@ Springer

Synchronous enrichment of phosphorus and iron from a high-phosphorus
oolitic hematite ore to prepare Fe-P alloy by direct
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Abstract: In this study, direct reduction-magnetic separation process was applied to enrich phosphorus and iron to
prepare Fe-P crude alloy from a high phosphorus oolitic hematite ore (HPOH). The results show that at lower
temperatures and with absence of any of additives, Fe cannot be effectively recovered because of the oolitic structure is
not destroyed. In contrast, under the conditions of 15% Na,SO,and reducing at 1050 °C for 120 min with a total C/Fe
ratio (molar ratio) of 8.5, a final Fe-P alloy containing 92.40% Fe and 1.09% P can be obtained at an overall iron
recovery of 95.43% and phosphorus recovery of 68.98%, respectively. This metallized Fe-P powder can be applied as the
burden for production of weathering resistant steels. The developed process can provide an alternative for effective and
green utilization of high phosphorus iron ore.
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the crucial elements in these steels to improve

1 Introduction corrosion resistance and ductility [5]. In weathering

steel-making process, phosphorus-bearing material

Weathering steels (WSs) mainly contain low  (gych as Fe-P alloy and phosphosiderite) is added to

carbon and other alloying elements (Cu, Cr, Ni, P, adjust P content of WSs, resulting in its high

etc.) with a total content ranging from 1.00 wt% to production cost [6].

5.00 wt% [1]. Due to the presence of various High-phosphorus oolitic hematite (HPOH) ore

alloying elements, WS could provide optimum
balance of corrosion resistance and strength [2, 3].
Therefore, WSs are widely used as raw materials for
structures, and

building bridges, load-bearing

transmission towers, etc. [4]. Phosphorus is one of

is abundantly found in France, America, Canada,
and China, which contains several metals, indicating
that it has a high comprehensive utilization
value [7-9]. Generally, it contains 0.1%-1.5% P and
35%-50% Fe, and the phosphorus and iron mainly
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exist in the form of apatite and hematite. Moreover,
oolitic hematite ores are composed of ooids with
concentric layers of alternate iron minerals and
gangue minerals [10]. Thus, it is significantly
difficult to separate Fe and P from HPOH ore.

Direct reduction-magnetic separation (DRMS)
is widely used to upgrade iron and remove
phosphorus from complicate iron ores [11-14]. In
recent years, many researches have been adopted to
manufacture metallic iron powder from HPOH by
DRMS process [15-20].

During reduction of HPOH the ore, the
dephosphorization efficiency is low in the absence
of additive, resulting in the metallic iron containing
a high P content. TANG et al [18] adopted gas-
based reduction to treat a high phosphorus (1.2%)
hematite ore at 800 °C for 5 h without additive. The
results showed that there was 0.27% phosphorus in
the metal sample, which mainly existed in the form
of apatite, resulting in the fact that it could not be
removed. Similar conclusions have been reported in
previous investigations [21, 22]. Therefore,
additives (such as sodium salt, and calcium salt) or
high temperature reduction without additive were
used to enhance the dephosphorization [23 — 25].
RAO et al [23] roasted the oolitic iron ore at 1050 °
C with 20% Na,SO,, and found that the phosphorus
content in the metallic phase was 0.02% and most of
the phosphorus entered the gangue phase as calcium
phosphate. Without prior dephosphorizing, an
innovative method was proposed to synchronous-
enriched phosphorus and iron to prepare Fe-P alloy
from HPOH ore [26-28]. In reduction, phosphorus
existed in the form of Fe,P in the metallic iron
phase, and then the metallic iron was recovered by
magnetic separation. The magnetic separation
concentrate can be directly used as a burden for
weather resistant steel [26].

In this paper, Fe-P alloy was prepared from
HPOH by reduction at low temperature with
additive. The effects

carbon-burdened and Na,SO, on the behavior of

of reduction parameters,

iron and phosphorus were investigated. The
mechanisms of carbon-burden and Na,SO, on the

distribution of Fe and P were investigated.

2 Materials and methods

2.1 Materials
2.1.1 High-phosphorus oolitic hematite ore

Table 1 shows the chemical compositions of
the hematite ore. The main ingredient of the ore is
41.50% Fe,,, and the content of P also reached
1.24%, which is much higher than the quality
requirements of burdens for blast furnace. The
X-ray diffraction (XRD) spectrum of iron ore is
shown in Figure 1, which indicates that the main
mineral phases in the ore are hematite (Fe,0,),
chlorite (Fe,S1,0,(OH),), fluorapatite (Ca,(PO,),F),
kaolinite  (ALSi,0,(OH),) (Si0,).
Tables 2 and 3 distribution
characteristics of iron and phosphorous in mineral

and quartz
present the

phases in the HPOH ore. Iron mainly exists in the

Table 1 Main chemical compositions of HPOH ore (wt%)
TFe P S8i0, ALO, CaO MgO S LOI
41.50 1.24 17.04 468 7.82 154 0.09 572

Note: LOI-Loss on ignition.

¢ Chlorite [Fe;Si,O5(OH),]
® Fluorapatite [Cas(PO,);F]
* Hematite [Fe,05]
4 Kaolinite [Al,S1,05(OH),]
‘ + ¥ Quartz [SiO,]
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Figure 1 XRD pattern of HPOH ore

Table 2 Distribution of iron in mineral phases in HPOH
ore (wWt%)

. . . Iron Iron Total
Hematite Magnetic Fayalite carbonate sulfide  iron
96.69 1.83 1.36 0.07 0.05 100

Table 3 Distribution of phosphorus in mineral phase in
HPOH ore (wt%)
Apatite Others
94.76 3.31 1.94

Total P
100.00

Iron phosphate
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form of hematite, and phosphorus mainly exists in
the form of apatite.

Scanning electron microscope (SEM) and
EDAX 32 genesis spectrometer (EDS) were used to
observe the microstructure of raw ore and the results
are shown in Figure 2. Table 4 presents the element
content of points 1-6 in Figure 2. Hematite contains
a small amount of phosphorus, which is attributed to
ion absorption, isomorphism of phosphorus in the
hematite (Points 1-4). The phosphorus at point 5
exists in the form of apatite. The chlorite contains
calcium and phosphorus,
phosphorus is higher than calcium, indicating that

but the content of

the phosphorus exists in the form of apatite in
chlorite, and it exists in the form of ion absorption.

Figure 2 SEM image of in HPOH ore

Table 4 Element content (wt%) of points 1-6 in Figure 2
Point O Mg Al Si P Ca Fe

100 ' 463.4°C 10.5
: 1271.2 °C
98 _
10 T’:JJ
2 g
x %6 E =
) 2| < E
= o4 2 11705 S
‘ s a
92 L =475 W% 1-1.0
90 ;

1 24.44 - 1.03  0.84 0.24 nd  73.45
2 25.85 nd 1.02 0.88 0.18 0.01 72.05
3 2668 nd 342 185 0.80 0.07 67.18
4 2461 nd 138 1.03 032 0.04 72.62
5 19.85 nd 1.18 135 18.63 4825 10.74
6 37.81 1.68 1394 1578 035 023 30.20

Note: nd-below detection limit.

The TG-DSC curve of HPOH is presented in
Figure 3. It can be seen from the TG curve of raw
ore that the quality of the sample decreases with
increasing temperature, and there are two weight
loss processes. Due to the decomposition of siderite
between 25 and 463 °C, the weight loss rate is
5.39%. The second stage ranges from 463 to 1271 °C,
which is caused by the defluorination reaction
between quartz and fluorapatite in the ore [29].

In order to find whether or not phosphorus
exists in the form of ion absorption in the oolitic
hematite, the following two groups of analytical

. : =1..5
400 600 800 1000 1200 1400
Temperature/°C

0 200
Figure 3 TG-DSC curve of HPOH ore

tests (distilled water and 10% Na,SO,) were carried
out. The results show that the dissolutions of two
groups 1.94% and 2.50%,
confirming that there is
phosphorus in the form of ion absorption.

are respectively,

a small amount of

Soft coal was used as a reductant in this study.
The soft coal contains 52.63% fixed carbon, 5.31%
ash and 35.15% volatile matter (mass fraction). The
softening temperature of ash is 1244 °C, indicating
that it is a superior reducing agent [30].
2.1.2 Additive

Analytically pure Na,SO, was used as additive
to promote the
fluorapatite. Its particle size is below 0.074 mm.

in this study reduction of

2.2 Methods

The HPOH ore was thoroughly mixed with
additive, and then pelletized with an appropriate
amount of water in a disc pelletizer (d0.8 mx(0.2 m)
to prepare green pellets of 12—16 mm in diameter.
Subsequently, the green pellets were dried at 110 °C
for 4 h until all free water was removed. The
detailed procedure of reduction and magnetic
separation tests has already been outlined in an
earlier publication [26]. The indexes contain the
grade of iron and phosphorus in the magnetic
concentrate, iron and phosphorus recovery of the
flowsheet, and the metallization of reduced pellets,
which are calculated as the follows:

Iron metallization degree of reduced pellets,

_ MFe
TFe

My x 100% (1)
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where #;, is the iron metallization degree of reduced
pellets; MFe and TFe are the metallic iron grade and
the total
respectively.

iron grade of the reduced pellets,

Iron (or phosphorus) recovery of the flowsheet,
Wl
e=—xyx100% 2)
W
where ¢ is the recovery of iron or phosphorus; w,
and w, are the iron (or phosphorus) content of dry
pellets and magnetic separation concentrate,
respectively; y is the yield of magnetic separation

concentrate.

2.3 Test analysis

X-ray fluorescence spectroscope (XRF) was
used to measure the chemical constitutes of the iron
ore and the magnetic separation concentrate.
Chemical analysis was used to measure the mineral
compositions and elemental distribution
characteristics of iron and phosphorus in iron ore
[31, 32]. X-ray diffractometer (XRD) was used to
determine the phase composition of raw ore.
Scanning electron microscope (SEM) and an
EDAX32 genesis spectrometer (EDS) were used to
observe the microstructure of raw ore and reduced
pellets. FactSage 7.0 was used to calculate the
relationships of standard Gibbs free energy and

reaction temperature for the possible reactions.

3 Results and discussion

3.1 Thermodynamic analysis

In this paper, the apatite belongs to fluorapatite
and the most reduction reactions of fluorapatite in
the absence or presence of SiO, and Na,SO, are
also studied. Egs. (3)—(8) are the possible reactions
during the direct reduction process, and the result is
presented in Figure 4. According to the
thermodynamic calculation, fluorapatite is difficult
to be reduced by CO (Eq. (3)). However, in the
presence of SiO, and Na,SO,, the Gibbs free energy
required for fluorapatite reduction is decreased
(Egs. (4)—(6)). Meanwhile, FeO also can promote

the fluorapatite reduction (Egs. (7) and (8)).

2Ca, (PO,),F + 15CO(g) = 9Ca0 + CaF, +

3P, (g) + 15C0, (g) )

I\.\.
3000 (*~—e___
L \I\.\.
,T.\ .\o\.:l\.
S .
g 1000 [ N
. V- .\ I\.
g/ s — TN .\’\
g SSS S T,
= q ) V‘""m = A
< 710001 o Eq.(4) [y,
—— Eq (5) \4\“\4\
—v— Eq. (6) T
—— Eq.(7) Y
-3000 F —— Eq. (8)
0 200 400 600 800 1000 1200
Temperature/°C

Figure 4 Standard Gibbs free energy change of Eqgs. (3)-
®)

2Ca,(PO,),F + 4.55i0, + 15CO(g) =
4.5(2Ca0 - Si0,) + CaF, + 3P,(g) + (4)
15CO,(g2)

Ca,(PO,);F + 2Na,S0, + 8CO(g) =
3CaNaPO, + NaF + 2CaS + 8CO,(g)  (5)

Ca,(PO,);F + 5Na,SO, + 20CO(g) =
3Na,PO, + NaF + 5CaS + 20CO,(g)  (6)

Ca,(PO,),F + 2Na,SO4 + 2Si0, + 2FeO +
8CO(g) = 3CaNaPO, + 2(CaO - Si0,) +
NaF + 2FeS + 8CO,(g) (7)

Ca,(PO,),F + 5Na,S0, + 5Si0, + 5FeO +
20CO(g) = 3Na,PO, + 5(CaO - Si0,) +
NaF + 5FeS + 20CO, (8)

3.2 Direct reduction-magnetic separation
3.2.1 Effect of reduction parameters

Figure 5 presents the effect of reduction
parameters on the recovery of phosphorus and iron
from the iron ore. When the reduction temperature
rises from 1000 to 1150 °C, the recovery rate of iron
increases from 87.49% to 93.09%, while that of
phosphorus increases from 58.23% to 66.51%. The
contents of iron and phosphorus increase from
67.58% to 91.76%, and 1.25% to 1.92%,
respectively. Meanwhile, the metallization rate
increases from 83.00% to 86.91%. When the
temperature exceeds 1150 °C, the recovery of iron
and phosphorus changes slightly. Increasing
reduction temperature not only can promote the
reaction (C+CO,=2CO), but also

promote the reduction of hematite and apatite. The

boudouard
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Figure 5 Effect of reduction parameters on recovery of
Fe and P from iron ore: (a) Reducing for 60 min with a
C/Fe molar ratio of 8.5; (b) Reducing at 1050 °C with a
C/Fe molar ratio of 8.5; (c) Reducing at 1050 ° C for
120 min with a Total C/Fe molar ratio of 8.5

appearance of reduced pellets obtained at 1050 and
1100 °C is presented in Figure 6. It can be seen that
there is much liquid iron precipitate on the contact
surfaces of the pellets at 1100 °C. Because of the

raw ore contains a high content of silicon and

1050 °C Pellets %

(b)
1100 °C

Figure 6 Appearance of reduced pellets (a) and pellets
with liquid phase (b)

aluminum, a low melting point material is formed.
Further elevating the reduction temperature, the
reduced pellets will melt. In consideration of the
practical application, 1050 °C was recommended as
the appropriate reduction temperature.

Under the conditions of reducing at 1050 °C
with a C/Fe mole ratio of 8.5, five reduction
duration of 30, 60, 90, 120 and 150 min were
chosen to investigate the effects on the phosphorus
and iron recovery, and the results are shown in
Figure 5(b). It is known that the iron and
phosphorus recoveries improve significantly by
extending the reduction duration from 30 to
120 min. Extending the reduction duration to
150 min has a negative impact on the indexes.
Consequently, the
weakened,

reduction atmosphere was
leading to the re-oxidation of the
metallic iron. When part of the phosphorus from
apatite transfers into the concentrate, some may get
lost due to wvolatilization of gaseous P, [2].
Meanwhile, the metallization rate increases from
71.58% to 91.40% with prolonging the reduction
duration from 30 to 120 min. Overall, 120 min is
considered sufficient for the iron and phosphorus

recovery. In this case, magnetic concentrate with
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69.95% iron and 1.92% phosphorus at recovery
rates of 96.65% and 74.34%, respectively, can be
obtained.

The carbon-burdened is widely used to
improve the reduction of complex iron ore [33, 34].
Different carbon-burdened ratios were investigated
to reveal the effect of carbon-burdened ratio on the
recovery of iron and phosphorus, and the results are
shown in Figure 5(c). The grade of iron and
phosphorus decreaseds with the increase of carbon-
burdened ratio from 0 to 0.48. Meanwhile, the
metallization rate, the recovery of iron and

phosphorus increases with increasing carbon-
burdened ratio from 0 to 0.12. Further elevating the
ratio has a negative impact because excessive coal
can cause carburization and bring more impurity
from coal ash.

The microstructure of the reduced pellets
obtained without and with a carbon-burdened ratio
of 0.12 is presented in Figure 7. As can be seen,
there is no difference between the internal and outer
structure of reduced pellets obtained without carbon-
burdened. Metallic iron mainly distributes among
the oolitic. Compared with no carbon-burdened,
there is difference between the internal and outer
structure of reduced pellets obtained with carbon-

burdened. The outer structure of reduced pellets is

and (d) inner layer without carbon-burdened

the same as that without carbon-burden, and the iron
oxides are not reduced completely. However, the
iron oxides are reduced sufficient internal of
reduced pellets, and the iron grains aggregate and
Srow.

The SEM-EDS analyses of the reduced pellets
with a 0.12 coal-bearing mole ratio are shown in
Figure 8, and the element contents of points 1-4 are
Table 5. According to the
thermodynamic  analysis, the solubility of
phosphorus in o -Fe at 1050 °C is 2.8%, and the
metallic iron contains a small amount of phosphorus

presented in

(Point 1), which consists with the thermodynamics
analysis. Most of apatite is not reduced, and it
distributes with gangue (Points 2 and 3). The
metallic iron particle close to the apatite is likely to
form a solid solution of Fe-P, while the metallic iron
far from the apatite particle is pure (Point 4). The
reduction of the scattered apatite is the crucial and
major reason responsible for the formation of Fe-P
alloy.
3.2.2 Effect of Na,SO, dosage

Figure 9 shows the effect of Na,SO, dosage on
the iron and phosphorus recovery. The recovery of
iron and phosphorus decreases from 97.04% to
95.43% and 79.32% to 68.99%, respectively with
increasing the Na,SO, dosage from 0% to 15%.

i

Figure 7 Microstructure of reduced pellets: (a) Outer and (b) inner layer with carbon-burdened ratio of 0.12; (c) Outer

NS G
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Table 5 Composition (wt%) of points 1-4

Point OK SiK PK CaK FeK
1 - - 1.24 - 98.76
2 28.26 16.83 18.46 36.44 -
3 34.97 - 23.51 41.51 -
4 - - - - 100

LU0 N —— 100 100
o e e it 4
— 190
° 921 ./ / —_— ] 80
% %‘}/?‘ 189
S Rt 2l
£ 84 - A 160 <1 >
S . 3 5
E 76 ) 3 40 1 §
;ﬁ —— Metallization rate Ny 150 =
= —:— Fe grade h
| ——P grade | |
68 o Fe recovery 20 40
=% P recovery 130
60—+ L : . 10

0 5 10 15 20
Dosage of Na,SO,/%
Figure 9 Effect of Na,SO, dosage on recovery of iron
and phosphorus (Reducing at 1050 °C for 120 min with a
Total C/Fe (mole ratio) of 8.5, carbon-burdened ratio of
0.12 in pellets)

However, the iron content of the concentrate
increases from 63.71% to 92.40%. Meanwhile, the

Figure 8 SEM images of major phases in reduced pellets: (a) P-bearing metallic iron; (b) Slag phase; (¢) Residual
apatite; (d) Metallic iron

content of phosphorus maintains about 1%. when
increasing the Na,SO, dosage from 0% to 10%, the
metallization rate of reduced pellets is raised from
92.33% to 98.87%. Further increasing the dosage,
the metallization rate decreases because of the
formation of FeS. Adding Na,SO, has a positive
impact on the growth of iron grain, which increases
the iron content of concentrate [22]. However, it
inhibits the reduction of apatite, causing most of
apatite is not reduced and enters into the non-
magnetic tailing, thereby reducing the phosphorus
recovery. From above, 15% was recommended as
the optimal Na,SO, dosage.

The microstructure of reduced pellets is shown
in Figure 10. The metallic iron area of the edge and
central of pellet increases obviously, and the iron
grain size increases to more than 20 pm.
Meanwhile, there are many hole structures. The
boundary between the metallic iron grain and
gangue is obvious, and a large amount of FeS
generates in the center of pellet. The SEM-EDS of
reduced pellets is presented in Figure 11, and the
composition of Points 1-3 is presented in Table 6.

The bright areas are Fe-P alloy with a phosphorus



J. Cent. South Univ. (2021) 28: 2724-2734

2731

Figure 11 SEM image of main phases in reduced pellets

Table 6 Element content (wt%) of points 1-3

Point O Na Al Si P S Ca Mn Fe
1 - - - - 119 - - - 98.81
2 - - - - - 3901 - 156 5943
3 2890 222 222 332 2130 091 4191 - -

content of 1.19% (Point 1), and the light gray areas
are FeS (Point 2). A small amount of sodium
aluminosilicate is embedded in apatite (Point 3). A
large amount of FeS generates in the reduced
pellets, which can provide a liquid phase bridge for
the aggregation of iron grains and promote the
growth of iron grains. However, it is difficult to be
reduced and it has a negative impact on the

metallization rate.

The L, decreases with increasing Na,SO,
dosage, which means that the content of phosphorus
in metal phase is decreased, thus the phosphorus
recovery decreases. The result is consistent with the
experimental phenomenon.
3.2.3 Optimization =~ of  magnetic  separation

parameters

The effect of magnetic separation parameters
on the recovery of Fe and P is shown in Figure 12.
The recovery rate of iron and phosphorus increased
from 92.08% to 95.43%, and 66.69% to 68.99%,
respectively, when the magnetic field intensity
increases from 44.65 to 74.41 kA/m. However, the
iron and phosphorus recovery changes slightly with
increasing magnetic field intensity. This is because
most of the apatite has not been reduced and entered
the gangue during magnetic separation.

Figure 12(b) presents the effect of grinding
fineness (<0.074 mm) on the indexes of the
reduction process. The iron grade increases from
64.97% to 92.40% with the increase of grinding
fineness (<0.074 mm) from 90.50% to 98.65%. The
grade and recovery of phosphorus decrease from
1.35% to 1.09%, and 77.74% to 68.99%,
respectively. This is because most phosphorus in the
reduced pellets did not form a solid solution with
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Figure 12 Effect of magnetic separation parameters on
recovery of iron and phosphorus: (a) Magnetic field
intensity; (b) Grinding fineness

metallic iron, but still existed in the form of apatite,
which can be removed through magnetic separation
into non-magnetic fraction.

From above, the optimal conditions are
presented: reduction at 1050 °C for 120 min with
a C/Fe mole ratio of 8.5, carbon-burdened ratio
of 0.12 in the pellets with 15% Na,SO,
and grinding the reduced ore to 98.65% is in size
<0.074 mm at magnetic field intensity of 74.41 kA/m.
The Fe-P alloy assaying 92.40% Fe,,, and 1.09% P
is achieved at an overall iron recovery of 95.43%
and phosphorus recovery of 68.98%, respectively,
which could be used as the burden for weathering
resistant steel, and the non-magnetic tailings can be

applied as building materials [35].
4 Conclusions
hematite  ore,

High-phosphorus  oolitic

containing 41.50% Fe,, and 1.24% P, is used as a
raw material to prepare Fe-P alloy using the direct
reduction-magnetic separation process. Under the
conditions of 15% Na,SO, and carbon-burdened
ratio of 0.12, reducing at 1050 °C for 120 min with
a total C/Fe (molar ratio) of 8.5, the final product,
containing 92.40% Fe and 1.09% P is achieved at an
overall iron recovery of 95.43% and phosphorus
recovery of 68.98%, respectively. This metallized
Fe-P powder can be applied as the burden for
production of weathering resistant steels. The
mechanism study reveals that part of apatite is
reduced to P, gas, and then the generated P, can
dissolve into metallic iron to form Fe-P solid
solution.
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