by powder XRD
technique, using Cu-K� radiation (40 kV, 30 mA) at the scanning
rate of 8◦/min from 5◦ to 70◦. Some mineral phases existed, such as
quartz, hematite, calcite, mica and kaolinite, shown in Fig. 1.

In the reduction reaction, coal (sampled from Datong of Shanxi
Table 3
Proximate analysis of coal.

Components Fixed carbon Volatile matter Ash Water
Content (wt%) 77.70 6.41 8.85 7.42
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Fig. 2. Effects of ration of coal to iron ore tailings on iron recovery.

.3. Experimental method

Four group experiments were designed to investigate the effects
f different parameters on iron recovery from iron ore tailings,
uch as the ratio of coal to iron ore tailings, roasting tempera-
ure, roasting time, and milling time. Iron ore tailings were mixed
horoughly with coal and put in crucible, then roasted at high
emperature in furnace (Model: GSL1400, with the atmospheric
ressure −0.09 MPa). After a given time, roasted samples were
aken out when cooling down to 300 ◦C in the airtight furnace.
ecause Stephens et al. [22] observed that if artificial magnetite
as quenched in air at temperatures above 500 ◦C, the magnetite
as re-oxidized to weakly magnetic hematite, but if the tempera-

ure was below 500 ◦C the magnetic properties remain unaffected.
roducts were wet milled in a ball mill then separated by magnetic
eparator (Model: XCGS�50), with working electrical current of 1 A
magnetic field intensity 0.08 T). The grades of magnetic concen-
rate were analyzed by chemistry method. Then the recovery rates
f iron (the ratio of the amount of iron minerals in magnetic con-
entrate to those of in iron ore tailings raw material) were deduced
ccording to mass balance in magnetic separation process.

. Results and discussion

.1. Iron recovery

.1.1. Effects of ratio of coal to iron ore tailings on iron recovery
In order to investigate the optimum content of coal, different

atios of coal to iron ore tailings were studied, respectively. Accord-
ng to Eq. (1), considering the content of Fe2O3 in iron ore tailings
nd fixed carbon in coal, it is known by calculation that the theo-
etic ratio of coal to raw materials was 0.8%. Therefore, the ratios of
oal to iron ore tailings were selected as 0.8:100, 1:100, 1.2:100 and
.5:100. Other experiment parameters were kept as the following:
he roasting temperature of 800 ◦C for 30 min, milling 15 min. The
ffects of ratio of coal to iron ore tailings on the grade of magnetic
oncentrate and iron recovery rate were shown in Fig. 2.
As shown in Fig. 2, by the separation of magnetic separator, the
rades of magnetic concentrate were all over 60% Fe, meeting the
equired standard of iron making. When the ratio of coal to iron ore
ailings was over 1:100, the recovery rate of iron kept stable, and
he maximum was 88.2%. In case of calculation as only hematite
Fig. 3. Effects of roasting temperature on iron recovery.

contained in iron ore tailings, 0.8% coal was needed theoretically,
which was as much as experimental data. It was indicated that the
main crystalline phase was Fe2O3, as shown in XRD.

3.1.2. Effects of roasting temperature on iron recovery
Roasting temperature is the main factor that impacts the reac-

tion. Cui et al. [23] reported the lower limit of temperature for
magnetic roasting was about 500 ◦C. In this experiment, roasting
temperature were selected as 600, 700, 800 and 900 ◦C, and sam-
ples consisted of coal, iron ore tailings at a proportion of 1:100,
roasted 30 min, with the milling time of 15 min. Results were shown
in Fig. 3.

From Fig. 3, with the roasting temperature increasing, the reac-
tion between C and Fe2O3 was speeded up. While at 600 ◦C, the
temperature was low, and the reaction was incomplete due to the
limited reaction rate. But if the temperature was too high (900 ◦C),
the product (Fe3O4) may be over-reduced to generate wustite [18],
which is weakly magnetic and difficult to recycle. When the tem-
perature was 800 ◦C, the grade and recovery rate were both high.

3.1.3. Effects of roasting time on iron recovery
Samples were roasted at the temperature of 800 ◦C for different

roasting time, with the same proportion of coal and iron ore tailings
at 1:100 and milling time 15 min. Experimental results were shown
in Fig. 4.

As shown in Fig. 4, there was non-linear relationship between
iron recovery and roasting time. When roasting time was about
30 min, the recovery rate of iron was achieving a peak, with the
grade of magnetic concentrate 61.3% Fe. It was inferred that when
the roasting temperature was 800 ◦C, the optimum roasting time
was about 30 min, during which reduction reaction of ferrous
oxides was mostly completed.

3.1.4. Effects of milling time of roasted samples on iron recovery
Because of the complex dissemination characteristics of roasted
samples, making it difficult in magnetic separation, need to be
milled before magnetic separation. The conditions of magnetizing
roasting were as the following: the roasting temperature of 800 ◦C
for 30 min, with the proportion of coal and iron ore tailings at 1:100.
The results were shown in Fig. 5, and the average particle sizes
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Fig. 4. Effects of roasting time on iron recovery.

Fig. 5. Effects of milling time on iron recovery.

Table 4
The average particle sizes after different milling time.

Milling time (min) 0 10 15 20
d (0.5) (�m) 16.560 12.243 10.550 9.362

Fig. 7. The SEM images of roasted sample and raw m
Fig. 6. XRD pattern of roasted sample (800 ◦C, 30 min, coal/iron ore tailings 1:100).

after different milling time were shown in Table 4, tested by Laser
Particle Sizer (Model: MasterSizer 2000).

From Fig. 5, the grade of magnetic concentrate was affected by
milling the roasted samples. If the roasted samples were not milled
(0 min), the grade was just 52.1% Fe. When milled 15 min, it was
61.3% Fe. However, if the roasted samples were milled too fine
(20 min), the particles were agglomerate easily and difficult to be
separated in magnetic separator, so the grade was only 59% Fe.

3.2. Analysis of roasted sample

3.2.1. XRD analysis
Taking the roasted sample for analysis, the experiment condi-

tions were as follows: the roasting temperature of 800 ◦C for 30 min
and the ratio of coal to iron ore tailings of 1:100. Its XRD pattern
was shown in Fig. 6.

From the XRD pattern, it can be seen that the hematite had been
reduced to magnetite, which made the roasted sample was easy

to be separated by low intensity magnetic separation. Meanwhile,
in comparison with the XRD pattern of iron ore tailings, the peak
of calcite was getting lower; it indicated that CaCO3 in the sample
decompounded. Moreover, the pattern of kaolinite disappeared.

aterial (a: roasted sample; b: raw material).
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Fig. 8. The SEM image of roasted sa

.2.2. SEM-EDS analysis
SEM observation was carried out by JSM-6460LV scanning elec-

ron microscope equipped with Be4-U92 energy spectrum detector.
he SEM images of roasted sample (800 ◦C for 30 min, coal/iron ore
ailings 1:100) and raw material were shown in Fig. 7. Besides, the
nergy spectrum of some area was shown in Fig. 8.

From Fig. 7, at the temperature of 800 ◦C for 30 min, the roasted
ample was light sintered. With the evaporation of crystal water
nd volatilization of CO2 generated in the reaction process, the
oasted sample exhibited a porous and granularity increscent
ppearance, which was proved by the average particle sizes (d
0.5) of roasted sample 16.560 �m while d (0.5) of raw material
4.400 �m).

From the energy spectrum, Fe, Si and Ca were fine-disseminated
ogether, which made them hard to be separated. So the process of

illing roasted sample was necessary.

.3. Analysis of magnetic concentrate

.3.1. XRD analysis

The concentrated iron ore were separated from the roasted sam-

le as above, and its XRD pattern was shown in Fig. 9.
From Fig. 9, magnetite was the main mineral phase of concen-

rated iron ore, but quartz also existed, which proved that iron and
uartz were fine-disseminated complexly together and it is hard

Fig. 10. The SEM image of magnetic concentrate (500
Fig. 9. XRD pattern of magnetic concentrate.
to be separated. In addition, a small amount of hydrogrossular was
generated, that was because amorphous SiO2, CaO (decompounded
from calcite) and Al2O3 reacted in the water at the process of mag-
netic separation [24].

0×) and its energy spectrum of A and B areas.
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quaternary ammonium salt, Int. J. Miner. Process. 77 (2005) 116–122.
Fig. 11. The magnetic hysteresis loop of concentrated iron ore.

.3.2. SEM-EDS analysis
The SEM image of magnetic concentrate and its energy spectrum

f some areas were shown in Fig. 10.
From Fig. 10, the dark areas were mostly Fe3O4 and Si, Ca, Al

ere included in magnetite at bright areas, which was in accord
ith XRD analysis.

.3.3. Magnetic property
The magnetic hysteresis loop of concentrated iron ore was

hown in Fig. 11, tested by Vibrating Sample Magnetometer
Model: BHV-50HTI). The saturation magnetization (Ms), rema-
ence (Mr) and coercivity (Hc) were 65.748 emu/g, 15.363 emu/g,
52.43 G, respectively. Because of the high Mr, the problem of mag-
etic particle aggregation was unavoidable, which influenced the
rade of magnetic concentrate.

.4. Discussion

In this technology, the aim of magnetizing roasting is reduc-
ng hematite to magnetite, which is much easier to recover by
ow intensity magnetic separation method. While the nature of the
eduction products is dictated by the roasting conditions. Bitsianes
nd Joseph [25] identified four phases (iron, wustite, magnetite
nd hematite) in samples partially reduced in hydrogen at 650 and
50 ◦C, and three phases (iron, magnetite, and hematite) in samples
educed at 500 ◦C. Because of the weakly magnetic of wustite which
s difficult to recycle, so it has strict reducing conditions. That is

hy there is little literature about using magnetic roasting method
o recycle iron from iron ore tailings, although the technology of

agnetic roasting has been widely developed.
Technologies for iron recovery from tailings have already been

tudied in laboratory, but the industrial application is limited due
o the high production cost. Meanwhile, the content of iron in the
ron ore tailings is generally very low, making reuse seems value-
ess. Moreover, the residues after iron recovery are massive, and
hey also face the problem of storage and secondary pollution. In
rder to comprehensively utilize iron ore tailings, the best way is
o produce building materials using them, and this part of study
ill be introduced in the next paper Part 2: The residues after iron
ecovery from iron ore tailings to prepare cementitious material. In
word, if we stand on the innovative idea that recycling iron in the
rocess of using iron ore tailings to prepare cementitious material,

t may have good future of industrial application.

[

[

aterials 174 (2010) 71–77

4. Conclusions

(1) Major chemical compositions of iron ore tailings were SiO2,
Fe2O3, CaO and Al2O3. Quartz, hematite, calcite, mica and kaoli-
nite existed in iron ore tailings as main phases, and most of iron
and quartz were fine-disseminated complexly together, which
was hard to be separated.

(2) The ratio of coal to iron ore tailings, roasting temperature,
reduction time, and milling time of roasted samples were four
main factors which had effects on recovery of iron minerals.
Through corresponding four groups of experiments, optimum
reduction reaction conditions were obtained as the following:
ration of coal: iron ore tailings as 1:100, roasting at 800 ◦C
for 30 min, and milling 15 min of roasted samples. Under the
optimum reaction conditions, the two main parameters of the
recovery process of magnetically separated concentration were
obtained as the following: the grade of magnetic concentrate of
61.3% Fe and iron minerals recovery rate of 88.2%.

(3) This technology of using magnetizing roasting to recycle iron
can be extended to other iron-containing waste, such as red
mud, pyrite cinder and so on.

(4) The results demonstrated the feasibility of this technology for
iron recovery, and it is a good beginning for comprehensive
utilization of iron ore tailings.
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