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Abstract: It is particularly significant to investigate the reduction behavior and existing form of
phosphorus in metal and slag phase during coal-based reduction for the efficient development and
utilization of high-phosphorus oolitic hematite. The reduction behavior of phosphorus minerals and
their existing form in the metal and slag phase during the coal-based reduction of high phosphorus
oolitic hematite were systematically investigated using HSC software simulation, thermodynamic
calculation, X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive
spectrometry (EDS). The results show that after Fe2O3 was reduced to metal iron, the reduction of
apatite was promoted by providing the most inclined enrichment site of phosphorus (metallographic
phase). Phosphorus existed mainly in two forms in the metal phase—one was in the form of Fe3P
compound at the boundary of the metal phase, and the other was in the form of solid solution in the
metal iron. There were two forms of phosphorus in the slag phase—one was incompletely reacted
apatite, and the other was formed as CaO–SiO2–P2O5 solid solution. In the early stage of coal-based
reduction, phosphorus in the slag phase mainly existed in the form of apatite, while in the later stage,
it mainly existed in the form of CaO–SiO2–P2O5 solid solution.

Keywords: high phosphorus oolitic hematite; coal-based reduction; phosphorus reaction behavior;
existing form; metal and slag phase

1. Introduction

Despite the abundant reserves of iron ore resources in China, the overall iron ore is
characterized by the behavior of low grade, fine grain size, and high impurities, resulting
in the situation of importing large quantities of iron ore from abroad and the unavailability
of domestic resources for many years [1–4]. Oolitic hematite ore with a total reserve of
3.72 billion tons has been unable to be exploited and utilized on a large scale due to its
complex characteristics, causing a great waste of resources [5,6]. Since the 1930s, scholars
at home and abroad have made many explorations and studies on the beneficiation of high
phosphorus oolitic hematite. However, due to its high phosphorus content, fine size of
iron ore, and complex mineral composition, it is impossible for traditional single mineral
processes such as gravity separation, magnetic separation, and flotation (including positive
flotation and reverse flotation) to beneficiate effectively and independently to meet indus-
trial needs due to the limitations of their own processes [7–11]. Therefore, scholars at home
and abroad try to use a combined separation process to treat oolitic hematite. Many research
institutes adopt high-intensity magnetic-reverse flotation, roasting-magnetic separation,
and roasting-magnetic separation-reverse flotation processes to study high-phosphorus
oolitic hematite. However, many tests show that these processes cannot achieve satisfac-
tory results in both iron concentrate grade and recovery rate, and these processes cannot
effectively control the trend of phosphorus and achieve the comprehensive utilization
of phosphorus [12–15]. Therefore, in order to realize the comprehensive utilization of
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high phosphorus oolitic hematite, the combined treatment of beneficiation and metallurgy
should be more promising [16–19].

Due to the traditional beneficiation method is not effective for the treatment of
high phosphorus oolitic hematite, researchers break through the traditional beneficiation-
sintering-smelting process and innovatively adopt coal-based reduction technology to treat
complex refractory ores such as high phosphorus oolitic hematite [20–22]. Coal-based
reduction technology refers to the process of reducing complex refractory iron ore, which
cannot be directly used as blast furnace raw material, to metal iron at a higher temperature,
having a stronger reduction atmosphere than magnetization roasting and making metal
iron grow into certain size iron particles. The coal-based reduction is a reduction state
between direct reduction and smelting reduction. The process includes two processes—iron
oxide reduction and iron particle growth. The product of coal-based reduction is an iron
particle, which is different from direct reduction product (DRI) and melts reduction product
(liquid molten iron). Phosphorus is a harmful element in most kinds of steel, with the
development and exploration of coal-based reduction technology, some research institutes
try to treat phosphorus in oolitic hematite by coal-based reduction technology. The main
research ideas are the dephosphorization process and phosphorus-rich process. At present,
the research on phosphorus in the coal-based reduction process is focused on process opti-
mization, while research on the mechanism of phosphorus reaction behavior and existing
form of phosphorus in the metal and slag phase during the coal-based reduction process is
still scarce.

The purpose of this study was to investigate the reduction behavior of phosphorus
minerals and the existing form of phosphorus in the metal and slag phase during the
coal-based reduction of high phosphorus oolitic hematite. On the basis of systematically
studying the technological mineralogy of high phosphorus oolitic hematite, the reaction
behavior of phosphorus minerals, the effects of various substances on the reduction of
phosphorus minerals, and existing form of phosphorus minerals in the metal and slag
phase in the coal-based reduction process were investigated by HSC software simulation,
thermodynamic calculation, XRD, and SEM–EDS analyses, which could provide theoretical
guidance for the ultimate realization of the direct control of phosphorus in the coal-based
reduction process.

2. Materials and Methods
2.1. Materials

The raw material used in the experiment is produced from Guanzhuang, Hubei
Province, China. The analysis results of the chemical composition of the ore by potassium
dichromate titration and X-ray fluorescence (PW3040 produced by panalytical B. V in the
Netherlands) methods are shown in Table 1. Table 1 shows that the main valent metal
element in the ore was iron, the content of total iron was 42.21%, the content of Fe2O3 was
55.51%, the content of FeO was 4.31%, and the content of phosphorus was as high as 1.31%.
In order to find out the phase composition of iron ore in the ore, the phase analysis of the
ore was carried out by using both physical and chemical methods, as shown in Figure 1.
The results are shown in Table 2.

Table 1. Chemical element analysis of high phosphorus oolitic hematite ore (mass %).

Component TFe SiO2 Al2O3 CaO MgO P FeO Fe2O3 S

Content 42.21 21.80 5.47 4.33 0.59 1.31 4.31 55.51 0.13
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Table 2 indicates that iron in ores occurred in hematite, magnetite, siderite, sulfide, 
and silicate minerals. Most irons existed in hematite with a distribution rate of 97.09%. A 
small amount of iron existed in magnetite and siderite. In order to identify the types of 
minerals in ore samples further, the qualitative analysis of the mineral phase was carried 
out by X-ray diffraction analysis. The results are shown in Figure 2. Figure 2 indicates that 
hematite was the main iron ore, apatite was the main phosphorus mineral, and quartz and 
oolitic chlorite were the main gangues. 

 
Figure 2. XRD spectrum of raw ore. 

In order to simulate the reduction behavior of apatite in high phosphorus oolitic hem-
atite in coal-based reduction, the apatite from Hubei Province was taken as the research 
object. In order to determine the chemical composition of the apatite and the purity of the 
apatite, the chemical analysis of the ore was carried out. The results are presented in Table 
3.  

Figure 1. Iron phase analysis process.

Table 2. Analysis result of iron phase (mass %).

Phase Analysis of Iron Iron in Hematite Iron in Magnetic Iron in Siderite Iron in Sulfide Iron in Silicate Total

Content 40.97 0.54 0.37 0.13 0.19 42.21
Distribution rate 97.09 1.28 0.88 0.31 0.45 100.00

Table 2 indicates that iron in ores occurred in hematite, magnetite, siderite, sulfide,
and silicate minerals. Most irons existed in hematite with a distribution rate of 97.09%. A
small amount of iron existed in magnetite and siderite. In order to identify the types of
minerals in ore samples further, the qualitative analysis of the mineral phase was carried
out by X-ray diffraction analysis. The results are shown in Figure 2. Figure 2 indicates that
hematite was the main iron ore, apatite was the main phosphorus mineral, and quartz and
oolitic chlorite were the main gangues.
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Figure 2. XRD spectrum of raw ore.

In order to simulate the reduction behavior of apatite in high phosphorus oolitic hematite
in coal-based reduction, the apatite from Hubei Province was taken as the research object. In
order to determine the chemical composition of the apatite and the purity of the apatite, the
chemical analysis of the ore was carried out. The results are presented in Table 3.
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Table 3. Chemical composition of apatite ore (mass %).

P TFe SiO2 CaO Al2O3 MgO F Cl

17.56 0.012 3.44 53.49 <0.01 <0.01 4.73 0.086

Table 3 states clearly that the content of CaO, SiO2, and phosphorus was 53.49%, 3.44%,
and 17.56%, respectively. It can be calculated that the content of P2O5 in the ore reached
40.22%, indicating that the content of apatite in the apatite ore was very high, which met the
requirements of the test (the content of Ca3(PO4)2 was 87.80%). Meanwhile, the content of
F was much higher than that of Cl, indicating that the apatite ore was mainly fluoroapatite,
which was similar to the main component of apatite in high phosphorous oolitic hematite.
In addition, the SiO2, Fe2O3, and Al2O3 used in this experiment were all analytical pure.

2.2. Methods and Equipment

The main equipment of coal-based reduction used in this study was a self-made high-
temperature box-type resistance furnace (KSL-1400X). The profile of the resistance furnace
is shown in Figure 3. Because the reduction furnace was a non-closed system, in order to
maintain the reduction atmosphere in the furnace chamber during the coal-based reduction
process, the high-temperature box resistance furnace was used to add pulverized coal
protection in the crucible. In this study, coal-based reduction technology was used to treat
the iron ore. The specific operations were as follows: Firstly, the required amount of high
phosphorus oolitic hematite was weighed, and the appropriate amount of pulverized coal
through theoretical calculation was added to the dry mixture, and then it was loaded into a
crucible. When the temperature in the furnace chamber reached the preset temperature,
the crucible was put into the furnace chamber and the temperature was raised to the preset
temperature. When the predetermined temperature was reached, the time was started and
the temperature was kept constant. After the prescribed time, the reduction products were
quickly taken out for water quenching treatment, then they were placed in the oven for
drying after the products are cooled. The reduced products were ground to −0.074 mm
and then subdivided and sampled for further analysis. The schematic diagram of the
reduction behavior of apatite and the existing form of phosphorus in coal-based reduction
is shown in Figure 3.

In this study, a X-ray diffractometer was used in this experiment. Its working parame-
ters were radiation from the copper target, nickel filter, solid detector, tube voltage 40 kV,
tube current 40 mA, scanning range 2Theta = 5–90◦, step-by-step scanning, step length
0.033◦, residence time 20.68 s per step, a wavelength of incident line 1.541 Å, scanning
speed 12◦·min–1, and working temperature 25 ◦C [23–26]. In this study, SEM was used
to observe the micro-morphology of the reduction products, and EDS could be used to
analyze the composition of various elements in the required position of ore after coal-based
reduction. The SSX-550 (Shimadzu, Kyoto, Japan) scanning electron microscope produced
by Shimadzu Company of Japan was used in this experiment. The working parameters
were as follows: acceleration voltage was 15 kV, magnification was different. HSC Chem-
istry 6.0 software (R&D center of Outokumpu, Finland) was used to calculate and simulate
the composition of the equilibrium phase under coal-based reduction [27]. The equilibrium
phase components that may exist after reaction equilibrium under different coal-based
reduction conditions were obtained. The possibility of the reaction was further calibrated
by Gibbs free energy, then the phase analysis of the test materials was carried out by XRD,
and the reaction behavior between phosphorus minerals and other minerals in different
systems was determined. The effect of other minerals on the reduction of phosphorus
minerals was clarified, and the existing form of phosphorus minerals in metal and slag
phases was determined. For the sake of simple calculation, it was considered that the
chemical formula of apatite in raw ore was Ca3 (PO4)2.
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3. Results and Discussion
3.1. Analysis of Volatile Phase of Phosphorus

Phosphorus can be volatilized in the following four forms: P2, P4, PO, and PO2. Be-
cause of the high content of aluminosilicate gangue minerals in high-phosphorus oolitic
hematite, thermodynamic calculations were carried out in the presence of reduction atmo-
sphere of aluminosilicate gangue minerals to determine the form of phosphorus volatiliza-
tion, as shown in Equations (1)–(4). Equations (1)–(4) show that the relationship between
Gtheta and temperature (assuming that the partial pressure of phosphorus gas phase is 0.1)
are presented in Figure 4. Figure 4 exhibits that the volatile phases of phosphorus were
mainly P2 and P4 gases in the temperature range (1150–1275 ◦C) of coal-based reduction.
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Ca3(PO4)2 + 5C + 6SiO2 + 3Al2O3 → 3CaO·Al2O3·2SiO2 + P2(g) + 5CO(g) ∆rGθ
m = 1175719 − 1093T J/mol (1)

2Ca3(PO4)2 + 10C + 12SiO2 + 6Al2O3 → 6CaO·Al2O3·2SiO2 + P4(g) + 10CO(g) ∆rGθ
m = 2168820 − 2039T J/mol (2)

Ca3(PO4)2 + 3C + 6SiO2 + 3Al2O3 → 3 CaO·Al2O3·2SiO2 + 2PO(g) + 3CO(g) ∆rGθ
m = 1253228 − 942T J/mol (3)

Ca3(PO4)2 + C + 6SiO2 + 3Al2O3 → 3 CaO·Al2O3·2SiO2 + 2PO2(g) + CO(g) ∆rGθ
m = 1049089 − 618T J/mol (4)
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3.2. Reduction Behavior of Phosphorus Minerals

Based on the idea from easy to difficult and from simple to complex, the reduction
behavior of apatite in three systems of Ca3(PO4)2–C–Fe2O3, Ca3(PO4)2–C–Fe2O3–SiO2, and
Ca3(PO4)2–C–Fe2O3–Al2O3 were studied in order to ascertain the effect of each component
on the reduction of apatite. The content of MgO and CaO in raw ore was relatively low
and had little influence on the reaction of apatite. Therefore, the experiments of MgO and
CaO were not involved in this study.

3.2.1. Ca3(PO4)2–C–Fe2O3 System

The HSC simulation results of the Ca3(PO4)2–C–Fe2O3 system are given in Figure 5.
Figure 5 shows the addition of Fe2O3 also promoted the reduction of Ca3(PO4)2, resulting in
the formation of Fe and P compounds and FeO. Within the temperature range of coal-based
reduction, it was most likely to observe that the solid material was Fe, followed by the
compounds of Fe, P, and FeO. Among them, the compounds of iron and phosphorus may
be FeP, Fe2P, and Fe3P. The specific equation is shown in Equations (5)–(7). Equations (5)–(7)
indicate that all three compounds formed by the combination of iron and phosphorus can
be produced in the temperature range of coal-based reduction. The actual reduction test
results of Ca3(PO4)2–C–Fe2O3 are shown in Figure 6. Figure 6 shows that the presence of
metal iron and fusiform FeO was observed in the XRD spectra of reducing materials, but
no iron and phosphorus compounds were observed, which indicated that apatite had not
been reduced and only iron was reduced in Ca3(PO4)2–C–Fe2O3 system.
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Ca3(PO4)2 + 9.5C + 1.5Fe2O3 → 9.5CO(g) + 2FeP + 3CaO + Fe ∆rGθ
m = 1705484 − 1631T J·mol−1 (5)

Assuming ∆rGθ
m = 0, then T = 1046 ◦C

Ca3(PO4)2 + 12.5C + 2.5Fe2O3 → 12.5CO(g) + 2Fe2P + 3CaO + Fe ∆rGθ
m = 1947237 − 2105T J·mol−1 (6)

Assuming ∆rGθ
m = 0, then T = 925 ◦C

Ca3(PO4)2 + 15.5C + 3.5Fe2O3 → 15.5CO(g) + 2Fe3P + 3CaO + Fe ∆rGθ
m = 2245844 − 2615T J·mol−1 (7)

Assuming ∆rGθ
m = 0, then T = 859 ◦C
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3.2.2. Ca3(PO4)2–C–Fe2O3–SiO2 System

The HSC simulation results of the Ca3(PO4)2–C–Fe2O3–SiO2 system are shown in
Figure 7. Figure 7 indicates that in the Ca3(PO4)2–C–Fe2O3–SiO2 system, apatite had been
thoroughly reduced. FeP and Fe2P were formed when apatite was reduced and combined
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with iron. Fe2O3 was reduced to form metal iron, and a small amount of iron olivine might
exist. Other solid substances that might be observed should be CaSiO3 and 2CaO·SiO2.
The actual reduction test results of the Ca3(PO4)2–C–Fe2O3–SiO2 system are presented
in Figure 8. Figure 8 states clearly that in the XRD spectra of reducing materials, except
for some unreacted quartz and apatite, the presence of iron, iron olivine, and CaSiO3 was
observed, and the presence of iron and phosphorus compounds FeP was also observed,
which was in good agreement with the HSC simulation results.
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3.2.3. Ca3(PO4)2–C–Fe2O3–Al2O3 System

The HSC simulation results of the Ca3(PO4)2–C–Fe2O3–Al2O3 system are shown in
Figure 9. Figure 9 shows that in the Ca3(PO4)2–C–Fe2O3–Al2O3 system, Fe2O3 was reduced
to form metal iron, and apatite was reduced to form FeP, Fe2P, and Fe3P by combining
with iron. There might also be some alumina spinel. Compared with the Ca3(PO4)2–C–
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Fe2O3–SiO2 system, apatite was not completely reduced. Other solid substances that
might be observed were CaO·Al2O3 and 2CaO·Al2O3. The actual reduction test results are
presented in Figure 10. Figure 10 exhibits that iron spinel, CaO·Al2O3, and 2CaO·Al2O3
were observed in the XRD spectra of reducing materials in the Ca3(PO4)2–C–Fe2O3–Al2O3
system, which was in good agreement with HSC simulation results. It can be seen from
the above that the addition of Al2O3 alone could not reduce apatite, so the presence of
iron and phosphorus compounds could not be observed. Therefore, the reduction of the
Ca3(PO4)2–C–Fe2O3–Al2O3 system was mainly the reduction of Fe2O3.
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3.3. Existing Form of Phosphorus
3.3.1. Phosphorus in the Metal Phase

In the field of metallurgy, the phase diagram of the Fe–P system had been agreed that
the alloy could form three kinds of compounds—FeP, Fe2P, and Fe3P. Based on the atomic
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and molecular coexistence theory of metal melts containing compounds and the previous
research results, the above compounds could exist in high-temperature liquid alloys by
comparing and calculating different schemes, and the results were in line with the actual
situation. The equation involved is shown in Equations (8)–(10). The relationship between
Gibbs free energy and temperature in each reaction is given in Figure 11. It can be found
from Figure 11 that according to thermodynamic analysis, three compounds (FeP, Fe2P,
and Fe3P) could be easily formed in the coal-based reduction process. In theory, the most
easily formed substance should be Fe3P, followed by Fe2P, and finally, FeP.

2Fe + P2 (g) → 2FeP; ∆rGθ
m = −2765034 + 150T J·mol−1 (8)

4Fe + P2 (g) → 2Fe2P; ∆rGθ
m = −363460 + 185T J·mol−1 (9)

6Fe + P2 (g) → 2Fe3P; ∆rGθ
m = −393563 + 185T J·mol−1 (10)
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In order to determine the existing form of phosphorus in the metal phase after coal-based
reduction of high-phosphorus oolitic hematite, coal-based reduction samples were prepared
by reducing high-phosphorus oolitic hematite for 60 min at 1250 ◦C and C/O molar ratio of
2.0. The metal phase in the sample was observed by scanning electron microscopy, and the
surface scanning analysis and spot scanning analysis of Fe and P elements in the metal phase
area was carried out. The results are shown in Figures 12 and 13, respectively.

Figure 12 demonstrates clearly that the metal phase was divided into light gray and
bright gray. The bright gray area was mainly distributed at the boundary of the metal phase,
indicating that the composition of the metal phase was not uniform. From the surface
distribution of Fe and P elements, it was found that P elements were mainly concentrated
in the bright gray area, while P elements were relatively dispersed in the light gray area.
On the contrary, the distribution of Fe elements was in the light gray area. The results
show that the content of P was relatively high at the boundary of the metal phase (bright
gray area). In order to further clarify the material composition of light gray and bright
gray areas in the metallographic phase, an EDS energy spectrometer (Quantax 200 made
by Bruker company in Germany) was used to quantitatively analyze the composition of
micro-areas in different areas. The results are shown in Figure 13. EDS results show that
the main component of light gray and bright gray areas was Fe, which contained a certain
amount of P, but the phosphorus content of the two areas was quite different. The content
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of Fe and P was 84.21% and 15.79% at the position of spot 1 (bright gray area), respectively.
The ratio of them was 5.33, which was very close to the mass ratio of Fe and P in Fe3P
(5.42). Therefore, it can be inferred that the material in the bright gray area was Fe3P. The
ratios of Fe and P at spot 2 and spot 3 (light gray region) were 53.64 and 35.76, respectively,
which were much larger than 5.42. Meanwhile, SEM images show that the gray region
was homogeneous in texture and there was no obvious iron–phosphorus compound phase,
indicating that P in this region did not form a compound with Fe, and P should be solute
in metal iron.

3.3.2. Phosphorus in the Slag Phase

Scholars at home and abroad had carried out many in-depth and systematic studies
on the occurrence and migration of phosphorus in steel slag. The results show that the
CaO–SiO2 phase in the slag phase was the enrichment site of phosphorus, and phosphorus
mainly existed in CaO–SiO2–P2O5 solid solution in the CaO–SiO2 phase [28,29]. Inoue
and Suitoo found that the rate of phosphorus transfer to 2CaO·SiO2 particles was very
fast in the slag phase, and homogeneous 2CaO·SiO2–3CaO·P2O5 solid solution phase was
formed within five seconds [30,31]. Fukagai et al. [32] studied the formation mechanism of
CaO–SiO2–P2O5 solid solution in molten slag at 1573 K. It was found that P2O5 in the slag
phase diffused rapidly to the interface of 2CaO·SiO2 and formed CaO–SiO2–P2O5 solid
solution phase. Yang et al. [33] studied the distribution of P2O5 near the interface between
2CaO·SiO2 particles and CaO·SiO2–FeOx–P2O5 slag system. It was considered that P2O5
was enriched within a certain range of 2CaO·SiO2 particles, and the temperature played a
positive role in the enrichment of P2O5.

Minerals 2021, 11, x FOR PEER REVIEW 11 of 18 
 

 
Figure 11. The correlation of ΔGθ with temperature for Equations (8)–(10). 

In order to determine the existing form of phosphorus in the metal phase after coal-
based reduction of high-phosphorus oolitic hematite, coal-based reduction samples were 
prepared by reducing high-phosphorus oolitic hematite for 60 min at 1250 °C and C/O 
molar ratio of 2.0. The metal phase in the sample was observed by scanning electron mi-
croscopy, and the surface scanning analysis and spot scanning analysis of Fe and P ele-
ments in the metal phase area was carried out. The results are shown in Figure 12 and 
Figure 13, respectively. 

(a) (b)

(c) (d)

 
Figure 12. SEM–EDS images of metal phase: (a) SEM image; (b) the surface scanning analysis of Fe and P elements; (c) the 
surface scanning analysis of Fe elements; and (d) the surface scanning analysis of P elements. 

Figure 12. SEM–EDS images of metal phase: (a) SEM image; (b) the surface scanning analysis of Fe and P elements; (c) the
surface scanning analysis of Fe elements; and (d) the surface scanning analysis of P elements.



Minerals 2021, 11, 247 12 of 17
Minerals 2021, 11, x FOR PEER REVIEW 12 of 18 
 

 
Figure 13. EDS analysis results of spots 1 to 3 in the metal phase. 

Figure 12 demonstrates clearly that the metal phase was divided into light gray and 
bright gray. The bright gray area was mainly distributed at the boundary of the metal 
phase, indicating that the composition of the metal phase was not uniform. From the sur-
face distribution of Fe and P elements, it was found that P elements were mainly concen-
trated in the bright gray area, while P elements were relatively dispersed in the light gray 
area. On the contrary, the distribution of Fe elements was in the light gray area. The results 
show that the content of P was relatively high at the boundary of the metal phase (bright 
gray area). In order to further clarify the material composition of light gray and bright 
gray areas in the metallographic phase, an EDS energy spectrometer (Quantax 200 made 
by Bruker company in Germany) was used to quantitatively analyze the composition of 
micro-areas in different areas. The results are shown in Figure 13. EDS results show that 
the main component of light gray and bright gray areas was Fe, which contained a certain 
amount of P, but the phosphorus content of the two areas was quite different. The content 
of Fe and P was 84.21% and 15.79% at the position of spot 1 (bright gray area), respectively. 
The ratio of them was 5.33, which was very close to the mass ratio of Fe and P in Fe3P 
(5.42). Therefore, it can be inferred that the material in the bright gray area was Fe3P. The 
ratios of Fe and P at spot 2 and spot 3 (light gray region) were 53.64 and 35.76, respectively, 
which were much larger than 5.42. Meanwhile, SEM images show that the gray region 
was homogeneous in texture and there was no obvious iron–phosphorus compound 
phase, indicating that P in this region did not form a compound with Fe, and P should be 
solute in metal iron. 

3.3.2. Phosphorus in the Slag Phase 
Scholars at home and abroad had carried out many in-depth and systematic studies 

on the occurrence and migration of phosphorus in steel slag. The results show that the 
CaO–SiO2 phase in the slag phase was the enrichment site of phosphorus, and phosphorus 
mainly existed in CaO–SiO2–P2O5 solid solution in the CaO–SiO2 phase [28,29]. Inoue and 
Suitoo found that the rate of phosphorus transfer to 2CaO·SiO2 particles was very fast in 
the slag phase, and homogeneous 2CaO·SiO2–3CaO·P2O5 solid solution phase was formed 
within five seconds [30,31]. Fukagai et al. [32] studied the formation mechanism of CaO–
SiO2–P2O5 solid solution in molten slag at 1573 K. It was found that P2O5 in the slag phase 
diffused rapidly to the interface of 2CaO·SiO2 and formed CaO–SiO2–P2O5 solid solution 
phase. Yang et al. [33] studied the distribution of P2O5 near the interface between 
2CaO·SiO2 particles and CaO·SiO2–FeOx–P2O5 slag system. It was considered that P2O5 

Figure 13. EDS analysis results of spots 1 to 3 in the metal phase.

In the process of coal-based reduction, phosphorus minerals were indeed reduced
to elemental phosphorus. In the range of coal-based reduction temperature, elemental
phosphorus exists in the form of a gas phase. The gas-phase form of phosphorus was less
stable and could be converted into oxides in the limited oxygen environment. Therefore,
when phosphorus migrated in the slag phase, it reacted with a very small amount of CO2
in the system to form P2O5 (sublimation temperature 360 ◦C) gas. The reaction is shown
in Equation (11).

P2 (g) + 5CO2 (g)→ P2O5 (g) + 5CO (g) (11)

The standard Gibbs free energy change of the above reaction was calculated by HSC
Chemistry 6.0 thermodynamic calculation software. The results show that when the
temperature was higher than 1177 ◦C, the standard Gibbs free energy change of reaction
Equation (11) began to be less than 0, which indicated that reaction Equation (11) could be
carried out. The temperature of coal-based reduction of ore was higher than or close to
1177 ◦C, which showed that P2O5 was formed when phosphorus was reduced through the
slag phase. The CaO–SiO2 phase was the enrichment site of phosphorus in the slag phase.
Therefore, the generated P2O5 would be captured by CaO–SiO2 in the slag phase to form
CaO–SiO2–P2O5 solid solution.

In order to clarify the existing form of phosphorus in the slag phase of coal-based
reduction material of high phosphorus oolitic hematite, the slag phase of reduction sample
(reduction temperature 1250 ◦C, reduction time 60 min, C/O molar ratio 2.0) was also
analyzed by SEM. The results are shown in Figure 14.

Figure 14 indicates that the slag phase was obviously divided into three areas—gray,
dark gray, and light gray. Meanwhile, it can be found that the three areas in the slag phase
were homogeneous in texture, indicating that the slag phase was mainly composed of three
substances. From the surface distribution of P, Si, O, and Ca elements, it is evident that the
distribution of O elements was relatively uniform in the whole scanning area, P elements
were mainly concentrated in the gray area, Ca elements were concentrated in the gray
area and the dark gray area, Si elements were obviously distributed in the whole scanning
area, and the distribution of Si elements was the most concentrated in the light gray area,
followed by the gray area. Element surface scanning results show that the gray area was
the enrichment site of phosphorus in the slag phase.
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The surface scanning analysis of Si, O, and Ca was not enough to judge the material
composition of each region. Therefore, the EDS energy spectrum was used to quantitatively
analyze the micro-component of the slag phase. The results are shown in Figure 15.
Quantitative analysis by EDS shows that the gray area (spot 1) consisted of P, Si, Ca, Al,
and O elements with contents of 14.27%, 16.84%, 12.53%, 54.67%, and 1.69%, respectively;
the dark gray area (spot 2) consisted of Si, Ca, Al, and O elements with contents of 35.99%,
4.56%, 11.36%, and 48.09%, respectively; the light gray area (spot 3) consisted of Si and
O elements with contents of 49.63% and 50.37%, respectively. When the element content
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in the above area was converted into oxide content, the material composition in the gray
area was mainly 17.54% CaO-36.09% SiO2-32.68% P2O5; the material composition in the
dark gray area was 77.12% SiO2-21.45% Al2O3-6.38% CaO; and the material composition of
the light gray area was mainly 94.44% of SiO2. It can be concluded that the gray area was
CaO–SiO2–P2O5 solid solution phase, the dark gray area was the SiO2–Al2O3–CaO slag
phase, and the light gray area was SiO2. According to the thermodynamic analysis of the
reduction of phosphorus minerals, the phosphorus minerals in ores can only be reduced by
solid carbon in the presence of SiO2. Therefore, the sufficient contact among phosphorus
minerals, reductants, and SiO2 in ores was the necessary condition to realize the reduction
of phosphorus minerals. In the coal-based reduction test, the particle size of the ore sample
was generally crushed to –2 mm accounts for 100%. It was impossible to completely
dissociate phosphorus minerals under this fineness. Therefore, some phosphorus minerals
were not in contact with reductant and SiO2 in the reduction process, which resulted in
that the phosphorus minerals could not be reduced and still existed in the reduced material
as phosphorus minerals.
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However, apatite was not observed in the slag phase of the reduced material under
the conditions of reduction temperature 1250 ◦C, reduction time 60 min, and C/O molar
ratio 2.0. The ore contained only 4.26% phosphorus minerals, and a considerable part
of phosphorus minerals was reduced during the reduction process, especially when the
reduction temperature was higher and the reduction time was longer, the reduction effect
was better. Therefore, no apatite was found in the slag phase under this condition. In order
to determine whether there was unreacted apatite in the slag phase, the slag phase was
analyzed by SEM–EDS under the conditions of reduction temperature 1250 ◦C, reduction
time 20 min, and C/O molar ratio 2.0. As shown in Figure 16, it is clearly observed that
there were mainly three different substances in the slag phase. EDS spectra show that the
three substances were apatite, ferrous oxide, and iron olivine, which proved that some
phosphorus elements existed as apatite in the slag phase.



Minerals 2021, 11, 247 15 of 17Minerals 2021, 11, x FOR PEER REVIEW 16 of 18 
 

 
Figure 16. SEM image of slag phase and EDS analyses (reduction time of 20 min): (a) SEM image and (b) EDS analyses. 

Based on the above analysis, it can be concluded that there were two forms of phos-
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4. Conclusions 
The reduction behavior of phosphorus minerals and the existing form of phosphorus 
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Figure 16. SEM image of slag phase and EDS analyses (reduction time of 20 min): (a) SEM image and (b) EDS analyses.

Based on the above analysis, it can be concluded that there were two forms of phos-
phorus in the slag phase—one was unreacted apatite, and the other was CaO–SiO2–P2O5
solid solution. In the early stage of coal-based reduction, phosphorus in the slag phase
mainly existed in the form of apatite, while in the later stage, it mainly existed in the form
of CaO–SiO2–P2O5 solid solution.

4. Conclusions

The reduction behavior of phosphorus minerals and the existing form of phosphorus
in reduced materials during the coal-based reduction of high phosphorus oolitic hematite
were systematically studied using XRD, SEM–EDS, and HSC simulation software. The
following conclusions were obtained: The reduction of apatite was promoted by providing
the most inclined enrichment site of phosphorus (metallographic phase), while Al2O3
played a certain role in promoting the reduction of apatite in the presence of SiO2 after
Fe2O3 was reduced to metal iron. Phosphorus existed mainly in two forms in the metal
phase—one was in the form of Fe3P compound at the boundary of the metal phase, and
the other was in the form of the solid solution in the metal iron. There were two forms of
phosphorus in the slag phase—one was unreacted apatite, and the other was CaO–SiO2–
P2O5 solid solution. In the early stage of coal-based reduction, phosphorus in the slag
phase mainly existed in the form of apatite, while in the later stage, it mainly existed in the
form of CaO–SiO2–P2O5 solid solution.
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