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Abstract: To reveal the formation and characteristics of metallic iron grains in coal-based reduction, oolitic iron ore was isothermally re-
duced in various reduction times at various reduction temperatures. The microstructure and size of the metallic iron phase were investigated
by scanning electron microscopy, energy-dispersive X-ray spectroscopy, and a Bgrimm process mineralogy analyzer. In the results, the re-
duced Fe separates from the ore and forms metallic iron protuberances, and then the subsequent reduced Fe diffuses to the protuberances and
grows into metallic iron grains. Most of the metallic iron grains exist in the quasi-spherical shape and inlaid in the slag matrix. The cumula-
tive frequency of metallic iron grain size is markedly influenced by both reduction time and temperature. With increasing reduction temperature
and time, the grain size of metallic iron obviously increases. According to the classical grain growth equation, the growth kinetic parameters, i.e.,
time exponent, growth activation energy, and pre-exponential constant, are estimated to be 1.3759 + 0.0374, 103.18 kJ-mol ™", and 922.05, respec-

tively. Using these calculated parameters, a growth model is established to describe the growth behavior of metallic iron grains.
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1. Introduction

Oolitic iron ore, which widely distributes in Pakistan,
France, the United States, the United Kingdom, Canada, and
China, is an important iron ore resource [1-3]. Regarded as
one of the most refractory iron ores, however, it cannot be
upgraded by conventional mineral processing methods be-
cause of its unique oolitic texture, complex mineral compo-
sition, and high phosphorus content [4-6]. Recently, the
coal-based reduction followed by magnetic separation has
been provided as a feasible method of recovering iron from
refractory iron ores, especially for oolitic iron ore [3,7-10].
In this process, iron minerals are reduced to metallic iron by
coal and the metallic iron subsequently grows into the me-
tallic phase with a certain size. Metallic iron that can be used
in steel making is then concentrated by magnetic separation
after being ground to liberation size.

Numerous excellent works have been conducted on the
coal-based reduction of oolitic iron ore. The effects of re-
duction conditions such as reduction temperature, reduction
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time, C/O molar ratio, particle size, and coal type on the re-
duction and magnetic separation were investigated in detail,
and metallic iron containing more than 90% Fe was ob-
tained under the optimal conditions [2-3,11-13]. During the
reduction, phosphorus was reduced from apatite and par-
tially enriched in the metallic phase, which resulted in the
excessive phosphorus content in the metallic iron. Therefore,
the additives such as Ca(OH),, Na,CO;, CaO, and Na,SO4
were used as the dephosphorization agents to reduce the
phosphorus content of the metallic iron, and the satisfactory
results were obtained [14—16]. In addition, the distribution
behavior and migration mechanism of phosphorus were ob-
served [17-20]. The particle size of metallic iron plays an
important role in coal-based reduction and the subsequent
magnetic separation, because the metallic iron with large
particle size can be easily liberated and separated from the
slag. In our previous work, the optical image analysis was
used to measure the particle size of metallic iron in reduced
oolitic iron ore, and the particle size distribution behavior
was analyzed [21-23]. However, the formation and charac-
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terization of metallic iron grains during the reduction remain
unclear, which are imperative for understanding and opti-
mizing the coal-based reduction process.

To obtain the insights into the characteristics of metallic
iron during the reduction of oolitic iron ore, the formation
process and morphological characterization of metallic iron
grains were investigated visually using scanning electron
microscopy (SEM) and energy-dispersive X-ray spectros-
copy (EDS). The size of the metallic iron grains in reduced
iron ore was obtained using a Bgrimm process mineralogy
analyzer (BPMA), and the growth kinetics was analyzed on
the basis of the classical phenomenological kinetic theory.

2. Experimental procedure

The raw materials used in this research were oolitic iron
ore and coal. The oolitic iron ore was collected from Hubei
Province, China. Chemical analysis indicated that the main
compositions of the ore sample were 42.21wt% Fe,
21.80wt% SiO,, 5.47wt% ALO;, 4.33wt% CaO, and
1.31wt% P. The microstructure of the ore sample is shown
in Fig. 1, which shows that the hematite and chamosite are
closely intergrown, forming the typical texture of concentric
and alternating layers. The coal used as a reductant was ob-
tained from Jilin Province, China. The proximate analysis re-
sults showed that the coal contained 67.83wt% fixed carbon,
18.45wt% volatiles, 12.14wt% ash, and 1.58wt% moisture.

Fig. 1. Microstructure of the ooloitic iron ore sample.

The iron ore and coal were crushed to 100% passing
2 mm and were subsequently mixed according to a mass ra-
tio of 72:28 (iron ore : coal) for use in the reduction experi-
ments. A 100 g sample of the mixture was placed in alumina
crucible and isothermally reduced in a muffle furnace under
the designated experimental conditions. The reduced sam-
ples were then removed and cooled to room temperature in
water. After cooling, the reduced samples were characte-
rized by various techniques.

To reveal the formation process of metallic iron grains,
the oolitic iron ore was reduced at 1473 K for 2.5, 5, and
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7.5 min. The reduced samples were directly characterized by
SEM in conjunction with EDS. To quantitatively examine
the metallic iron growth, the grain size of metallic iron was
measured. The reduced samples were prepared at 1423,
1473, and 1523 K for durations of 20, 30, 40, and 50 min.
The SEM images containing more than 1000 metallic iron
grains for each specimen were collected from the polished
reduced iron ore, and the apparent grain size was subse-
quently determined by BPMA.

3. Results and discussion
3.1. Formation of metallic iron grains

The iron ore and reduced samples were observed by
SEM and EDS, and the results are shown in Fig. 2. As
shown in Fig. 2(a), the surface of the oolitic iron ore is rela-
tively smooth. O, Fe, and Si distribute uniformly in the ob-
served region, indicating that O, Fe, and Si are integrated
closely with each other in the unreduced oolitic iron.

At the reduction time of 2.5 min, the protuberances and
fragmental matter are clearly observed in the reduced ore, as
shown in Fig. 2(b). According to the EDS analyses, the pro-
tuberances are mainly composed of Fe, whereas the region
between protuberances contains Fe, Si, Al, and O. The
fragmental matter is iron suboxide formed via the reduction
reaction. Fe exhibits the trend of distributing intensively in
the protuberance regions. These observations indicate that
the protuberances are reduced metallic iron and that the gap
regions are a slag matrix phase of Fe-Si—Al-O. After the
reduction for 5 min, the protuberances in the reduced ore
tend to form spherical-like grains and the amount of frag-
mental matter obviously increases (Fig. 2(c)). The EDS
spectrum of point 7 shows that the protuberance grain is
metallic iron and that the purity is higher than that reduced
for 2.5 min. Compared with the EDS spectrum of point 6,
the relative intensity of the Fe peak weakens significantly,
while the intensities of the Al and Si peaks strengthen, indi-
cating the iron oxides in the slag phase are reduced to metal-
lic iron that migrate to the protuberance grains. The distribu-
tion regions of Fe, O, and Si are evident. Fe distributes in-
tensively in the protuberance grain regions, whereas Si and
O are scattered in the gap regions of protuberance grains. As
shown in Fig. 2(d), at a reduction time of 7.5 min, the metal-
lic iron exists in the form of spherical-like grains inlaid in
the slag phase. The relative intensity of the O peak in the
EDS spectrum of point 12 is weaker than that in point 8, in-
dicating that iron suboxide is further reduced to metallic iron.
The distribution of Fe is much more intensive and accurate-
ly distributes in the metallic iron grain positions.
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Fig. 2. SEM images and EDS analysis results of the oolitic iron ore reduced at 1473 K: (a) 0 min; (b) 2.5 min; (¢) 5 min; (d) 7.5 min.

On the basis of the aforementioned analysis, the forma-
tion process of metallic iron grains could be inferred as fol-
lows: the iron minerals in the ore surface were firstly re-
duced to metallic iron atoms that were in a supersaturated
state in ore, whereupon the nuclei of metallic iron formed;
the new nuclei aggregated with each other via collision and
diffusion; the interfacial tension existed in the aggregation
process, therefore, the aggregated nuclei separated out from
the ore surface and formed tiny metallic iron protuberances;
as the reduction proceeded, the iron minerals were further
reduced to Fe, and the Fe diffused to the metallic iron pro-
tuberances under the action of homogeneous condensation;
the metallic iron protuberances then grew into spherical-like
grains according to the principle of minimum free energy.

3.2. Characterization of metallic iron grains

As previously mentioned, the metallic iron formed
spherical-like particles during the reduction. To obtain the

additional details, the iron ore was reduced at 1523 K for
20 min and the reduced sample before and after polished
was observed by SEM. The morphology of the metallic iron
phase in the reduced iron ore is shown in Fig. 3. As shown
in Fig. 3(a), most of the metallic iron phase exhibits a
spherical shape and is inlaid in the slag phase that is mainly
composed of Si, Al, Ca, Fe, and O. The image of the po-
lished sample (Fig. 3(b)) shows that the metallic iron phase
is closely embedded in the slag, and the cross-sectional
shape of the metallic iron phase is predominantly round or
oval. Therefore, it can be considered that the metallic iron in
the reduced ore exists in the form of spherical-like grains.

For a quantitative description, the apparent grain size of
metallic iron prepared under different reduction conditions was
measured. For a sphere, the real size of metallic iron grain can
be calculated according to the following equation [24].

4

d=21 (1)
T
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Fig. 3. SEM images of the unpolished (a) and polished (b) samples reduced at 1523 K for 20 min.

where d is the real size and L is the apparent size. The grain
size characterization is often expressed as the cumulative
distribution of particle properties (e.g., the number, volume,
and mass of particles). In this study, the cumulative fre-
quency distribution of metallic iron grains was calculated
using the following equation.

n(d <d.,)

d)y=—-—==
o) N

where O(d) is the cumulative frequency, n(d < d;) the num-

ber of metallic iron grains with size smaller than d;, d; the
measured grain size, and N the total number of measured

x100% )]

grains.

The cumulative frequency distribution of metallic iron
grains in the reduced samples is shown in Fig. 4. It is ob-
served that the plots of cumulative frequency vs. particle
size are quite similar for different reduction conditions. The
cumulative frequency obviously increases with increasing
particle size, especially when the particle size is small. It is
also found that the reduction time and temperature strongly
influence the cumulative frequency distribution. At the same
reduction temperature, the curves of cumulative frequency
shift rightward systematically with increasing reduction time,
indicating that the number of large-sized metallic iron grains
increases with increasing reduction time. For instance, the
Dy, of metallic iron grains at a reduction temperature of
1473 K increases from 8.97 pm to 30.92 pum as the reduction
time is increased from 20 min to 50 min. Similarly, at the
same reduction time, the curves of cumulative frequency
shift to the right successively with increasing reduction
temperature, implying that the number of large metallic iron
grains increases. For example, when the reduction tempera-
ture increases from 1423 K to 1523 K, the Dy, at a reduction
time of 30 min increases from 10.82 um to 20.84 pum. These
phenomena were attributed to that the increase of reduction
time and temperature could accelerate the growth of metallic
iron grains, and more large grains were formed under higher
temperatures or longer reduction times.

3.3. Growth kinetics of metallic iron grains

To reveal the growth behavior of metallic iron grains, the
mean size was used in this study, and it was calculated ac-
cording to the following equation.

N
_ 24

_ =
=N ®
where d is the mean size, d; the size of each measured me-
tallic iron grain, and N the total number of measured metal-
lic iron grains. The mean size of metallic iron grains at var-
ious temperatures for different times is shown in Fig. 5. The
grain size of metallic iron obviously increases with the in-
creasing reduction time and temperature. For instance, when
the reduction time at 1423 K is increased from 20 min to 50
min, the grain size of metallic iron increases from 4.56 um
to 16.40 pm. This result indicates that the metallic iron
gradually grows into large-sized grains with the increasing
reduction time and temperature.

Grain growth is usually expressed by the following clas-
sical phenomenological kinetic equation [25-29].

D" D" =Kt )

where D is the grain size, D, the grain size at ¢ = 0, n the
time exponent, K the temperature-dependent growth con-
stant, and ¢ the holding time. The parameter K obeys the
Arrhenius relationship.

Y
K=K, exp[ Ej ®)
where K| is the pre-exponential constant, O the grain growth
activation energy, R the gas constant, and 7 the absolute
temperature. Eq. (4) has been widely used to describe grain
growth kinetics during the synthesis of alloys, ceramics, and
metals. The growth of the metallic iron phase is regarded as
crystal growth. Thus, the metallic iron grain growth is ana-
lyzed using this equation. No metallic iron phase is present
during the initiation of reduction; thus, Dy is 0. By substituting
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Fig. 5. Mean size of metallic iron grains under different re-
duction conditions.

Eq. (5) into Eq. (4), the growth of metallic iron grains in the
coal-based reduction of the oolitic iron ore can be expressed
using the following equation.

D" =K, exp(—%j-t (6)

Obviously, if the values of n, Kj, and Q are estimated
from the experimental data, the growth model of metallic
iron grain will be proposed. To obtain the values of #, K,
and Q, the grain growth kinetics was analyzed through three
successive processes. First, the n value was determined on
the basis of the slope of a plot of InD vs. Inz. Second, the K
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Fig. 4. Cumulative frequency distribution
of metallic iron grains under different reduc-
tion conditions: (a) 1423 K; (b) 1473 K; (¢)
1523 K.

value was obtained from the slope of a plot of D' vs. ¢. Fi-
nally, the O and K, values were determined according to the
slope and intercept of a plot of InK vs. 1/7, respectively.

The plots of InD vs. In¢ are presented in Fig. 6. The linear
regression analysis for InD vs. In¢ exhibits good linearity.
The n values at different reduction temperatures could be
reasonably considered as a constant, 1.3759 = 0.0374, irres-
pectively of temperature. The calculation of the grain
growth activation energy (Q) and the pre-exponential con-
stant (Ky) is shown in Fig. 7. As presented in Fig. 7(a), the li-
nearity between D" (n = 1.3759 + 0.0374) and ¢ is favorable
at various temperatures, and the corresponding K values are

4.0
m 1423 K Slope=1.3558
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g
25
8
=
— 20
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Fig. 6. Plot of InD vs. Inz for metallic iron grains at different
temperatures.
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Fig. 7. Determination of Q and K, for the growth of metallic iron grains: (a) D""*"% vs. #; (b) InK vs. 1/T.

obtained from the slope regression lines. The dependence of
InK on 1/T is shown in Fig. 7(b). Good linearity is observed be-
tween InK and 1/7. According to the slope and intercept of the
regression line, the determined O and K, are 103.18 kJ ‘mol !
and 922.05, respectively. Using the estimated time exponent,
growth activation energy, pre-exponential constant, and Eq.
(6), the growth model of metallic iron grains in the
coal-based reduction of the oolitic iron ore is derived as

103.18><103J.t

RT
A comparison of the grain sizes calculated using Eq. (7)
with experimental data is shown in Fig. 8. The calculated grain
sizes are uniformly distributed on the both sides of the equality
line, indicating the reasonable agreement between calculations

D137 =922 05 exp[— (7)

and experimental measurements. Therefore, the established
growth model can be used to describe the grain growth of me-
tallic iron in the coal-based reduction of the oolitic iron ore.

35 = Calculated

y=x

[ — [\3 N W
(=] W (=] W [
n

Calculated grain size / um
-

W

lb 1I5 Zb 2I5 3.0 3.5
Measured grain size / pum
Fig. 8. Reliability of the proposed growth model for metallic

iron grains.
4. Conclusions

(1) Iron minerals in the ore surface are first reduced to

iron atoms that form metallic iron nuclei. Then the nuclei
separate from the ore surface and form tiny metallic iron
protuberances as a result of collisions and interfacial tension.
Subsequent generated Fe diffuses to the protuberances and
grows into spherical-like grains under the action of the
minimum free energy principle. Most of the metallic grains
exist in the quasi-spherical shape and are closely embedded
in the Si—Al-Ca—Fe—O slag phase.

(2) The variation trend of cumulative frequency of metal-
lic iron grain size vs. particle size is approximately the same
(obviously increases with the increase of particle size). Both
reduction time and temperature strongly influence the
growth of metallic iron grains. The curves of cumulative
frequency vs. particle size shift toward the right with in-
creasing reduction time and temperature. The mean size of
metallic iron grains increases with increasing reduction time
and temperature.

(3) The time exponent is almost constant at various tem-
peratures, and the value is 1.3759+0.0374. The growth acti-
vation energy and pre-exponential constant for the growth of
metallic iron grains is 103.18 kJ-mol™" and 922.05, respec-
tively. The growth kinetics model of metallic iron during
coal-based reduction of the oolitic iron ore is described as

~103.18x10°
RT

<1523 K and 20 min < ¢ < 50 min, where D denotes the size
of the metallic iron phase at the reduction time (f) and tem-
perature (7).

D1/1-3759 :922056)(13[ Jt for 1423 K S T
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