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Abstract: To understand the migration mechanisms of phosphorus (P) during coal-based reduction, a high-phosphorus oolitic iron ore was
reduced by coal under various experimental conditions. The migration characteristics and kinetics of P were investigated by a field-emission
electron probe microanalyzer (FE-EPMA) and using the basic principle of solid phase mass transfer, respectively. Experimental results
showed that the P transferred from the slag to the metallic phase during reduction, and the migration process could be divided into three
stages: phosphorus diffusing from the slag to the metallic interface, the formation of Fe—P compounds at the slag—metal interface and P dif-
fusing from the slag—metal interface to the metallic interior. The reduction time and temperature significantly influenced the phosphorus
content of the metallic and slag phases. The P content of the metallic phase increased with increasing reduction time and temperature, while
that of the slag phase gradually decreased. The P diffusion constant and activation energy were determined and a migration kinetics model of

P in coal-based reduction was proposed. P diffusion in the metallic phase was the controlling step of the P migration.
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1. Introduction

Refractory iron ores have become increasingly important
with the rapid depletion of high-quality iron ore [1-2]. The
most representative refractory iron ore is oolitic iron ore,
which is widely distributed in France, Canada, Nigeria, the
United Kingdom, Saudi Arabia, the Israel-Lebanon border,
Algeria, and China [3—4]. However, oolitic iron ore is
currently unexploited and considered to be the most ab-
undant refractory iron ore in the world due to its complex
mineral composition, special concentric oolitic texture and
high-phosphorus (P) content (0.4wt%—1.8wt%) [5—6].

Recently, numerous methods, such as physical separa-
tion [7], flotation [8—9], bio-leaching [10], chemical leach-
ing [11-12], magnetic roasting—magnetic separation [13—14],
and coal-based reduction—magnetic separation [2,5,15-16],
have been developed for processing oolitic iron ore. Pre-
vious studies indicate that a coal-based reduction—magnetic
separation process is the most feasible method to recover
iron from oolitic iron ore. However, the large amount of
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apatite in the ore is reduced to P and then transferred into
the metallic iron during coal-based reduction. It is well
known that P is a detrimental impurity in steelmaking and
the P content of the feed stock for steelmaking must be
strictly controlled.

Excellent studies have been conducted on the removal
and distribution of P in coal-based reduction. Yu et al. [17]
reported that Ca(OH), and Na,CO; additives restrained the
reduction of fluorapatite, and metallic iron with 93.28wt%
Fe and 0.07wt% P was obtained at 92.30% recovery. Some
researchers [18—19] investigated the distribution characte-
ristics of P and determined it is present in the form of Fe;P
in iron ore. Cha et al. [1] clarified the distribution behavior
of P under various experimental conditions during the re-
duction of high-P iron ore. Without prior P removal, an in-
novative method was proposed to simultaneously recover
iron and P from high-phosphorus oolitic iron ore [20-24].
During reduction, P enriches the metallic iron phase, and the
P-rich metallic iron is separated from slag by magnetic se-
paration. The P-rich metallic iron can be directly used as
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feed material for high-phosphorus steel [20] or treated in a
dephosphorization process to obtain low P hot metal and
phosphate fertilizer (i.e., high-phosphorus slag) [21-24].
Most studies have focused on the dephosphorization and
distribution of P. However, the migration behavior of P into
the metallic iron phase, which is imperative for controlling P
enrichment, has not been clarified.

The present study aims to study the migration mechan-
isms of P during coal-based reduction. A high-phosphorus
oolitic iron ore was reduced by coal under different reduc-
tion time and temperatures. The P content at different po-
sitions in the reduced ore was analyzed using FE-EPMA.
The migration behaviors and kinetics of P were investi-
gated.

2. Experimental
2.1. Materials

A high-phosphorus oolitic iron ore sample from Hubei
Province of China was used. The chemical composition
(Table 1) of the ore sample is 42.21wt% iron, 1.31wt% P,
21.80wt% SiO,, 5.47wt% AlLO; and 4.33wt% CaO. The
XRD pattern in Fig. 1 indicates that the ore mainly contains
hematite, quartz, chamosite, and apatite. The photomicro-
graph of raw ore detected by a mineral liberation analyzer
(MLA) is shown in Fig. 2. The hematite, chamosite and
apatite phases are closely associated with each other and
form the concentric oolitic structure, which indicates that the

ore sample is a typical oolitic iron ore. Coal used as the re-
ductant was obtained from the Jilin Province of China. As
shown in Table 2, the coal consists of 67.83wt% fixed car-
bon, 18.45wt% volatiles, 12.02wt% ash and 1.48wt% mois-
ture. The P and S contents in the coal are very low. The iron
ore and coal were both crushed to 100% passing 2 mm. The
particle size distributions of the crushed samples are shown
in Table 3, indicating the particle size of iron ore and coal
was mainly distributed in the range of 0.074-2 mm.

Table 1. Chemical composition of the high-phosphorus oolitic
iron ore wt%

TotalFe FeO SiO, ALO; CaO MgO P S
4221 431 2180 547 433 059 131 0.03

7000
* A—Hematite
®—Quartz
6000 - A &—Chamosite
¥r— Apatite
£
8 5000 A
z
& A
2 4000 A A
- , S A k AA
© T % Ao J ot a
3000 | \\V)WJLN W Mo Mo b Mt i,

0 10 20 30 40 50 60 70 80 90
20/ ()

Fig. 1. XRD pattern of the high-phosphorus oolitic iron ore.
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Fig. 2. MLA detection images of the raw ore.

Table 2. Proximate analysis of the coal wt%
Fixed carbon Volatile matter ~Ash  Moisture P S
67.83 18.45 12.02 1.48 0.004 0.028

2.2. Experimental procedure

Reduction experiments were performed in a KSL-1400X
electric resistance furnace. With a pre-determined C/O mo-
lar ratio (i.e., molar ratio of fixed carbon in the coal to re-
ducible oxygen in iron oxides) of 2.0, the crushed iron ore

and coal were homogeneously mixed, and 100 g of the
mixture was charged into an alumina crucible (150 ml). The
crucible was then placed in a furnace with a target tempera-
ture of 1473, 1498, 1523, or 1548 K. After a 10, 20, 30, 40,
60, or 80 min, the crucible was taken out and cooled down
to room temperature by quenching in water. The wet re-
duced sample was subsequently filtered and dried at 353 K
in a vacuum oven. The obtained reduced sample was ana-
lyzed by FE-EPMA.
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Table 3. Particle size distributions of the oolitic iron ore and coal wt%
Materials 1-2 mm 0.5-1 mm 0.074—0.5 mm 0.045-0.074 mm < 0.045 mm Total
Oolitic iron ore 19.45 26.15 4495 483 4.62 100
Coal 16.46 40.24 36.56 2.63 4.11 100

2.3. FE-EPMA analysis

The P content at different positions of the metallic iron
and slag phases in the reduced sample was determined by a
JEOL JXA-8530F field-emission electron probe microana-
lyzer (FE-EPMA). The detection process is shown in Fig. 3.
The reduced sample was fixed by epoxy resin and polished
to form a cross section. Field-emission scanning electron
microscopy (FESEM) was used to find the target area con-
taining slag and metallic iron phases in the cross section,
and a wavelength dispersive spectrometer (WDS) was used

FESEM image

Prepared briquettes

to detect the P content. Six different micro-size areas were
analyzed for each sample, and the P content at seven differ-
ent positions was detected in each area (as shown in Fig. 3).
The average value of the P content at the corresponding po-
sition was used as the experimental data. The obtained data
were presented in a figure, which was plotted with the P
content as the Y-axis, the position as the X-axis, and the in-
terface between the metallic iron and slag phases as the ori-
gin (the interior of the metal is positive, the interior of the
slag is negative).
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Fig. 3. Schematic diagram for detection of phosphorus.

3. Results and discussion
3.1. Migration route of phosphorus

For a closer look at the P migration behavior, the reduced
sample prepared at 1523 K for 40 min was observed by line
scanning of EPMA, and the results are shown in Fig. 4. Me-
tallic iron and slag phases were clearly observed in the re-
duced ore. The Fe-line scanning revealed that the iron con-
tent of the metallic phase approached 100wt%, while the
iron content of the slag phase was comparatively low, indi-
cating that iron minerals in the ore were reduced to metallic
iron and formed the metallic iron phase. The P-line scanning
showed that the P content in the metallic phase was much
higher than that in the slag phase, indicating that P effec-
tively enriched the metallic iron phase during reduction.
Additionally, the P content in the boundary region of the
metallic phase was higher than that in the internal region.

With the line scanning position moving from the edge to the
inside of the metallic phase, the P content decreased and
gradually reached a stable value.

A previous study similarly found that the P content in the
metallic iron decreased from the edge to the center and pre-
sented as a solid solution of a-Fe and Fe;P in the metallic
iron phase [18]. According to the change in P and its exist-
ing form in the metallic phase, the migration route of P dur-
ing reduction was as follows. A large amount of metallic
iron was generated prior to the reduction of P, which pro-
vided a matrix for P enrichment. The reduced P migrated
from the slag to the slag—metal interface and reacted with
metallic iron to form an Fe-P compound in the slag—metal
interface; furthermore, P gradually diffused from the inter-
face to the interior of the metallic phase under the concen-
tration gradient and existed as a solid solution of the metal
phase.
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Fig. 4. EPMA line scanning of the sample reduced at 1523 K for 40 min.

3.2. Migration characteristics of phosphorus

High-phosphorus oolitic iron ore was reduced under dif-
ferent experimental conditions. The P content at different
positions is shown in Fig. 5. The phosphorus content at
different positions in a metallic phase or slag phase pre-
sented a similar variation under different reduction tem-
peratures and time. The phosphorus content gradually de-
creased from the metallic phase boundary to the interior,
while the phosphorus content gradually increased from the
interior of the slag phase to the slag—metal interface. For
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example, at a reduction temperature of 1523 K and a re-
duction time of 10 min, the P content at the =5 pm and —1
um positions in the slag phase was 1.08wt% and 1.23wt%,
respectively, while the P content at the 0 um position in
the metallic phase was 1.06wt% and decreased to 0.68wt%
at the 5 pm position. This result is consistent with previous
scanning analysis results (Fig. 4), which further proved
that the P was transferred from the slag to the metal phase
during the reduction process and gradually enriched in the
metal phase.
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Fig. 5. Phosphorus content at different positions of samples reduced at (a) 1473 K, (b) 1498 K, (c) 1523 K, and (d) 1548 K.
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The reduction time had a significant influence on the P
content at different positions. At the same reduction temper-
ature and detected position, the P content in the slag de-
creased significantly with increasing reduction time, while
the P content in the metal phase increased rapidly. For in-
stance, when the reduction time increased from 10 to 80 min
at a reduction temperature of 1498 K, the P content at the —5
pum position in the slag phase decreased from 1.19wt% to
0.22wt%, while the P content at the 5 um position in the
metallic phase increased from 0.48wt% to 1.81wt%. The
reason for this behavior is that more apatite in the ore was
reduced to P with more reduction time, and more P trans-
ferred into the metallic phase. In addition, the extension of
reduction time provided more time for the transfer of P from
the slag to the metallic phase.

As shown in Fig. 5, the reduction temperature also had a
significant effect on the P content at different positions. At
the same reduction time and detected position, the P content
of the slag phase showed a decreasing trend with increasing
reduction temperature, while the P content of the metallic
phase increased. For example, when the reduction time was
20 min, as the reduction temperature increased from 1473 K
to 1548 K, the P content at the —3 pm position in the slag
phase decreased from 1.26wt% to 0.66wt%, while the con-
tent at the 3 pum position in the metal phase increased from
0.54wt% to 1.48wt%. This behavior is attributed to the high

reduction temperature accelerating the reduction of apatite [1].

Additionally, the random movement of molecules will be
intensified by increasing temperature, which benefits P mi-
gration.

3.3. Migration kinetics of phosphorus

The process of P migration can be divided into three
stages: (1) diffusion of P from the slag to the slag—metal in-
terface, (2) formation of Fe—P compounds at the slag-iron
interface, and (3) diffusion of P from the slag—metal inter-
face to the metallic interior. The reduction of iron oxides is
much easier than that of apatite in coal-based reduction [25].
Some metal has formed prior to the reduction of apatite. In
addition, the content of iron (42.21wt%) in the ore was
much greater than that of P (1.31wt%). Thus, an adequate
metallic interface was provided for the formation of Fe—P
compounds, and the reaction between metallic iron and P
was near equilibrium. Therefore, the restrictive step of P
migration is not the interface chemical reaction but the dif-
fusion of P in the metal phase.

As shown in Figs. 4 and 5, the P content in the metal
phased gradually decreased from the interface to the interior.
It was assumed that the concentration gradient primarily
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provided the driving force for the P diffusion. Moreover, the
metallic iron phase existed in the form of a solid-state par-
ticle during the reduction. Therefore, Fick's Law was used to
derive the P diffusion equation in the metallic phase. Ac-
cording to the P content in the metallic phase at a specified
reduction temperature and different time, the diffusion coef-
ficient of P can be calculated and a diffusion kinetics model
(i.e., migration kinetics model of P) can be obtained.

Based on Fick’s law, the diffusion flux of P in the metal-
lic phase can be expressed as

dep

Jp=-Dp (M

where Jp is the P diffusion flux (mol'm *s "), D, is the P
diffusion coefficient (m*s™), dep/dx is the P concentra-
tion gradient (mol'm*). It was assumed that dep/dx is

constant and Eq. (1) can be written as
I
Jp=-Dp 2P

@

where ¢, is the concentration of P in the metallic phase
(mol'm™), cll, is the initial concentration of P in the metal-
lic phase (mol'm™), and Ax is the thickness of the metallic
phase (m). Using Eq. (2), the diffusion rate of P in the me-
tallic phase can be expressed as

NP:_JPA:AA’;P (CP_CIL) 3)

where Np is the P diffusion rate (mol's '), 4 is the surface
area of the metallic phase (m”). The increase in the rate of P
concentration in the metallic phase can be expressed as
dep  Np
= _ e 4
d v @
where ¥ is the metallic phase volume (m’), and ¢ is the reac-
tion time (s). Eq. (3) was substituted into Eq. (4), and it can
be deduced that
dCP ADP 1
—=—|c¢p—c 5
e —er) )
By rearranging and integrating, Eq. (5) can be expressed as
cp— CII, _ ADp
0 I~ V Ax

Cp—Cp

(6)

where ¢, is the average concentration of P in the metallic
phase at time 7 (mol'm °), and cg is the initial content of P
in slag phase (mol'm ). Based on previous analysis, metal-
lic iron forms before the reduction of apatite, and thus, the
initial concentration of P in the metallic phase is considered
to be 0. Therefore, Eq. (6) can be approximated as

t
In > = 4D, (7)

cg V Ax
The metallic phase existed in the shape of a sphere [26].

Therefore, Eq. (7) can be expressed as
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®)

where d, is the mean diameter of the metallic phase at time t
(m). The value of d, was obtained from a previous paper [26].
Briefly, the reduced sample was embedded, polished and
photographed using an Olympus BX41M metallographic
microscope. Then after image analysis using Motic Images
Advanced 3.2 software, the particle size of each metallic
iron phase was acquired, and the mean size of the metallic
phase was calculated by the following equation.

N
di
> _ =l

=N )

where d is the mean grain size of the metallic iron, N is
the total number of metallic iron grains (dimensionless), and
d; is the size of each metallic iron phase (um).
Using the mass content of P, Eq. (8) can be transformed
into
lnw—% = @t
wp d;
where w} is the mass content of P in the metallic phase at
time ¢ (%). wg is the mass content of P in the slag phase at

(10)

the initial moment. The values of D, can be determined
from the slopes of the linear regression of In(wj /wg) ver-
sus ¢ and the corresponding d,. During reduction, iron oxides

were reduced to metallic iron, gangue minerals in iron ore
and ash in coal formed slag phase. In order to determine
wg , it was assumed that the initial slag was generated just
from the gangue minerals and ash, and not from the iron
oxides. Therefore, according to the composition of iron ore
and coal (Tables 1 and 2) and dosage of coal, the wg was
3.82wt%.

The average content of P (w}p ) was calculated by the P
content at different positions in the metallic phase, as shown
in Fig. 5. The plots of In(w} /wg) versus ¢ are presented in
Fig. 6. Evidently, ln(wf)/wg) and ¢ presented good lineari-
ty, which indicates that calculating the diffusion coefficient
of P using Eq. (10) was feasible. The calculated diffusion
coefficients of P under different conditions are presented in
Table 4. The diffusion coefficient of P in the metallic phase
varied between 3.81 x 107°~7.62 x 10" m*s". Additionally,
the diffusion coefficient of P gradually increased with an in-
crease in reduction time and temperature. For example, when
oolitic iron ore was reduced at 1498 K for 10 to 80 min, the
diffusion coefficient of P increased from 4.07 x 10" m*s ™'
to 7.29 x 10" m*s". At a reduction time of 30 min, the dif-
fusion coefficient of P increased from 4.55 x 107" m*s ™' to
5.24 x 10 m*s™' when the reduction temperature increased
from 1473 to 1548K. This was attributed to the reduction of
apatite being accelerated at high temperatures and long re-
duction times, providing more reduced P for diffusion.

Table 4. Diffusion coefficients of phosphorus in the metallic phase

Temperature Dp/(10 Pm’s ™
/K 10 min 20 min 30 min 40 min 60 min 80 min Mean value
1473 3.81 4.17 4.55 4.98 6.28 7.18 5.16
1498 4.07 4.45 4.69 491 6.38 7.29 5.30
1523 4.29 4.66 5.04 5.31 6.46 7.49 5.54
1548 4.40 4.95 5.24 5.58 6.57 7.62 5.73
0.0 The relationship between diffusion coefficient and tem-
72'12‘ L perature follows the Arrhenius equation, expressed as
-0.6 D=Doexp(—gj (11)
2 _osl RT
2 10l where D is the diffusion coefficient (m*s ™), Dy is the diffu-
2 12l sion constant (m*s '), Q is the diffusion activation energy

= 1473 K R?=0.957
® 1498 K R*=0.949
A 1523 K R*=0.940
v 1548 K R*=0.993

_14V
-1.6
~18%L

2.0 L L L L L L N "
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Fig. 6. Plots of In(w,/w}) versus ¢ for phosphorus migration
at various reduction temperatures.

(J'mol ™), R is the gas constant (8.314 J-mol “K "), and T is
the temperature (K). Taking the natural logarithm of both
sides, Eq. (11) can be expressed as

0
InD=InD,—— 12
* RT (12)
The value of the diffusion activation energy (Q) and dif-

fusion constant (D) can be determined from the slopes and
intercept of the linear regression of InD versus 1/7.
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The mean diffusion coefficient in Table 4 was used to
calculate the diffusion activation energy and diffusion con-
stant, and the plot of InD versus 1/7 is shown in Fig. 7. The
linear fitting of InD versus 1/7 presented good linearity,
which indicated that the relationship of the diffusion coeffi-
cient with temperature is in good agreement with the Arrhe-
nius equation. According to the slope of the regression line,
the diffusion activation energy (Q) of P in the metallic phase
was 26.96 kJ'mol ', and the diffusion constant (D,) was 4.65
x 10" m*s'. In general, when the diffusion activation
energy Q is less than 150 kJ-mol', the transfer process is
controlled by mass diffusion. The diffusion activation ener-

gy for components in metallic iron is usually 17-85 kJ-mol .

The diffusion activation energy of P in the metallic phase
was 26.96 kJ-mol ", less than 150 kJ-mol™' and within the
range of diffusion activation energy for components in me-
tallic iron. Therefore, the calculated value of diffusion acti-
vation energy further proved that the migration of P was re-
stricted by diffusion in the metallic phase.

-32.78

-32.80
R*=0.0989
-32.82 ¢

-32.84

InD

-32.86

-32.88 -

-32.90 t+

0.00066  0.00067  0.00068

/KT
Fig.7. Dependence of InD on 1/7.

.92 .
0.00064  0.00065

Using the calculated diffusion activation energy (Q) and
diffusion constant (D), the diffusion equation of P in the
metallic phase was obtained, and this equation is just the
migration kinetics model of P in the coal-based reduction of
high-phosphorus oolitic iron ore.

_26.96><103J ,

N =930x10"nd, exp( | (13)

4. Conclusions

The migration direction of P during coal-based reduction
of high-phosphorus oolitic iron ore was from the slag to the
metallic phase. The P migration route was as follows: the
reduced P diffused from the slag phase to the slag—metal in-
terface, reacted with metallic iron to form Fe—P compounds,
and then diffused to the interior of the metallic phase. The
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reduction time and the temperature showed a significant in-
fluence on the P content of the metallic and the slag phases.
With increasing reduction temperature and time, the P con-
tent at the same test position in the slag phase gradually de-
creased, while that in the metallic phase clearly increased.
The P content in the metallic or slag phase similarly varied
with a change in the detected position. In the metallic phase,
the P content gradually decreased from the boundary to the
interior, while in the slag phase, the P content gradually in-
creased from the interior to the slag—metal interface. The mi-
gration kinetics model for P was proposed and described as

3
—26'912)( 10 JCI’, . The migration

NL=930x10"7d, exp[—
of P during reduction was restricted by the P diffusion in
metallic phase.
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