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Abstract

With the depletion of high-quality iron ore resources, high-phosphorus oolitic hematite (HPOH) has attracted great
attention due to its large reserve and relatively high iron content. However, HPOH is very difficult to be used in ironmaking
process due to its special structure. A two-step method of gas-based direct reduction and magnetic separation was thus
proposed to recover iron and reduce phosphorus. The results showed that the powdery reduced iron produced contained
92.31% iron and 0.1% phosphorus, and the iron recovery was 92.65% under optimum reduction condition, which is
suitable for following steelmaking. The apatite will be reduced under long reduction time and a large reducing gas flow
rate, resulting in more phosphorus found in the metallic iron. Increasing the hydrogen—carbon ratio will inhibit the
formation and growth of iron particles and prevent the breakage of oolitic structure. Careful adjustment of reduction
temperature is recommended as it affects the oolitic structure and reduction.

Keywords High-phosphorus oolitic hematite - Iron recovery - Dephosphorization - Gas-based direct reduction -
Magnetic separation

1 Introduction

Due to the continuous development of iron and steel
industry, high-quality iron ore is rapidly decreasing year
after year. Therefore, some low-grade iron ores turn out to
be alternative options of steel companies [1, 2]. Among
them, high-phosphorus oolitic hematite (HPOH) is a
competitive choice since it has a relatively high iron
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content (average 52%) and a large reserve of 3.72 x 107 t,
accounting for about 7% of the total iron ore resources in
China [3, 4]. However, HPOH has high phosphorus content
and a unique small-particle oolitic structure, which makes
it very difficult to be separate phosphorus and iron oxides
[5-7]. Therefore, how to decrease phosphorus and recover
iron from HPOH is the most challenging factor of utilizing
HPOH [8, 9].

Various processes have been developed for the utiliza-
tion of HPOH, primarily encompassing mineral separation,
leaching, and magnetization roasting—magnetic separation
[10-12]. For the mineral separation, Yehia et al. [13] used
fungal cellulase to enhance the separation of apatite and
hematite in the flotation process of HPOH at pH of 10. The
use of oleate and cellulase reduced the phosphorus content
in natural HPOH from 0.84% to 0.19%, but the iron
recovery was only 67.85%. This method is difficult to
separate iron and phosphorus, and the iron loss is large.
The leaching method can efficiently remove phosphorus by
dissolving phosphorus-bearing gangue minerals (mainly
apatite) in the ore. Zhang et al. [14] obtained a product with
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TFe (total iron) of 48.80% and a phosphorus content of
0.73% based on alkaline leaching of HPOH, and the
phosphorus content of leached ore is as low as 0.10%.
However, this approach does not enhance TFe and may
lead to environmental contamination. As for magnetization
roasting—magnetic separation, it is a method to reduce
weak magnetic iron minerals (Fe,O3) to strong magnetic
magnetite (Fe304) and magnetic hematite (Y-Fe,Os3) and
then use low magnetic separation to separate iron minerals
and gangue minerals. By analyzing the reduction mecha-
nism of iron oxides, Zhang et al. [15] conducted magne-
tization roasting—magnetic separation—reverse flotation
separation process of HPOH with TFe of 47.71% and
phosphorus content of 0.874% and obtained an iron con-
centrate with TFe of 61.78% and phosphorus content of
0.23%. However, this process has high iron loss and low
dephosphorization efficiency, which is not an excellent
treatment method. These traditional separation technolo-
gies are difficult to obtain products with high TFe and low
phosphorus content. They have failed to efficiently recover
iron and dephosphorization, and it is necessary to explore a
better process.

Recently, the reduction—magnetic separation process
was proposed as a new direction for the utilization of
HPOH [16-18]. This process includes roasting reduction
and grinding magnetic separation. It can simultaneously
achieve iron recovery and dephosphorization. In addition,
resource utilization is efficient and the method is simple.
Generally, the TFe content of the obtained product is more
than 90% and the phosphorus content is no more than 0.1%
[19, 20], which is a high-quality steelmaking raw material.
Numerous researchers have extensively investigated the
kinetics [21], thermodynamics [22], effects of additives
[23], and the behaviors of iron and phosphorus [15] in the
reduction and dephosphorization of HPOH. By controlling
the reduction atmosphere and optimizing the roasting
condition without adding a dephosphorization agent, Wu
et al. [24] obtained powdery reduced iron with TFe of
92.77% and phosphorus content of 0.09%. However, the
iron recovery was only 68.70%. Besides, those processing
methods are coal-based and therefore require high tem-
perature, which generate significant energy consumption
and carbon emissions.

Compared with the coal-based reduction, gas-based
reduction has less pollution and lower temperature.
Therefore, Wu et al. [25] proposed a oxidation roasting—
gas-based reduction and magnetic separation process to
obtain powdery reduced iron with TFe of 91.37%, phos-
phorus content of 0.14% and iron recovery of 92.81%.
However, this complex process requires roasting to destroy
the oolitic structure, without taking into account the effect
of the ratio of reducing gas.
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Therefore, in the present study, we propose a gas-based
direct reduction—magnetic separation process to conduct
reduction and dephosphorization experiments on HPOH.
The process flow is short. The reduction and destruction of
oolitic structure can be carried out simultaneously. After
studying the influence of reducing gas flow rate, reduction
time, hydrogen—carbon ratio and temperature on reduction
behaviors, the optimum conditions for dephosphorization
and iron recovery in the reduction process of HPOH were
clarified, providing a new idea for its utilization.

2 Experimental
2.1 Materials

The HPOH used in this study was taken from Wushan,
Chongqging, China. The reducing gases used in the exper-
iment were CO and H,, and the dephosphorization agent
was analytically pure CaCOj;. The results of chemical
detection of ore samples are shown in Table 1. The TFe
and phosphorus contents were determined employing the
methodologies specified in GB/T 6730.65-2009 and GB/T
6730.18-2006, respectively. The crystal phases and
microstructures were measured by X-ray diffraction (XRD,
STADIVARI, STOE, Germany) and scanning electron
microscopy—energy dispersive spectrometry (SEM-EDS,
MLA250, FEI Quanta, USA).

Figure 1 shows the microstructure of HPOH, and the
obvious oolitic structure can be seen. Figure 2 is the XRD
pattern of HPOH and it can be seen that the main minerals
in the raw ore are hematite, apatite, quartz and chlorite.
Tables 2 and 3 are the occurrence states of iron and
phosphorus, respectively. From Table 2, it can be seen that
iron in the raw ore is mainly present in hematite,
accounting for 96.21% of total iron. A small amount of iron
is present in chlorite, accounting for 3.53% of total iron.
Table 3 reveals that the phosphorus in the raw ore is pri-
marily present in the apatite, accounting for approximately
96.21% of the total phosphorus. A small amount of phos-
phorus is also found in the chlorite, contributing 3.59% of
the total phosphorus content.

2.2 Experimental procedure

The experimental process is shown in Fig. 3. Firstly, the
ore powder was pulverized to a size of — 1 mm (0.5—1
mm: 30.3%, 0.25-0.5 mm: 29.9%, 0.15-0.25 mm:
18.8%, < 0.15 mm: 21%). Secondly, it was mixed with 8
wt.% water and a certain amount of CaCO;, producing
green pellets with a diameter ranging from 12.5 to 15.0
mm. Thirdly, the green pellets were dried at 105 °C for
12 h. Fourthly, six to seven pellet samples were put in a
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Table 1 Main chemical composition of high-phosphorus oolitic hematite (wt.%)

Component TFe SiO, Al,O3 CaO MgO MnO P S K Na

Content 50.49 11.21 5.23 5.05 0.85 0.26 1.35 0.06 0.34 0.18
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Fig. 1 Micromorphology of HPOH

metal basket and placed in a reduction furnace following
2500 A A-Hematite the temperature and gas profiles in Fig. 4. A protective gas
B-Apatite flow of 2 L/min of N, was performed in the heating stage.
C-Quartz It was switched to the reducing gas (including 30% N, as
D-Chlorite protecting gas) once the target temperature was reached. It
was changed to a N, flow of 2 L/min as protecting gas after
the reduction in the cooling stage. Fifthly, the reduced and
cooled samples were taken out from the furnace. They
were pulverized to a size of — 1 mm, followed by a two-
step process of grinding and magnetic separation. The first
grinding was 30 min at 140 kA/m magnetic field intensity,
followed by a second grinding for 30 min at 120 kA/m
magnetic field intensity. The grinding concentration was
40 50 60 70 80 90 67% (12 g sample and 6 g water). The rotation speed of the
20/(°) grinding tank was 289 r/min. At last, the obtained material
after grinding and magnetic separation was dehydrated.
Fig. 2 XRD pattern of HPOH. 26—Diffraction angle The final product was referred as powdery reduced iron.
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Table 2 Main occurrence minerals of Fe in ore (wt.%)

Mineral phase Hematite Chlorite Apatite Quartz Dolomite Calcite Others Total
Mineral content 80.46 7.04 6.53 4.41 0.65 0.13 0.78 100.00
Fe content 62.07 26.03 1.63 0.21 2.53 - - -

Fe distribution 96.21 3.53 0.21 0.02 0.03 - - 100.00
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Table 3 Main occurrence minerals of P in ore (wt.%)

Mineral phase Apatite Chlorite Quartz Hematite Dolomite Calcite Others Total
Mineral content 6.53 7.04 441 80.46 0.65 0.13 0.78 100.00
P content 16.76 0.58 0.05 - - - -
P distribution 96.21 3.59 0.19 - - - 100.00
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Fig. 3 Flow chart and schematic diagram of experimental process
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Fig. 4 Reduction process diagram

The main evaluation parameters in this study include
TFe, phosphorus content, and iron recovery (7). The
equation for calculating the iron recovery is as follows:

my X
—mxh 1)
moy x B
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where m is the mass of the powdery reduced iron, g; my is
the mass of the HPOH, g; f5, is the TFe of the powdery
reduced iron, %; and f, is the TFe of the HPOH, %.

3 Results and discussion

In order to study the reduction characteristics of HPOH
under different conditions, the effects of reducing gas flow
rate, reduction time, hydrogen—carbon ratio and tempera-
ture were studied in detail. The investigated parameters are
shown in Table 4.

Table 4 Parameters used in present work

Parameter Value
Reducing gas flow rate/(L minfl) 3,4,5,6,7
Reduction time/h 05,1,2,3,4

Hydrogen—carbon ratio 0:1 (CO), 1:3, 1:1, 3:1, 1:0 (Hy)

Reduction temperature/°C 1000, 1050, 1100, 1150
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Fig. 5 Effect of reducing gas flow rate on separation indices
3.1 Effect of reducing gas flow rate

Gas-based reduction is a process that is influenced by the
flow rate of the reducing gas, which affects not only the

reduction of iron but also the conversion behaviors of
phosphorus minerals [25]. The effects of reducing gas flow
rate on various indicators of powdery reduced iron were
explored under the conditions of reduction temperature of
1100 °C, reduction time of 2 h, reducing gas of CO, and
CaCOj addition of 25%. The results are shown in Fig. 5.

The iron recovery increases first and then remains
unchanged with the increase in reducing gas flow rate. Gas
flow rate has little effect on TFe, which stays within the
range of 90%-91%. When the flow rate of reducing gas
increases, the phosphorus content decreases to its minimum
of 0.14% at the flow rate of 4 L/min and then increases
gradually.

The reason for the increase in iron recovery may be that
iron particles gather together with an increase in the
reducing gas flow rate. The recovery of large iron particles
is easier during the process of grinding and magnetic
separation. It can be seen from Fig. 6 that when the
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Fig. 6 Microscopic results of reduced pellets at reducing gas flow rate of 3 L/min (a) and 4 L/min (b)
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Fig. 7 XRD pattern of reduced pellets. a Reducing gas flow rate of 6
L/min; b reduction time of 0.5 h; ¢ reduction time of 1 h, reduction
temperature of 1100 °C; d reduction temperature of 1150 °C;
e hydrogen—carbon ratio of 1:0; f hydrogen—carbon ratio of 1:1
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Fig. 8 Effects of reduction time on separation indices

reduction gas flow rate is 4 L/min, the iron particles size
reaches 20 pm. Further increase in iron particles has little
effect on the iron recovery, resulting in a small change in
the iron recovery when the reducing gas flow rate continues
to increase.

The reason for the decrease in the phosphorus content
may be that the iron particle grows up with the increase in
the reducing gas flow rate. This can be proved by Fig. 6,
where the white, light gray and dark gray areas are metallic
iron phase, gangue phase and epoxy resin, respectively. It
can be found that when the reducing gas flow rate is 4 L/
min, the iron particles size is larger than that at 3 L/min.
The growth of iron particles makes the boundary between
iron particles and gangue more obvious, which is beneficial
to the separation of iron and phosphorus in the magnetic
separation process. The reason for the increase in the
phosphorus content may be that some apatite is reduced to
P, with the increase in the reducing gas flow rate. This can
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be explained by Fig. 7a. When the flow rate of reducing
gas is 7 L/min, the apatite diffraction peak disappeared,
indicating that the reduction of apatite and the reaction of
P, with metallic iron may occur via reactions (2) and (3).

2Ca3(POy,), + 10CO(g) + 3Si0, + 3A1,0; = 2)
10CO, + 2P2(g) + 3C32A128i07

6Fe + P, = 2Fe;P (3)

Considering the effect of reduction gas flow rate on iron
reduction and dephosphorization, the optimal reduction gas
flow rate is 4 L/min.

3.2 Effect of reduction time

This section investigated the effects of reduction time on
various indicators of powder reduced iron. The fixed
parameters are reducing gas flow rate of 4 L/min, CO as the
reducing gas, and 25% CaCOj; addition at 1100 °C. The
results are presented in Fig. 8.

The iron recovery increases to its maximum of 92.65%
at the reduction time of 1 h from 70.71% at 0.5 h and
almost does not change as the reduction time increases.
TFe decreases sharply with reduction time increasing from
0.5 to 1 h and then decreases gradually as the reduction
time increases. The phosphorus content increased rapidly
with the increase in the reduction time.

The iron mineral is not completely reduced, leading to
the low iron recovery, when the reduction time is 0.5 h.
This can be proved by Fig. 7b, c. It can be found that the
diffraction peaks of wustite and kirschsteinite exist when
the reduction time is 0.5 h, and they disappear at 1 h,
indicating that the iron minerals are completely reduced to
metallic iron. TFe is the highest when the reduction time is
0.5 h, which may be due to that the iron minerals without
oolitic structure are reduced to metallic iron particles ear-
lier when the reduction time is insufficient. These iron
particles can be easily separated and recovered in grinding
magnetic separation because of the simple distribution with
gangue. And this is also the reason for the low phosphorus
content when the reduction time is 0.5 h. The reason for the
slow decrease of TFe may be that the iron particles become
larger with the increase in reduction time. This can be
explained by Fig. 9. The iron particles obtained after a 4 h
reduction exhibit a significantly larger size compared to
those obtained after a 1 h reduction. Some gangue mate-
rials are wrapped with iron particles, making it challenging
to separate the iron particles from the gangues.

The reason for the increase in phosphorus content may
be the reduction of apatite and the growth of iron particles,
when the reduction time increases from 1 to 4 h. Com-
paring Fig. 9a and b, it can be found that iron at point 4
contains phosphorus while point 1 contains no phosphorus,
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Fig. 9 Micromorphology of reduced pellets at different reduction time. a 1 h; b4 h
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Fig. 10 Pellet surface scanning with reduction time of 1 h
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Fig. 11 Effects of hydrogen—carbon ratio on separation indices

and the diffraction peak of phosphorus at point 4 is lower
than that of point 2, indicating that apatite is reduced with
the increase in reduction time. In Fig. 10, P is highly
overlapped with Ca while it has obvious boundary with Fe.
This indicates that P still exists in apatite after 1 h reduc-
tion. Therefore, the optimal reduction time is 1 h.
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3.3 Effect of hydrogen-carbon ratio

During the high-temperature reduction, the effects of CO
and H, on the reduction process may differ [26]. To
investigate the effects of varying hydrogen—carbon ratios
on the reduction process and iron—phosphorus separation
indices, the following fixed conditions were employed:
1100 °C, 4 L/min, 1 h, and 25% CaCOj; addition. The
experimental results are presented in Fig. 11.

When the hydrogen—carbon ratio increases, both the iron
recovery and TFe decreased gradually while the phospho-
rus content increased significantly. The reason for the
decrease in iron recovery and TFe may be that the oolitic
structure is not destroyed and the size of iron particles is
small. Figure 9a shows that the oolitic structure is
destroyed and the iron particle size is large, when the
reducing gas is CO. However, there is obvious oolitic
structure in Fig. 12 when the hydrogen—carbon ratio is 1:1
and 1:0 (pure H,). The main reason for the increase in
phosphorus content may be that the oolitic structure is not
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Fig. 12 Micromorphology of reduced pellets at different hydrogen—carbon ratios. a 1:1; b 1:0

destroyed and the apatite is reduced. Through the point
scan results of point 3 in Fig. 12b, it can be found that there
is phosphorus in metallic iron, while the result at point 1 is
opposite. It can be seen from Fig. 13 that there are some

overlapping parts of Fe and P when the hydrogen—carbon
ratio is 1:0 (pure H,). And compared with Fig. 7e, f, it is
found that the diffraction peak of apatite disappears when
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Fig. 13 Pellet surface scanning diagram with hydrogen—carbon ratio of 1:0 (pure H,)
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Fig. 14 Effects of reduction temperature on separation indices

the hydrogen—carbon ratio is 1:0 (pure H,). This can prove
that the phosphorus ash is reduced.

Increasing the proportion of H, in the reduction gas will
lead to a smaller size of iron particles. H, has better
reduction kinetics due to its smaller molecule and stronger
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diffusion capacity than CO. It is conducive to H, combi-
nation with minerals, so that the reduction efficiency is
better [27]. At the same time, H, will inhibit the formation
and extension of iron whiskers because its reduction is an
endothermic reaction, thus hindering the growth of iron
particles. As a result, some iron minerals with fine particle
size are difficult to aggregate and grow after reduction
when the oolitic structure is not completely destroyed. The
small iron particles are not favorable for the recovery of
iron in the magnetic field, resulting in the decrease in iron
recovery as the hydrogen—carbon ratio increases. These
small particles metallic iron mixed with gangue are diffi-
cult to be separated during the grinding magnetic separa-
tion process, resulting in the increase in phosphorus content
and the decrease in TFe.
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Fig. 15 Microscopic morphology of reduced pellets at 1000 °C
3.4 Effects of reduction temperature

Previous study has shown that the reduction temperature
has a significant effect on the reduction process, and the
reduction mechanism may be different at different reduc-
tion temperatures [28]. Generally, the increase in temper-
ature can promote the reduction of iron oxides and is also
beneficial to the formation and growth of metallic iron
particles [29, 30]. To investigate the effect of different
reduction temperatures on TFe, recovery rate and phos-
phorus content of directly reduced iron, other conditions
were fixed at 4 L/min, 1 h, 25% CaCOs;, and the reducing
gas is CO. The experimental results obtained are shown in
Fig. 14.

The iron recovery gradually increases to 92.65% with
the increase in reduction temperature and then suddenly
decreases to 65.23% at 1150 °C. The phosphorus content
decreases to its minimum of 0.10% at the reduction tem-
perature of 1100 °C and increases when the reduction
temperature increases. TFe increases from 84.28% at 1000
°C t0 92.31% at 1100 °C and then decreases to 87.61% at
1150 °C.

At the reduction temperature of 1000 °C, the undamaged
oolitic structure can be seen in Fig. 15. There is no phos-
phorus in metallic iron from the point scan results of point
1, indicating that apatite is not reduced. As can be seen
from Fig. 9a, the oolitic structure is completely destroyed
when the reduction temperature increases to 1100 °C. The
boundary between large size metallic iron and gangue
phase is obvious. It can be seen that the increase in the
destroyed oolitic structure and the increase in iron particles
lead to the increase in iron recovery and TFe and the
decrease in phosphorus content when temperature increases
from 1000 to 1100 °C. At the reduction temperature of
1150 °C, wustite and kirschsteinite are found in Fig. 7d.
The results of point 3 in Fig. 16 show that there are wustite
in the inner part of the pellets, indicating that the iron
minerals in the pellets are not completely reduced. The iron

7.4948
Energy/keV

9.9953  12.4958 14.9963 2.4938 4.9943 7.4948 9.9953

Energy/keV

12.4958  14.9963

particles in the inner parts are obviously smaller than those
in the outer part. It can be seen from Fig. 17 that the
boundary between iron and phosphorus is not clear and
their distributions are complicated. The incomplete reduc-
tion of iron minerals and the small particle size of iron in
the pellets result in the decrease in iron recovery and TFe,
as well as the increase in phosphorus content.

According to the above results, it can be found that the
process of reducing pellets by reducing gas conforms to the
unreacted core model, and the pellets are gradually reduced
from the outside to the inside. The newly formed metallic
iron and low melting point gangue melt at the pellet
boundary when the reduction temperature is too high. The
reduction conditions inside pellets become worse because
the reduction gas is blocked from entering the pellet, and
the speed of Fe,0O; —» Fe;04, — FeO — Fe slows down,
which is bad for the reduction of iron minerals and the
growth of iron particles.

3.5 Discussion

The iron recovery mostly depends on the extent of iron
mineral reduction, and the key factor is the complete
conversion of iron minerals to metallic iron. The second
factor is the size of the iron particles. Larger iron particles
facilitate their separation in magnetic separation. The
process of reducing phosphate-containing minerals
(specifically apatite in this study) and the subsequent sep-
aration effect of iron and phosphorus using magnetic sep-
aration significantly affect the phosphorus content. When
exposed to gangue substances like SiO, and Al,Os, apatite
is easier to be reduced. Furthermore, the presence of
additional dephosphorization agents can react with apatite
to counteract the stimulating impact of gangue on its
reduction [31-33]. By precisely regulating the reducing
environment, the iron particles can attain a specific particle
size (typically 20 pum) while the apatite is not reduced. This
facilitates the separation of metallic iron particles from the
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Fig. 16 Microscopic morphology of reduced pellets at 1150 °C. a Boundary; b interior

gangue during grinding magnetic separation. The separa-
tion of iron and phosphorus, as well as the phosphorus
content in magnetic separation significantly affect the TFe.
If apatite is not reduced, the dephosphorization agent will

destroy the oolitic structure, facilitate the growth of iron

particles, and promote the separation of iron particles from
gangue [34].
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Fig. 17 Surface scanning of pellet interior of pellet at reduction temperature of 1150 °C

It is important to note that this study utilizes gas-based
reduction instead of coal-based reduction. Prolonged gas-
based reduction can result in a significant rise in apatite
reduction. During the coal-based reduction process, the
reducing atmosphere steadily diminishes with the con-
sumption of coal. Conversely, in the gas-based reduction
process, the reducing atmosphere remains constant. During
the initial phases of gas-based reduction, iron oxide and
apatite are engaged in a competitive interaction with the
reducing gas. Apatite is easier to be reduced as the iron
oxide level decreases. Therefore, during the gas-based
reduction process, the duration of reduction significantly
affects the phosphorus content.

4 Conclusions

1. The optimal parameters are found for the iron recovery
and dephosphorization, which are the reduction tem-
perature of 1100 °C, reduction time of 60 min, a CO
flow rate of 2.8 L/min and N, flow rate of 1.2 L/min.

The TFe and P contents of the obtained reduced iron
are 92.31% and 0.10%, respectively, and the iron
recovery is as high as 92.65%. This also proves the
good feasibility of the proposed method in the study.
The reducing gas flow rate has a significant effect on
iron recovery. Iron particles will be formed at
relatively high reducing gas flow rate, which is
beneficial to the growth of iron particles and further
helps to increase the iron recovery.

When the reduction time increases, most hematite will
be reduced to metallic iron in the beginning. However,
apatite will also be reduced to P, with a longer
reduction time, which further results in the inclusion of
phosphorus in the metallic iron. Therefore, the reduc-
tion time should be controlled at the position where
most hematite but less apatite is reduced.

When the hydrogen—carbon ratio increases, more H,
will limit the formation and growth of iron whiskers
and less destruction of oolitic structure, which results
in the decrease in TFe and iron recovery but the
increase in phosphorus. Therefore, less H, or pure CO
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is helpful for the iron recovery and dephosphorization
from HPOH.

5. Increasing the reduction temperature appropriately is
beneficial to the growth of iron particles, and the
separation effect of iron and phosphorus is good.
However, if the reduction temperature is too high, the
increase in the liquid phase will block the gas channel,
making it difficult to completely reduce the iron ore
inside the pellet. Therefore, the proper reduction
temperature is found to be 1100 °C.
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