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Abstract: A new approach of removing the phosphorus-rich phase from high-phosphorous iron ore by melt separation at 1573 K in a su-
per-gravity field was investigated. The ironslag separation by super-gravity resulted in phosphorus being effectively removed from the 
iron-rich phase and concentrated as a phosphorus-rich phase at a temperature below the melting point of iron. The samples obtained by su-
per-gravity exhibited obvious layered structures. All the iron grains concentrated at the bottom of the sample along the super-gravity direc-
tion, whereas the molten slag concentrated in the upper part of the sample along the opposite direction. Meanwhile, fine apatite crystals col-
lided and grew into larger crystals and concentrated at the slag–iron interface. Consequently, in the case of centrifugation with a gravity coef-
ficient of G = 900, the mass fractions of the slag phase and iron-rich phase were similar to their respective theoretical values. The mass frac-
tion of MFe in the iron-rich phase was as high as 97.77wt% and that of P was decreased to 0.092wt%. 
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1. Introduction  

With the rapid consumption of iron ore resources, the 
remaining iron ore deposits exhibit an increasing complex 
mineralogical composition. Therefore, the development of 
methods to exploit refractory iron ores has become urgent. 
For example, high-phosphorous iron ore resources are 
available in massive reserves but cannot be used on a large 
scale for blast-furnace iron making because of their high 
phosphorous content [1−2]. Furthermore, the apatite and 
hematite phases with minor differences in density and mag-
netic properties are intimately intermixed in high-phos-
phorous iron ore; thus, grinding the ore into a sufficiently 
fine size for the iron oxides to be directly separated from the 
phosphorus-containing phases by conventional beneficiation 
methods is not practical [3−4]. We previously ground 
high-phosphorous iron ore to ultrafine 0.01–0.001 mm par-
ticles using a jet mill, which led to the dissociation of apatite 
and hematite phases; however, the phosphorus-rich and 
iron-rich phases were not effectively separated from the ul-
trafine reduced ore by magnetic separation [5]. Thus far, 

many hydrometallurgy methods [6–7] and pyrometallurgy 
methods have been proposed to deal with such refractory 
iron ore. 

The proposed pyrometallurgy methods mainly include 
the coal- and gas-based direct reduction processes [8−9]. 
Compared with coal-based direct reduction, the iron oxide 
phase can be reduced by H2/CO at a temperature lower than 
1273 K, whereas the apatite phase is difficult to reduce in 
this temperature range. Therefore, Zhao et al. [10] studied 
the gas-based reduction of high-phosphorous iron ore pow-
ders by H2/CO in a tube furnace at 1073–1273 K, and Guo 
et al. [11] investigated the same process in a fluidized bed. 
They both reported that the iron oxide could be reduced by 
H2/CO at temperatures lower than 1273 K and with a high 
extent of reduction, whereas the phosphorus remained in the 
apatite phase. Tang et al. [12] studied the gas-based reduc-
tion of the ore after a microwave treatment, and their results 
showed that the oolitic component of high-phosphorous iron 
ore generated cracks and fissures under microwave irradia-
tion, which facilitated the gas-based reduction process. 
However, gas-based direct reduction carried out at lower 
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temperatures is always combined with a high-temperature 
melt separation process to further separate molten metal and 
slag. Guo et al. [11] studied the melt separation of hydro-
gen-reduced ore by adding sufficient CaO to bring the slag 
basicity to 1.5 at 1823 K, which resulted in the effective 
separation of molten metal and slag; however, the phospho-
rous content of the metal was as high as 0.82wt%. Tang et al. 
[12] further investigated the melt separation of gase-
ous-reduced ore after microwave treatment by adding CaO 
and Na2CO3 at 1823–1873 K; in this case, the phosphorous 
content in the metal was decreased to 0.31wt%.  

With respect to the transform mechanism of phosphorus 
between the metal and slag phases during the melt separa-
tion process when no carbon is present in the reduced ore, 
Zhao et al. [10] and Tang et al. [12] considered that the 
phosphorus existed in the metal as apatite inclusions, 
whereas Guo et al. [11] inferred that the phosphorus was 
smelted into the metal via the reactions between Fe and 
P2O5. Hamano et al. [13−14] has extensively studied the re-
action mechanism of 2CaO·SiO2 and FeOx–CaO–SiO2–P2O5 
slag at 1573 K and reported different mass transfer charac-
teristics of phosphorus between the 2CaO·SiO2 particles and 
the molten slag. Consequently, reducing the iron–slag sepa-
ration temperature to 1573 K, which is below the melting 

point of iron, would not only be beneficial for keeping the 
phosphorus out of the iron-rich phase but also for concen-
trating the phosphorus-rich phase.  

Given that the super-gravity technology has been suc-
cessfully applied in removing impurities from alloy melts 
[15−16], we here conducted melt-separation experiments on 
iron-rich, slag, and phosphorus-rich phases from reduced 
high-phosphorous iron ore at 1573 K in a super-gravity field. 
The influences of the super-gravity field on the microstruc-
tures, mineral compositions, and components of the 
iron-rich, slag, and phosphorus-rich phases were also inves-
tigated. 

2. Experimental  

2.1. Material 

High-phosphorous iron ore from Hubei Province of 
China was used as the raw material in this study. The ore’s 
chemical composition is listed in Table 1, and the mass frac-
tions of total iron (TFe) and phosphorus (P) are 50.15wt% 
and 0.81wt%, respectively. The mineral phases, which were 
characterized by X-ray diffraction (XRD), mainly include 
hematite, quartz, and apatite, as shown in Fig. 1, and the 
phosphorus exists in the form of apatite. 

Table 1.  Chemical compositions of the high-phosphorous iron ore before and after gaseous reduction        wt% 

Composition TFe FeO MFe SiO2 CaO Al2O3 MgO P 

Iron ore 50.15  1.56 ― 13.15  4.80 4.52 0.48 0.81 

Reduced ore with basicity of 1.0 58.20 14.97 46.55 15.25 15.25 5.25 0.56 0.94 

 

 
Fig. 1.  XRD patterns of the high-phosphorous iron ore before 
and after gaseous reduction. 

The lump ore was crushed and screened to powders with 
particle sizes ranging from 0.90 to 0.11 mm, and the result-

ing powders were reduced in a fluidized bed [17] under an 
Ar and H2 atmosphere at 1073 K for 120 min. The variations 
in the mineralogical compositions before and after gaseous 
reduction (Fig. 1) revealed that only the hematite was re-
duced into metallic iron; the phosphorus was still in the 
form of apatite after gaseous reduction.  

2.2. Apparatus 

The super-gravity field used in melt-separation experi-
ments of the reduced high-phosphorous iron ore was gener-
ated by a centrifugal apparatus; its schematic is illustrated in 
Fig. 2. The heating furnace and a counterweight were fixed 
symmetrically to the centrifugal rotor to maintain verticality 
in the stationary state and to change into a level state when 
the centrifugal rotor was running. Moreover, the heating 
furnace was heated by the resistance wire, and the tempera-
ture was controlled by a program controller with an R-type 
thermocouple. 



J.T. Gao et al., Removal of phosphorus-rich phase from high-phosphorous iron ore by melt separation at 1573 K ... 745 

 

 
Fig. 2.  Schematic of the centrifugal apparatus: 1. counter-
weight; 2. centrifugal axis; 3. conductive slipping; 4. thermo-
couple; 5. insulating layer; 6. temperature controller; 7. graph-
ite lid; 8. alumina crucible; 9. graphite crucible; 10. iron grains; 
11. slag phase; 12. iron-rich phase. 

2.3. Experimental and analytical procedures 

To achieve a lower melting temperature of the slag phase, 
the slag basicity, defined as the CaO/SiO2 mass ratio, was 
adjusted from 0.37 to 1.00 by adding CaO to the reduced ore 
in quantities calculated on the basis of the experimental re-
sults reported by Guo et al. [11] and Tang et al. [12]. 10 g of 
reduced ore was placed into a high-purity alumina crucible 
with an inner diameter of 12 mm, and this crucible was 
placed into a graphite crucible with an inner diameter of 19 
mm and covered with a graphite lid. The crucibles were then 
heated to 1573 K in the heating furnace of the centrifugal 
apparatus. The centrifugal apparatus was started and ad-
justed to an angular velocity of 1036, 1465, or 1794 r/min, 
corresponding to G = 300, G = 600, or G = 900, respectively, 
at a constant temperature of 1573 K for 10 min. Afterwards, 
the centrifugal apparatus was shut off and the graphite cru-
cible was removed and water-quenched. The gravity coeffi-
cient (G) was defined as the ratio of super-gravitational ac-
celeration to the normal gravitational acceleration via the 
following equation:  
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where G is the gravity coefficient, g is the normal gravita-
tional acceleration (g = 9.80 m/s2), w is the angular velocity 
(rad·s−1), N is the rotating speed of the centrifugal apparatus 
(r/min), and R is the distance from the centrifugal axis to the 
center of the sample (R = 0.25 m). Simultaneously, a paral-
lel experiment was carried out at 1573 K for 10 min without 
centrifugal treatment. 

The samples obtained by experiments were sectioned 
longitudinally along the center axis, which was along the 

direction of super-gravity. One sample section was charac-
terized by scanning electron microscopy-energy dispersive 
X-ray spectroscopy (SEM-EDS) to analyze the microstruc-
tures of the iron-rich and slag phases as well as the distribu-
tion and mineral composition of the phosphorus-rich phase 
in different areas of the sample. This sample section was 
then further characterized by metallographic microscopy 
and image analysis using the line intercept method to ob-
serve the variations in volume fraction and equivalent di-
ameter of the slag inclusion in different areas of the iron-rich 
phase. The slag phase was crushed and divided from the 
iron-rich phase in another sample section along the interface 
between these phases, and the mass fractions of the slag and 
iron-rich phases were calculated by measuring their respec-
tive mass. The mass fractions of metallic iron (MFe) in the 
iron-rich phases were then measured by the chemical analyti-
cal method according to GB 6730.6―86, and those of phos-
phorus were measured by the inductively coupled plasma 
(ICP) method with an OPTIMA 7000DV. 

3. Results and discussion 

3.1. Macrostructure and microstructure of the sample 
obtained by super-gravity  

The vertical profiles of the samples obtained by su-
per-gravity with gravity coefficients of G = 300, G = 600, 
and G = 900 compared with the parallel sample are shown 
in Fig. 3. In a macroscopic view, layered structures were  

 

Fig. 3.  Vertical profiles of the samples obtained by su-
per-gravity compared with the parallel sample: (a) G = 1, (b) G 
= 300, (c) G = 600, and (d) G = 900. 
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apparent in the sample obtained by super-gravity, where the 
upper area of the sample was in a black glassy state and the 
bottom area was in a bright-white metal state. By contrast, 
the sample obtained in the absence of super-gravity exhib-
ited a homogeneous structure. 

SEM analysis results for the microstructures and EDS 
spectra of different areas in the layered sample obtained by 
super-gravity with a gravity coefficient of G = 900 are 
shown in Fig. 4. The bottom area was obviously an iron-rich 
phase, and the upper area was the slag phase. In a micro-

scopic view, the iron-rich phase exhibited a porous structure 
with some fine slag included. The slag phase exhibited a 
compact structure in which iron grains were not observed. 
All the iron grains apparently moved to the bottom of the 
sample along the direction of super-gravity because of the 
greater density of iron compared to the densities of the other 
minerals and then concentrated as an iron-rich phase. The 
other minerals formed a molten slag, moved to the upper 
part of the sample along the direction opposite super-gravity, 
and then concentrated as a slag phase. 

 
Fig. 4.  SEM images and EDS spectra of different areas of the layered sample obtained by super-gravity with G = 900: (a) SEM 
image of the iron-rich phase, (b) SEM image of the slag phase, (c) EDS spectrum of the iron-rich phase, and (d) EDS spectrum of the 
slag phase. 

3.2. Volume fraction and equivalent diameter of the slag 
inclusions in the iron-rich phase 

To further investigate the microstructure of the iron-rich 
phase in the layered sample, the iron-rich phases were di-
vided into four areas along the super-gravity direction and 
characterized by metallographic microscopy, as shown in 
Fig. 5. The enrichment degree of iron grains was substan-
tially greater in the area approaching the bottom of the sam-
ple along the direction of super-gravity. The variations of 
volume fractions and equivalent diameters of the slag inclu-
sions in different areas of the iron-rich phases with different 
gravity coefficients (Fig. 6) reveal that both the volume 

fraction and equivalent diameter of slag inclusions gradually 
decreased from the upper area (D) to the bottom area (A). 
These variations also reveal that the minimum values both 
occurred in the bottom area (A), where the iron grains con-
centrated into a compact iron-joined crystal. This observa-
tion is further evidenced that the iron grains moved, collided, 
and concentrated along the super-gravity direction, whereas 
the molten slag moved in the opposite direction and sepa-
rated from the iron-rich phase, with a small amount included 
in the upper area of the iron-rich phase. Consequently, both 
the volume fraction and equivalent diameter of the slag in-
clusion in the iron-rich phase decreased substantially as the 
gravity coefficient was increased from G = 300 to G = 900. 
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Fig. 5.  Micrographs of different areas in the iron-rich phase obtained by super-gravity with G = 900: (a) positions of four areas in 
the layered sample and (b)–(e) micrographs of these four areas in the iron-rich phase.  

3.3. Distribution of the phosphorus-rich phase in the lay-
ered sample 

The SEM-EDS mapping of the phosphorus-rich phase in 
different areas of the layered sample obtained by su-
per-gravity with a gravity coefficient of G = 900 is shown in 
Figs. 7 and 8. Most of the phosphorus-rich phase was con-
centrated at the slag–iron interface, and a small amount was 
contained in the slag inclusion in the upper iron-rich phase. 
Moreover, these phosphorus-rich phases were mainly in the 

form of larger equiaxed crystals and columnar crystals with 
sizes ranging from 0.02 to 0.08 mm. These results, com-
bined with EDS data given in Table 2, indicated that these 
phosphorus-rich phases were mainly composed of calcium 
(38.82wt%–40.03wt%), phosphorus (18.26wt%–19.33wt%), 
oxygen (37.89wt%–40.00wt%), and a small amount of sili-
con (0.58wt%–2.59wt%). The phosphorus still existed in the 
form of apatite and the fine apatite crystals moved along the 
opposite direction of super-gravity, collided with each other, 
and grew into larger equiaxed crystals or columnar crystals. 



748 Int. J. Miner. Metall. Mater., Vol. 23, No. 7, July 2016 

 

Most of the larger apatite crystals thereafter concentrated in 
the slag–iron interface because the density of this region was 
intermediate between those of the slag and the iron-rich 
phase [14−15]; however, a few apatite crystals were inter-
cepted and stopped in the slag inclusion in the upper area of 
the iron-rich phase. 

3.4. Components of the slag and iron-rich phases after 
super-gravity treatment 

The mass fractions of the slag and iron-rich phases ob-
tained by super-gravity with different gravity coefficients 

are shown in Table 3. The super-gravity field was benefi-
cial for the separation of the slag phase and iron-rich 
phase, and an increase in the gravity coefficient effectively 
increased its separation effect. Consequently, in the case of 
a gravity coefficient of G = 900, the mass fractions of the 
slag phase and iron-rich phase were 52.65% and 47.35%, 
respectively, which are similar to their respective theoretical 
values. Measured by the chemical analytical method, the 
mass fractions of MFe in the iron-rich phases with different 
gravity coefficients are shown in Fig. 9. Increasing the grav-
ity coefficient from G = 1 to G = 900 enhanced the 

 
Fig. 6.  Variations in volume fraction (a) and equivalent diameter (b) of the slag inclusion in different areas of the iron-rich phases. 

 
Fig. 7.  SEM-EDS mapping of the phosphorus-rich phase in the slag–iron interface of the layered sample obtained by super-gravity 
with G = 900. 
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Fig. 8.  SEM-EDS mapping of the phosphorus-rich phase in the upper area of the iron-rich phase of the layered sample obtained by 
super-gravity with G = 900. 

Table 2.  EDS data of the phosphorus-rich phases in different 
areas of the layered sample obtained by super-gravity with G = 
900                              wt% 

Position Area Ca P O Si Fe 

Fig. 7: 1 40.03 18.65 38.73 2.59 ―

Fig. 7: 2 39.50 19.17 39.39 1.94 ―

Fig. 7: 3 38.82 19.33 40.00 1.85 ―

In the slag–iron 
interface 

Fig. 7: 4 39.92 19.04 37.89 0.58 2.57

In the upper area 
of iron-rich phase 

Fig. 8: 1 39.23 18.26 38.02 1.05 3.44

Table 3.  Mass fractions of the slag and iron-rich phases ob-
tained by super-gravity with different gravity coefficients   % 

Gravity coefficient 
Samples 

1 300 600 900 

Theoretical 
values 

Slag phase  3.12 38.86 42.38 52.65 53.45 

Iron-rich phase 96.88 61.14 57.62 47.35 46.55 

 
content of MFe in the iron-rich phase from 47.68wt% to 
97.77wt%. 

Simultaneously, the mass fractions of phosphorus in the 
iron-rich phases with different gravity coefficient were 
measured by the ICP method; the results are shown as the 
solid line in Fig. 10. The mass fraction of phosphorus in the 
iron-rich phase decreased substantially, from 0.960wt% to 

0.174wt%, when the gravity coefficient was increased from 
G = 1 to G = 900. Given that the residual phosphorus in the 
iron-rich phase may be caused by the slag inclusion, the 
iron-rich phases were further finely ground and magneti-
cally separated to remove the visible slag inclusion. The 
mass fractions of phosphorous were then measured again; 
the results are shown as the dashed line in Fig. 10. The re-
sults clearly demonstrate that the mass fraction of phospho-
rus can be further decreased to 0.092wt% after removing the 
slag inclusion from the iron-rich phase with gravity coeffi-
cient of G = 900.  

 

Fig. 9.  Mass fractions of MFe in the iron-rich phases obtained 
by super-gravity with different gravity coefficients.  
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Fig. 10.  Mass fractions of phosphorus in the iron-rich phases 
obtained by super-gravity with different gravity coefficients.  

4. Conclusions 

Through this experimental study, phosphorus was effec-
tively removed from high-phosphorous iron ore by 
melt-separation at a low temperature of 1573 K in a su-
per-gravity field. The following conclusions were drawn: 

(1) The samples obtained by super-gravity exhibited lay-
ered structures. The iron grains concentrated at the bottom 
of the sample along the super-gravity direction, whereas the 
molten slag concentrated at the upper part of the sample 
along the opposite direction; apatite crystals concentrated in 
the slag–iron interface.  

(2) In the case of a gravity coefficient of G = 900, the 
mass fractions of the slag phase and iron-rich phase were 
52.65wt% and 47.35wt%, which are similar to their theo-
retical values, respectively. Meanwhile, the mass fraction of 
MFe in the iron-rich phase was 97.77wt%, whereas the mass 
fraction of phosphorus was decreased to 0.092wt%. 
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