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Abstract

Utilization of plentiful fine-disseminated iron oxide ores resources attracted increasing attention in these years due to the
depletion of easy-dressing iron ore reserves. In this paper, an improved Fe recovery method from the refractory fine-grained
iron ores was proposed, and iron can be stepwise recovered by microwave-assisted reduction roasting with the addition of
Na,SO,, followed by acid leaching of roasted ore and then magnetic separation of leached ore. Experimental and mechanism
analysis results indicated that during the roasting process, 70.38% of Na,SO, would react with fine-disseminated kaolinite
in raw ore to form acid-soluble NaAlSiO,, achieving the crude extraction of ore samples by acid leaching. Moreover, the
images of SEM showed that the addition of Na,SO, during the roasting process can also promote the aggregation and growth
of iron-rich particles, promoting the iron-rich particles’ liberation in milling and resulting in a further dramatic improvement
in Fe grade and Fe recovery ratio of iron concentrate by magnetic separation. The iron concentrate contained 56.91% Fe,
9.48% Mn, 3.11% Al, and 1.64% Si with a recovery of 83.52%, indeed up to the iron ores quality requirement of the steel
and iron industry. This technology can also provide an inspiring idea for utilizing and processing other similar raw materials.
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Introduction

Iron ore is the primary raw material for the modern iron-
smelting industry, and iron was reported to be responsible for
about 95% of industrial metals (Cavaliere 2019). In recent
years, the increasing demand for iron production resulted in
the continual depletion of easy-dressing iron ore reserves
due to long-term intemperate exploitation. This situation is
much more urgent in China because most iron ores in China
are low-grade and co-exist with other gangues in the form
of complex mineralogy and fine grain (Chen et al. 2019; Li
et al. 2016; Mao et al. 2013). Consequently, a relevantly large
quantity of iron resources (nearly 1.07 billion tons in 2017
(Jégourel 2020)) long-term depends on import in considera-
tion of higher processing costs and environmental protection
problems, which significantly limits the economic and social
development of China (Dong et al. 2020; Kong et al. 2019).
Therefore, such conditions give rise to a continuous need to
invent and develop a novel technology of refractory iron ores
processing to remove co-existing gangues economically and
efficiently. Fine-grained iron oxide ore is a kind of enormous
refractory iron ore worldwide. Reduction roasting-magnetic
separation is a common processing technique to upgrade
and recover iron from this kind of iron ore, and coke/coal
is the typical reducing agent used in the roasting process
(Faris et al. 2017; Quast 2018; Roy et al. 2020). However, a
series of environmental problems arose (Abreu et al. 2015;
Liu et al. 2012; Ooi et al. 2011), especially CO, emissions
(Quader et al. 2016; Ranzani da Costa et al. 2013), and the
shortage of coke/coal is becoming more and more evident
with the rapid growth of iron production, which has com-
pelled to seek a renewable and environmental substitute for
this traditional fossil energy.

Recently, plenty of investigations have been performed
to test the reduction performance using partially or entirely
replacement of coke/coal with biomass sources, such as raw
biomass, charcoal, and biogas (Cheng et al. 2016; Jha and
Soren 2017; Mousa et al. 2016; Solar et al. 2016; Vassi-
lev et al. 2015; Wei et al. 2017a, 2017b), all of which con-
cluded that biomass were kinds of effective and promising
reducing agents. Besides, our previous study demonstrated
a significant synergism effect between microwave heating
and biomass application (alkali lignin, the main byproduct
of paper-making industry) on the reducing roasting of iron
oxide ores (Wu et al. 2017). Moreover, microwave technol-
ogy is relatively cleaner than traditional pyrometallurgi-
cal processes, which use carbonaceous or hydrocarbon as
the major energy sources, and can improve heat transfer in

@ Springer

mineral processing (Mizuno et al. 2021; Omran et al. 2015c;
Ye et al. 2019). Actually, many research reports have con-
firmed the advantages of microwave heating over traditional
heating in iron ore processing (Nuri et al. 2014; Omran et al.
2015a, 2015b; Zhao et al. 2014). So, in these regards, micro-
wave-assisted reduction roasting using biomass as reducing
agents followed by magnetic separation seems more suitable
for application in Fe recovery from refractory iron oxide
ores resources.

Lanshan style iron oxide ore is a typical refractory iron
resource in China, and the proven reserves exceed one bil-
lion tons, and the reserve is about 0.5 billion tons just in
Lanshan County, Hunan Province. In addition, characterized
by shallow burial, loose orebody and low cost of exploi-
tation, the deposit belongs to a new-type mineral resource
supported and encouraged by the Chinese government. How-
ever, due to the lack of an efficient and economical pro-
cessing technique, the ore has not been effectively exploited
and utilized in the past decades since its discovery, and
sometimes, the resource is defined as a “dead ore” without
any economic benefit. Thus, to achieve resource utilization
in this area, the core of this research focused on the selec-
tive removal of gangue minerals by combing chemical and
physical methods. The technical feasibility was evaluated by
contrasting the separating results of traditional iron oxide
ore processing method and the proposed approach. Then the
separation mechanism of the novel technology was investi-
gated by analyzing the component, phase and microstructure
transformation of ore. Meanwhile, the economic benefit of
preparing iron concentrate using the proposed method was
also evaluated.

Materials and methods
Materials

The iron ore sample used in this study was collected from
Lanshan County, Yongzhou City, Hunan Province. The
ore sample was crushed and ground to a particle smaller
than 0.25 mm (< 60 mesh) in a ball grinder. The detailed
characterization of the ore sample can refer to (Wu et al.
2017). Results indicated that the ore sample is a typical fine-
disseminated silicate-type iron oxide ore with 40.10% Fe,
9.40% Al, 6.92% Si, and 8.69% Mn, and goethite (FeOOH),
hematite (a-Fe,03), jacobsite (MnFe,0,), and kaolinite
(Al,Si,05(OH),) were the primary phases. Alkali lignin was
purchased from Shandong Tranlin Group, China, which was
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used without further treatment. All the chemical reagents
used in this experiment were of analytical grade.

Experimental procedures

The proposed technology includes three steps mainly: roast-
ing, acid leaching, and magnetic separation. The roasting
process was conducted in a MAS-II microwave reactor.
Firstly, 20 g ore samples were homogeneously mixed with
5% alkali lignin and/or a presetting proportion of Na,SOy,,
then transferred to a 100 mL corundum crucible covered
with a lid. Secondly, mixed samples in a crucible were
heated by microwave irradiation under optimum reduction
roasting conditions obtained from our previous research
(roasting temperature 200 °C, maximum microwave power
600 W and roasting time 30 min) (Wu et al. 2017). The
roasting temperature is controlled by automatically regulat-
ing the microwave power output according to a feedback
control signal. The corundum crucible is transparent to
microwave under experimental conditions. Acid leaching
experiments were carried out in a 250 mL three-neck reactor
equipped with a mechanical stirrer. Unless specialized, acid
leaching process was performed on the roasted ore, which
was ground to 100% by being passing through a 60 mesh
screen (<0.250 mm) in advance, and the leaching conditions
were controlled as: 2.0 mol/L sulfuric acid concentration,
10:1 liquid-to-solid ratio, 60 °C leaching temperature, 5 min
leaching time, and 300 rpm stirring speed. After leaching,
the leached solution was vacuum filtrated to obtain the solid
part (leached ore), which should be further washed three
times with distilled water and then dried in an oven at 70 °C.
Subsequently, the dried leached ore was ground into a slurry
containing 50% water in a ball mill (XMQ-150) for 8 min,
and then the slurry was used for magnetic separation via
Davies magnetic separator (model: XCGS-@50) under mag-
netic field intensity of 160 kA/m. The Fe recovery ratio (¢)
in the obtained product can be calculated as follow:

e=(fxm)/(fyxm) ey

where f and f3, are Fe grades in product and raw ore, respec-
tively; m and my, are masses of products and the total mass
of raw ore used for processing.

Product analyses

Phase compositions of ore sample before and after reaction
were analyzed using an X-ray diffractometer (Rigaku-TTR
[IT), which was operated under the following conditions: Cu
Ko radiation (A=1.5418 A), tube voltage and the tube cur-
rent of 40 kV and 250 mA, the scanning rate of 10°/min,
and step size of 0.02 from 10 to 70°. After scanning, peaks
in diffractograms of samples were identified by professional

XRD analysis software (MDI Jade 6.5). SEM—EDX analysis
was adopted to observe the dissemination characteristics and
size of iron ores by scanning electron microscopy equipped
with an energy dispersive spectrometer (Tescan MIRA3/
Oxford X-Max20). SEM image of ore sample was obtained
using back scattered-electron imaging. Before testing, the
ore sample was mounted using bakelite polymer, and then
the surface of the mounted sample was ground and polished
by a grinding machine (Struers/Tegramin-25). Subsequently,
the polished surface was treated with spray-carbon. Hyster-
esis loops of ore samples were measured using a vibrating
sample magnetometer (VSM: Lake Shore 7410) at room
temperature under a maximum magnetic field strength of
about 20 kOe.

Results and discussions
Experiment results by traditional technology

Reduction roasting followed by a magnetic separation pro-
cess was the traditional technique for iron separation. The
conventional direct reduction of iron ores by coal occurs at
around 1200 °C for 2-5 h, and the transformation of weak
magnetic iron phases to Fe;O,/y-Fe,0; via reduction mag-
netization roasting by biomass happens at around 550 °C
for 1 h (Chao et al. 2010). But the energy consumption
is still higher. Referring to the advantages of microwave
heating and biomass reduction in the roasting process in
published literature (Nuri et al. 2014; Omran et al. 2015a,
2015b, 2015c; Wu et al. 2017; Zhao et al. 2014), the grind-
ing fineness experiments were conducted to investigate the
effect of traditional reduction roasting-magnetic separation
technology on separation and recovery of ore sample under
the condition of microwave heating by using alkali lignin as
reducing agent. As seen in Fig. 1, 95.31% Fe recovery ratio
by magnetic separation of roasted ore at a grinding fineness
of 90%—74 pm was obtained, implying that iron oxides in
this raw ore could be successfully magnetized via reduction
roasting using alkali lignin as reducing agent, however the
Fe grade of iron concentrate was only increased from 40.10%
of raw ore to 47.07%. When the grinding fineness increased
from 90%-74 pm to 90%-23 pm, the grade of iron con-
centrate only increased by 1.26% (from 47.07% to 48.33%),
while the Fe recovery ratio decreased sharply might be
because the particles clustered easily and hard to separate.
From this, even under the ultra-fine grinding condition
(90%-23 pm), the quality of the final products was still far
from satisfactory for the steel and iron industry (the indus-
trial index of Fe grade in iron ore, DZ/T 0200-2002,> 56%).
Therefore, it could be concluded that as for the Lanshan style
iron resources, qualified iron concentrate products would
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Fig. 1 The grinding fineness experiments results

not be obtained through the traditional reduction roasting-
magnetic separation method.

Advantages of proposed technology

Quality differences of iron concentrate obtained from dif-
ferent experimental procedures are shown in Table 1, which
indicates that although its proportion of magnetic iron oxides
(including maghemite and magnetite) reached as much as
88.72% (Wu et al. 2017), traditional technology only gave
iron concentrate with 48.33% Fe grade (test 5 in Table 1),
while the iron concentrate grade by proposed technology
was enough to meet the requirements of qualified iron con-
centrate product and the Fe recovery ratio remained over
70% (test 1, 2, 3). Moreover, it can be found by comparing
the test results that Na,SO, and the leaching process were
beneficial in improving the Fe grade of iron concentrates,
and the improvement was stepwise achieved by leaching and
magnetic separation. For example, when introducing leach-
ing process before magnetic separation, a 1% increase in Fe
grade of iron concentrate was achieved, and the Fe recovery
ratio of iron concentrate was also increased from 74.70 to
78.64% (test 4). Furthermore, a breakthrough improvement
in the Fe grade of iron concentrate was observed combined

addition of Na,SO, with the leaching process, reaching up
t0 56.91% (No. 3). And compared to the results of test 3 and
test 4, it can be found that 7.08% increase in the Fe grade
of iron concentrate in the presence of Na,SO, was two-
step gradually achieved by leaching and magnetic separa-
tion process. Besides, it is evident from Table 1 that further
enhanced the leaching conditions has almost no effect either
on the Fe grade of leached ore or iron concentrate, imply-
ing that gangue in roasted ore with the addition of Na,SO,
could not be entirely selectively leached out in sulfuric acid
solution, and the addition of Na,SO, also contributes to
magnetic separation.

Mechanism analysis of proposed technology

Effect of Na,SO, dosage on leaching and magnetic
separation

Different dosages of Na,SO, were added during roasting
processes, and the responses on the quality of leached ore
and iron concentrate are shown in Fig. 2. It was found that
when the dosage of Na,SO, was below 5%, increasing the
dosage of Na,SO, resulted in a significant improvement of
Fe grade of both leached ore and iron concentrate. Further
increasing the dosage of Na,SO, had no apparent effects on
the Fe grade of iron concentrate, while a 2.88% Fe grade
increase was still observed in leached ore by increasing
Na,SO, dosage from 5 to 10%. And the maximum Fe grade
of leached ore only reached 55.08% with the addition of 10%
Na,SO,, which further corroborates the conclusion obtained
from results in Table 1 that acid leaching is a feasible means
to selectively separate Fe-rich particles from gangue but that
is relatively limited, and magnetic separation of leached ore
can further enhance the effect. The quality of iron concen-
trate was the best with 5% Na,SO,, and Fe grade and Fe
recovery ratio were 56.91 and 73.32%, respectively.

The contents of primary elements (Fe, Mn, Al, and Si)
in raw ore, leached ore, and iron concentrate obtained from
roasted ore with and without the addition of 5% Na,SO,
are presented in Fig. 3. Leaching ratios of four elements
in roasted ores with and without 5% Na,SO, are shown in

Table 1 The effects of Na,SO, and leaching process on quality of iron concentrate

No Na,SO,, % Leaching parameters Leached ores

Iron concentrates

a Cy, mol/L ¢, min b fre, % C €pe, % Pres o Epes %o
1 5 0.7 5 51.24+0.38 92.52+0.63 57.10+£0.31 83.52+0.65
2 5 0.7 20 52.77+0.50 96.56 +0.44 56.92+0.28 76.32+0.72
3 5 2.0 52.20+0.61 91.99+0.94 56.91+£0.42 73.32+1.03
4 0 2.0 47.97+0.20 96.36+0.25 49.83+£0.43 78.64+1.04
5 0 / / / / 48.33+0.37 74.70+0.89

a Cy: H,SO, concentration, b fg,: Fe grade, ¢ eg,: Fe recovery.
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Fig. 4. It is obvious from Fig. 3 that the contents of Al and
Siin leached ore in the presence of Na,SO, were much lower
than that in leached ore without Na,SO,, but the Mn con-
tent was slightly increased from 8.92 to 9.22%, indicating
that the upgrading of Fe content in iron concentrate from
49.97 to 52.20% (shown in Table 1) with 5% Na,SO, was
attributed to the removal of Al and Si minerals. This can be
further verified from Fig. 4 that the leaching ratios of Al and
Si reached, respectively, 45.73 and 61.91% in the presence of
5% Na,SO,, which was almost 3.20 and 5.06 times as large
as that without Na,SO,, while the leaching ratio of Fe was
only increased from 3.64 to 8.01%. The iron concentrate
obtained from leached ore 2 was mainly composed of Fe and
Mn minerals, and the contents of Fe and Mn were 56.91 and
9.48%, respectively, while the contents of Al and Si were
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Fig.4 Leaching ratios of four elements in the absence and presence
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1 and Leached ore 2 shown in Fig. 3)
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only 3.11 and 1.64%. The obtained iron concentrate product
meets the iron ores quality requirement of the steel and iron
industry (>56%).

Phase analyses

In order to reveal the phase transformation of four main ele-
ments in iron ore during roasting and leaching processes and
further clear the acid-soluble phase compositions of Al and
Si, XRD patterns of raw ore, roasted ores and leached ores
with and without Na,SO, are both displayed in Fig. 5. It is
obvious from Fig. 5 that Fe minerals in raw ore, i.e., goe-
thite and hematite, were reduced into magnetic iron oxides
(including maghemite (y-Fe,05) and magnetite (Fe;0,)) in
all roasted ore samples, and the presence of Na,SO, had
a significant enhanced effect on magnetic properties of
roasted ore with saturation magnetization (Ms) increased
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Table 2 Magnetic parameters for raw ore and microwave-treated ores

Raw ore Roasted ores with different addi-
tives

Magnetic parameters

Without Na,SO, With 5% Na,SO,

a Ms/(emu/g) 0.75 41.39 47.22
b Mr/(emu/g) 0.10 5.70 5.38
¢ He/(kA/m) 21.10 4.87 5.35

a Ms: saturation magnetization, b Mr: remanent magnetization, ¢ Hc:
coercive force.

from 41.39 to 47.21 emu/g (Fig. 6 and Table 2), which is
helpful to upgrade Fe recovery ratio in iron concentrate via
magnetic separation. Jacobsite (MnFe,O,) was a major Mn
phase in raw ore, which was transformed into Mn,AlO, after
roasting processes, indicating dissociation of Fe from Mn
in MnFe,0, occurred. Mn,AlQ, is a kind of Mn-Al spinels,
which is a more stable phase, and that may be the reason for
the lower leaching ratio of Mn, as shown in Fig. 4. Al and
Si in raw ore existed in the form of kaolinite. Compared the
XRD results of raw ore and roasted ore without Na,SO,, it
can be seen that peaks of kaolinite disappeared, and none
of other Al and Si minerals were detected in roasted ore,
meaning that the kaolinite phase was transformed into an
amorphous aluminosilicate that could not be detected by
XRD analysis. When adding 5% Na,SO, during roasting
process, peaks representing NaAlSiO, appeared, indicat-
ing that the amorphous aluminosilicate phase derived from
thermal activation of kaolinite became the “nutrients” of the
synthesis of NaAlSiO, phase, which was evidenced by some
published studies demonstrating that kaolinite can be ther-
mally dehydrated to amorphous metakaolin which was an
activated source of Al and Si (Maia et al. 2014; Zhang et al.
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2017); after leaching, the peaks of NaAlSiO, disappeared,
meaning that Al and Si in roasted ore with the addition of
Na,SO, were removed in the form of NaAlSiO,. Moreover,
the leaching molar ratio of Al to Si with the addition of 5%
Na,SO, was about 1.04, calculated from the leaching results
shown in Fig. 4, and the ratio is very close to the stoichio-
metric ratio of Al/Si (1:1) in NaAlSiO,. The results further
demonstrated that the upgrading of iron ore during acid
process was mainly attributed to the removal of Al and Si
phases in the form of NaAlSiO,. According to the leaching
ratio of Al to Si shown in Fig. 4 and the dosage of Na,SO,,
it was also easily concluded that the content of NaAlSiO, in
roasted ore in the presence of 5% Na,SO, was about 21.73,
and 70.38% of added Na,SO, was an ingredient in the pro-
duction of NaAlSiO,.

Microstructure analyses

Dissemination characteristic of iron grains is extremely
essential for the quality of iron concentrate obtained via
magnetic separation due to the insufficient iron minerals
liberation from gangue in milling if the sizes of iron grains
are too small (Gualtieri and Bellotto 1998; Maia et al. 2014).
For instance, although the Ms of raw iron ore after roast-
ing with the addition of 5% alkali lignin has increased from
0.745 to 41.39 emu/g (Fig. 6), which resulted in a good
Fe recovery ratio of iron concentrate (74.70% as shown in
Table 1), while the Fe grade of iron concentrate only reached
48.33%, far below the industrial index of iron ores used in
steel and iron industry (>56%). This was attributed to the
fine granule distribution of iron particles in the matrix of
gangue shown in Fig. 7. The particle size of roasted ore with
5% Na,SO, was significantly larger than the feed ore sample
(0.25 mm), and roasted ore was in a sleek profile as showed
in Fig. 8a. The phenomenon indicated that using Na,SO, as
an additive can form substances with a low melting point
in roasted iron ore during the roasting process. It is worth
mentioning that the existence of low melting point mate-
rial plays an important role in the gathering and growth of
iron-rich particles, which can facilitate the separation and
recovery of iron ore by physical methods. As noted above,
in roasted ore with the addition of 5% Na,SO,, significant
sintering phenomenon and agglomeration of iron-rich parti-
cles were significantly observed, and the iron-rich particles
even grew into larger granular structures. That may be the
reason for a sharp increase in Fe grade in the presence of 5%
Na,SO, after magnetic separation from 52.20% of leached
ore to 56.91% of iron concentrate, while the value-added
without Na,SO, was only 1.86% (test 3 and 4 in Table 1).
Moreover, significant intergranular fractures between iron
minerals were formed after roasting, which could be attrib-
uted to the selective heating of microwave irradiation.
Many literature studies also have reported the application
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Fig.7 SEM images of roasted
ore without Na,SO,, (iron-rich
particles: white areas; gangue:
gray areas)
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@ Springer



984

Chemical Papers (2023) 77:977-986

of microwave-assisted grinding due to the crack formation in
the gangue matrix (Kumar et al. 2010; Omran et al. 2015b).
Thus, the aggregation and growth of iron minerals and the
formation of intergranular fractures were jointly conducive
to improving the magnetization effect of iron oxides in raw
ore, which was in accordance with the highest value of Ms
with Na,SO, (Fig. 6) and also promoted iron-rich particles
liberated in milling, decreased the cost of milling, upgraded
the Fe grade and the Fe recovery ratio of iron concentrate.

Economic and environmental assessment

Based on the above results and discussion, a qualified iron
concentrate cannot be obtained through the traditional
method and yet the selective removal of gangue was achieved
by the proposed novel technology. Its innovations and nota-
ble merits lie in that: (1) The reduction temperature has been
decreased from 550 to 1200 °C (Chao et al. 2010) to 200 °C,
which can significantly reduce the energy consumption dur-
ing the roasting process; (2) For refractory fine-grained iron
oxide ores, traditional reduction roasting-magnetic separa-
tion process often requires multi-stage grinding ore to real-
ize the liberation of iron grains. The overall process con-
sumes much energy. Moreover, this technique is complex
and ore dependent. It does not work for some refractory
fine-grained low-grade iron oxide ores like Lanshan style
iron ore. However, by using the proposed technology, the
grinding process before magnetic separation was only one
time; (3) Biomass resource (alkali lignin, a byproduct of
paper-making) was used as a reducing agent during roasting
process instead of coke/coal, meeting the development direc-
tion of environment-friendly energy sources; (4) Much like
other extractive resources, the quality of iron ore is a deter-
mining factor of its price (Jégourel 2020). The raw ore was
considered to have no potential value in industrial applica-
tions. The price of iron concentrate recovered from the raw
ore through this novel technology is about 600 RMB/t. In
addition, the content of Mn in ion concentrate was over 9%,
meaning that the price could be higher. More importantly,
the yield of qualified iron concentrate after implementing
the technology could reach 58.65%. Generally, the incre-
ment economic benefits of the raw ore’s output value can
be estimated as follows: yield X unit price =58.65% x 600
RMB/t=351.92 RMBH/t.

Coke/coal is the typical reducing agent in traditional
reduction roasting process. However, a series of environ-
mental problems arose, especially CO, emissions, and the
shortage of coke/coal is becoming more and more evident
with the rapid growth of iron production. Biomass has been
proven to be an effective and cleaner reducing agent during
the roasting process. And Na,SO, is also a typical additive
used in direct reduction roasting process with a small envi-
ronmental risk (Jiang et al. 2013; Rao et al. 2015). Besides,
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our previous study demonstrated to a significant environ-
mental risk reduction by microwave heating and biomass
application (alkali lignin) in the reduction roasting of iron
oxide ores (Wu et al. 2017). Above all, the proposed tech-
nology has cost and environmental protection advantages.

Conclusions

In this paper, Na,SO, was innovatively introduced into the
magnetization-roasting process of iron oxide ores, and pro-
posed an efficient three-step upgrading method for refractory
fine-grained iron oxide ores, including microwave-assisted
roasting, followed by acid leaching of roasted ore and then
magnetic separation of leached ore. The effect of Na,SO,
on the proposed technology was investigated in terms of
composition, phase and microstructure transformations of
iron ore sample. Results indicated that Si and Al minerals
in ore were partly selectively removed by the acid leaching
process in the form of NaAlSiO, synthesized from Na,SO,
and thermal activated kaolinite. When adding 5% Na,SO,,
the content of NaAlSiO, in roasted ore was about 21.73%,
consuming about 70.38% of added Na,SO, and with leach-
ing ratios of Al for 45.73% and Si for 61.91%, respectively.
Na,SO, can also promote the aggregation and growth of
iron minerals, thus increasing the iron minerals liberation
and upgrading the Fe grade of iron concentrate. Formation
of intergranular fractures between iron minerals and gangue
in roasted ore attributed to selective heating by microwave
irradiation can decrease the power consumption of mill-
ing before magnetic separation. Qualified iron concentrate
(56.91% Fe) with a higher recovery ratio (83.52%) can be
produced through this proposed technology with the advan-
tages of cost-saving and environmental protection.
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