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Isothermal reduction experiments are carried out to study carbothermic reduction of hematite in
hematite—graphite composite pellets. The carbothermic reduction is dominated by the direct reduction at
the initial stage of reduction, and it is determined by the indirect reduction together with the carbon solution
loss reaction when the CO partial pressure exceeds a certain value, which is dependent on the tempera-
ture. The reduction is greatly promoted due to the increment of the contact area between the hematite and
graphite particles and enhancement of heat conduction in the hematite—graphite composite pellets.

The indirect reduction together with the carbon solution loss reaction is markedly activated with increas-
ing temperature. At a moderate carrier gas flow rate, the carbothermic reduction rate reaches the highest
value. The reduction can also be effectively improved with decreasing the graphite particle size.

The relationship of reduction products, heating temperature and holding time has been obtained from the
XRD analysis results at the different stages for various temperatures under the present experimental condi-
tions. The SEM observation indicates that the indirect reduction together with the carbon solution loss reac-
tion should dominate the carbothermic reduction of hematite at the later stage of reduction.

KEY WORDS: carbothermic reduction; hematite; composite pellet; reduction product; direct reduction; indi-

rect reduction.

1. Introduction

In recent years, increasing attention has been paid to the
carbon composite iron ore agglomerates by many strategists
and researchers in ironmaking industry. The coal-contain-
ing iron ore agglomerates were used in the direct reduced
iron (DRI) process, such as FASTMET" and COMET.? On
the other hand, for improving the blast furnace production
and operation flexibility, some researchers have tried to use
the carbon composite iron ore agglomerates as the blast fur-
nace burden.

Several new processes using carbon composite iron ore
agglomerates were recently developed. High Quality Iron
Pebble (Hi-QIP) process may be a new method to produce
DRI By use of the mixture of fine ore and fine carbona-
ceous material, the separated metal and slag could be ob-
tained in a rotary hearth furnace. The carbon composite
iron ore hot briquette was developed for being used in the
shaft furnace.” Reduction degree reached 95% in about
10 min during the briquette descending to the bottom of
heat reserve zone of 1373 K. Therefore, Utilization of the
carbon composite iron ore hot briquette was promising to
decrease the fuel rate and the discharging amount of CO,,
and elongate the furnace life. A Sheet Material Inserting
Metallization Method (SMIMET),” in which a sheet of ma-
terial consisting of the coal and iron ore mixture was in-
serted in a rotary hearth furnace, was developed for produc-
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ing DRI. Over 90% metallization was achieved with the
coal ratio up to 20%. The non-spherical carbon composite
agglomerates were also tired in a lab-scale manufacture for
recycling steel work dust and improving blast furnace per-
formance.®

In addition to the new process development, the funda-
mental studies on the mechanism and kinetics of carbother-
mic reduction of iron oxide was energetically carried out
for the carbon composite iron ore agglomerates. In a simul-
taneous reaction using a hematite—graphite facing pair,
Kashiwaya et al.” found the starting temperature of gasifi-
cation decreased from 1173 to 873K in the facing pair
under CO, atmosphere, and to 523 K under CO atmosphere
due to the coupling phenomenon of reduction and gasifica-
tion. Iguchi et al. made systematical studies on reduction
mechanism in carbon composite iron ore pellet. The reac-
tion model was proposed,® and the reaction mechanism,
swelling rate and crushing strength of pellet were investi-
gated” in oxygen bearing gas flow. Rate of direct reduc-
tion'? was measured in vacuum, and kinetics of the reac-
tions'" was studied from vacuum to 0.1 MPa. Additionally,
for the carbon composite iron ore agglomerates, a great
deal of research was done on the reduction and melting be-
havior,'>'® effects of the carbon content'” and the atmos-
pheric gas composition'® on the reduction behavior, the
cold strength enhancement mechanism,'” the mechanism of
pig iron making from magnetite ore pellets containing coal
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at low temperature®” and by microwave heating.*"

Furthermore, great attention has been paid to mechanical
milling of iron oxide and carbonaceous material in recent
years. It was found that the mixing state and the structure of
composite significantly influenced reduction kinetics. The
temperature of reduction and carbon gasification was re-
markably decreased with mixed-grinding of iron oxides and
carbonaceous materials.**** Gas evolution during the me-
chanical milling was analyzed.*¥ The concepts of nano-re-
actor’ and a strong contact situation®® were proposed to
explain the enhancement of reduction and gasification by
mechanical milling of the carbon and iron oxide mixture.
The reduction kinetics of hematite powder mechanically
milled with graphite was also studied.?” However, further
investigation is necessary to clarify the effects of the gas
mixture around the closely arranged iron ore and carbona-
ceous material particles, and exceedingly increased specific
surface area on the reduction rate of hematite.

In the present study, hematite—graphite composite pellets
are manufactured by use of a cold isostatic press (CIP). By
use of the isothermal reduction method, effects of tempera-
ture, carrier gas flow rate, graphite particle size on the car-
bothermic reduction rate of hematite are investigated exper-
imentally. The pellets after reduction are observed by use of
SEM and optical microscope. The changes in the composi-
tions of the reduced pellets at the different stages of reduc-
tion are qualitatively measured using XRD patterns. The
possible existence regions of the different reduction prod-
ucts are determined at the different stages of reduction for
various temperatures under the present experimental condi-
tions.

2. Experimental Apparatus and Procedures

Figure 1 schematically shows the experimental appara-
tus. A high frequency induction furnace (15kW, 100 kHz)
was used to heat a graphite crucible of 40mm I.D. and
100 mm in height, in which a high temperature isothermal
zone was maintained. The inert atmosphere was maintained
by blowing argon gas at a flow rate of 1.3X107> Nm?/s into
the graphite crucible. A graphite tube of 11 mm L.D., 15 mm
O.D. and 60 mm in height had 5 holes of 1.0 mm diameter
at its lower part, through which the produced CO and CO,
gases, and the argon carrier gas flew out. The temperatures
in the tube and the crucible were measured with W -5%Re—
W -26%Re thermocouples.

The pellets of 0.5050.01 g charged into the graphite tube
were composed of hematite powder (less than 10 um in di-
ameter and purity of 99.9%) and graphite powder (20.3 or
29.2 um in average diameter and purity higher than 98.0%)
with a molar ratio of 1:3. Then the pellets were formed by
use of a cold isostatic press (CIP) under a pressure of
150 MPa for 1 h, having a diameter of 3 mm and a length of
Smm. Since the pellet mass is quite limited, the change in
temperature caused by the reactions in the pellet can be
neglected.

In the present experiment, the isothermal reduction
method is utilized. After the temperature in the graphite
crucible reached the experimental one and was kept stable,
the graphite tube of the good heat conductivity charged
with the pellets was promptly inserted into the graphite cru-
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Fig. 1. Experimental apparatus.
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Fig. 2. Changes in temperature with time during descent and as-
cent of insertion tube.

cible, in which the high temperature zone was established,
to start the reduction. After the reduction experiment, the
insertion tube was rapidly lifted up from the crucible to the
low temperature zone in the upper part of the furnace to
end reduction.

The changes in temperature inside the graphite tube dur-
ing lowering into and lifting up from the crucible were
measured in advance to justify the experimental method of
the isothermal reduction. Figure 2 represents the changes
in temperature with time during descent and ascent of the
tube for the different experimental temperatures (7%). The
carrier gas flow rate was 5.0X 1077 Nm?/s. The increase in
temperature during lowering the tube was very fast. The
times needed from inserting the tube to reaching the tem-
perature of 7;—50 (K) were 62, 56, 50 and 42 s for the ex-
perimental temperatures of 1373, 1473, 1573 and 1673 K,
respectively. During lifting up the tube, the decrease in tem-
perature was also very quick, being more than 200 K within
60s at all of the above experimental temperatures. The
rapid increase and decrease in temperature inside the tube
well satisfied the requirement for the isothermal reduction
experiment. Moreover, the effect of the carrier gas flow rate
on the rate of temperature change during descent and ascent
of the tube was also studied at the temperature of 1573 K.
No obvious difference in the rate of temperature change
was observed for the carrier gas flow rates of 0, 5.0X107’
and 3.3X107®Nm?/s.

The change in pellet mass during the reduction was
measured by using an electronic balance with a detection
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precision of 0.1 mg. The reduced pellets were observed
using scanning electron microscope (SEM) and optical mi-
croscope, and were smashed into powders for XRD analysis
using the Cu(K,) target.

The reactions in the hematite—carbon composite pellets
are classified as direct reductions and indirect reductions.
The indirect reductions are 3Fe,0,+CO=2Fe,0,+CO, (1),
Fe,0,+CO=3FeO0+CO, (2), FeO+CO=Fe+CO, (3), ac-
companied by the carbon solution loss reaction of C+
CO,=2CO (4). The direct reductions are 3Fe,O;+
C=2Fe;0,+CO (5), Fe,0,+C=3Fe0O+CO (6), FeO+
C=Fe+CO (7), and the reduction of wustite by the dis-
solved carbon of FeO+[C]=Fe+CO (8), accompanied
by the carburization reaction of C=[C] (9). With the as-
sumption that the total amount of reduction of iron oxides
by CO is equal to the amount of the carbon solution
loss reaction, the overall reduction can be expressed as
Fe,0,+3C=Fe+3CO (10).

Since the molar ratio of Fe,O; to C in the present
hematite—graphite composite pellets is 1:3, the reduction
degree, 1y, can be defined as the ratio of the pellet mass
loss to the theoretical pellet mass loss on the assumption
that the Reaction (10) is completed. Thus the reduction de-
gree is given by

W, —W,
Mk = LA X100% oo (11)
K 3M,
CO
Wyx O
My +3M,

where W, is the pellet mass before reduction (g), W, is the
pellet mass after reduction (g), M is the molecular mass
(g/mol).

3. Results and Discussion

3.1. Effect of Temperature on Carbothermal Reduc-
tion of Hematite

Figure 3 shows the changes in the reduction degree of
iron oxide with time at different temperatures. The carrier
gas flow rate is commonly 5.0X 10~ " Nm?/s.

The time dependence of the reduction degree at 1323 K
represents the typical reduction behavior of the hematite—
graphite composite pellets. The curve consists of three
stages. The reduction at the initial stage proceeded relative
slowly, and the final reduction degree of the initial stage
was 15-23%. At the second stage, the reduction rate was
very fast, and the final reduction degree of the second stage
reached about 90%. At the third stage, the reduction pro-
ceeded rather slowly. In the previous study conducted by
Iguchi et al.,'” the iron oxide—graphite composite pellets
showed the similar reduction behavior in vacuum.

At the temperature of 1473K, the reduction of iron
oxide proceeded very fast. In just 120s, the reduction de-
gree reached 87.6% and the final reduction degree was
92.1%. The pellet mass loss is close to the theoretical pellet
mass loss according to Reaction (10). Therefore, the as-
sumption of Reaction (10) that the total amount of reduc-
tion of iron oxides by CO is equal to the amount of the car-
bon solution loss reaction is essentially valid. When the
temperature was decreased to 1373 K, the initial reduction
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Fig. 3. Effect of temperature on reduction rate of hematite.

rate was slightly decreased, but the final reduction degree
slightly increased to 94.3 %. When the temperature was fur-
ther decreased to 1323 K, the initial reduction rate was
greatly decreased, but from 720 to 900 s, the reduction rate
was remarkably fast, the reduction degree increased sharply
from 25.0 to 92.5%. The final reduction degree further in-
creased to 95.8%. When the temperature was 1273 and
1 173 K, the reduction degree increased to 9.9 and 8.6% at
600s, 12.2 and 9.4% at 1800s. The reduction proceeded
rather slowly.

At the temperatures of 1323 and 1473 K, the morpho-
logical changes of pellets are given in Fig. 4. With the
progress of reduction, owing to the release of the CO and
CO, gases, the pellet shrank. At the end of the experiment
at 1473 K, the pellet was in globular shape. This is because
the reduced iron melted down due to the decrease in its
melting point caused by carburization. Therefore, the dif-
ference between the theoretical and the final reduction de-
grees is caused by the lack of carbon due to the carburiza-
tion of iron, because the amount of graphite was stoichio-
metrically added according to Reaction (10). The reason
that the final reduction degrees decrease in the sequence of
1323, 1373 and 1473K is that the carburization is en-
hanced at a higher temperature.

Figure 5 presents the morphological changes in pellet by
observation with SEM. The magnification was 2 000 times,
the temperature was 1373 K, the carrier gas flow rate was
5.0X1077Nm?/s. Before reduction, the graphite particles
had the diameter of about 30 um and could be clearly dis-
tinguished by microphotograph. The Fe,O, particles were
very fine, and most of them had the diameter of several mi-
crometers.

With the reduction progress, the graphite particles be-
came smaller, and the surface of graphite particles was cov-
ered by the reduction products, which would break the con-
tact between the hematite and the graphite particles. There-
fore, after the reduction proceeded for a certain time, the
direct reduction caused by the contact between the hematite
and the graphite particles was not liable to take place. The
indirect reduction and the carbon solution loss reaction
should dominate the reduction rate.

After 600s, the graphite particles could not be distin-
guished by microphotograph because they were almost con-
sumed by the reduction of iron oxide due to the reduction
degree of 94%. There were a lot of voids in the produced
iron as shown in the pictures after 600 s. This indicates that
the reduced iron was in a shape of sponge at the relatively
low temperature.



ISIJ International,

Vol. 47 (2007), No. 10

]
1323 K Imm
0s 600 s 1200 s 3600 s
??R~0A1n —lO%n —23A:nR—94A17? R =96 %
1473 K
1205 6005 36OOS

Fig. 4. Observation of pellets at different reduction stages at 1323 and 1473 K.

=120s
n g=14%

t=300s
n x=65%

t=1800's
1 x=92%

1=3600 s
N =94%

Fe,0,

Fig. 5.

For the carbothermic reduction of iron oxide, it is widely
accepted that the overall reaction rate is controlled by the
carbon solution loss Reaction (4) at below about 1373 K.2®)
Therefore, the very slow reduction rates at 1173 and
1273 K are due to the rather slow rate of the carbon solu-
tion loss Reaction (4) at these temperatures. The reduction
mainly proceeds in the direct reduction, and the indirect re-
duction is not liable to take place because of the very low
CO partial pressure. At the initial stages at the temperatures
of 1323 and 1373 K, the reduction also mainly proceeds in
the direct reduction to produce CO. After the CO partial
pressure exceeds a certain value that is determined by the
reduction temperature, the indirect reduction begins to take
place from 720 s at 1323 K, and from 120s at 1373 K. At

graphite

SEM observation of pellets at different reduction stages at 1373 K.

these stages, the occurrence of the indirect reduction is also
supported by the SEM observation of reduced pellets at dif-
ferent reduction stages as stated above. The produced CO,
by the indirect reduction reversely reacts with C to produce
CO. So, the indirect reduction is further promoted. As a re-
sult, the overall reduction can be written in Reaction (10). It
is an apparent direct reduction. In this way, the reduction
degree increases very fast. When the temperature was fur-
ther increased to 1473 K, the stagnant stage of initial reduc-
tion did not appear. This means that the indirect reduction
together with the carbon solution loss reaction began at the
very initial stage of reduction.

In the present experiment, because the distance between
the graphite and the iron oxide particles is extremely close

1397 © 2007 ISIJ



ISIJ International, Vol. 47 (2007), No. 10

to each other, the contact area between the graphite and the
iron oxide particles is greatly increased. Furthermore, since
the heat conduction rate through solid particles is much
faster than that through the voids in the reaction materials,
the direct reduction, which is endothermic reaction, is
greatly promoted and CO gas is produced. After a certain
CO partial pressure is reached, the indirect reduction begins
to take place to produce CO, gas. And then the carbon solu-
tion loss reaction can take place. The indirect reduction is
much faster than the direct reduction due to its gas—solid re-
action. As a result, the carbothermic reduction of hematite
is greatly enhanced in the present hematite—graphite com-
posite pellets made by CIP. The beginning temperature for
activation of the indirect reduction and the carbon solution
loss reaction decreases to 1323 K.

3.2. Clarification of Reduction Behavior Based on

XRD Patterns of Pellets

To clarify the mechanism of the carbothermic reduction
of hematite, the pellets at different reduction stages were
analyzed with XRD and the results are shown in Fig. 6. The
reduction experiment was carried out under the conditions
of a temperature of 1373 K and a carrier gas flow rate of
5.0X107"Nm?s.

Before reduction, the XRD pattern shows that the pellets
contained hematite and carbon. The strongest peak of the
XRD pattern appeared for the crystal plane (104) with the
diffraction angle of 260=42.04° for hematite, and for the
crystal plane (002) with the diffraction angle of 20=33.54°
for graphite. It is clear that with the reduction progress, the
intensities of the graphite and Fe,O, peaks decreased, while
the peaks of Fe;0,, FeO and Fe appeared in turn.

The temporal changes in the intensities of the peaks of
Fe,04(104), Fe;0,(511), FeO(200) and Fe(110) are pre-
sented in Fig. 7. The intensity of the peak of hematite de-
creased rapidly with the reduction proceeding, and disap-
peared at 60s. The intensity of the peak of magnetite in-
creased at first, reached the maximum value at 60s, and
then decreased. Its peak disappeared at 300s. The peak of
wustite increased from 60s, while the peak of iron rose
from 120s. These results clearly show the progress of car-
bothermic reduction of hematite at 1373 K. When hematite
was reduced, magnetite was produced until 60s. Magnetite
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Fig. 6. XRD patterns of pellets at different reduction stages at

1373K.
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was then reduced to produce wustite until 300s. After
120 s, wustite was reduced and metallic iron was produced.

With the similar method, the changes in the intensities of
the peaks of Fe,0,(104), Fe,0,(511), FeO(200) and Fe(110)
with time are shown in Fig. 8 for 1323K, in Fig. 9 for
1273 K, and in Fig. 10 for 1 173 K. For the different tem-
peratures, the carbothermic reduction of hematite pro-
ceeded in the same sequence as that described above. But
with the temperature decreased, it took a longer time for
the changes in reductions of from hematite to magnetite,
and from magnetite to wustite. At the temperature below
1273 K, no metallic iron was detected in the reduction
products.

8000 T T T 80
T=1373 K P
—X—Reduction degree . =

. 6000 160 &
2 @
< 0
z 3
2 4000% {40 T
2 S
= k<]
=)
3
2000 120 &
0 0
Time (s)
Fig. 7. Variation of intensities of peaks of Fe,0,(104),
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Fig. 11. Relationship of reduction products, heating temperature
and holding time during carbothermic reduction of
hematite.

Therefore, from the above XRD analysis results, the rela-
tionship of reduction products, heating temperature and
holding time during carbothermic reduction of hematite
under the present experimental conditions can be roughly
summarized in Fig. 11. It is seen that the reduction prod-
ucts changes with both temperature and time. For example,
at the reduction time of 1000 s, magnetite is the reduction
product below 1223 K, which is the average value of the
experimental temperatures of 1173 and 1273 K. The heat-
ing temperature and holding time used for dividing the re-
gions of reduction products are obtained in the same
method hereinafter. Magnetite and wustite are the reduction
products from 1223 to 1298K, and metallic iron is the
reduction product above 1298K. At the temperature of
1273 K, hematite and magnetite are the reduction products
before 900s, and magnetite and wustite are the reduction
products after 900 s.

3.3. Effect of Carrier Gas Flow Rate on Carbothermic
Reduction of Hematite

At the temperature of 1323 K, the effect of carrier gas
flow rate on carbothermic reduction of hematite is given in
Fig. 12. Since 0.5 g pellets of Fe,0; and C at the molar ratio
of 1:3 was used, with the assumption that Reaction (10)
proceeds at a constant rate and finishes in about 1000 s, the
generation rate of CO will be 1.7X1077 Nm?/s. For the Ar
carrier gas flow rate of 5.0X107"Nm?/s, the average CO
partial pressure will be 0.25atm, while for the Ar carrier
gas flow rate of 3.3X10 °Nm?/s, the average CO partial
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Fig. 12. Effect of carrier gas flow rate on reduction rate of
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Fig. 13. Effect of graphite particle size on reduction rate of
hematite.

pressure will be 0.05atm. At the carrier gas flow rate of
5.0X 1077 Nm?/s, the reduction rate was the fastest. At the
carrier gas flow rates of 0 and 3.3X 10 *Nm?/s, the reduc-
tion rate was decreased.

Without the carrier gas, since the produced CO gas is dif-
ficult to be removed from the reaction site, the direct reduc-
tions of Reactions (5), (6) and (7) are somewhat inhibited.
When the carrier gas flow rate is as large as 3.3X107¢
Nm?/s, the CO partial pressure is obviously decreased, the
beginning of indirect reduction is markedly retarded from
600s to 1200s, and its reduction rate is also decreased.

3.4. Effect of Graphite Particle Size on Carbothermic
Reduction of Hematite

Under the experimental conditions of a temperature of
1323 K, and a carrier gas flow rate of 5.0X 10~ Nm?®/s, the
effect of graphite particle size on carbothermic reduction
rate of hematite is given in Fig. 13. With the average
graphite particle diameter increased from 20.3 to 29.2 um,
the reduction rate was greatly decreased.

For simplicity, the specific surface area of graphite parti-
cles (4, m*/kg) can be calculated as A=n"- d? , where d, is
the average diameter of particles (m), » is the particle num-
ber per unit mass (kg '), which can be written as
n=6/(prd>,), where p is the real particle density (kg/m?).
Therefore, A=6/(pd,,). Namely, the specific surface area of
graphite particles is inversely proportional to the average
diameter of particles.

In the present case, with decreasing the average diameter
from 29.2 to 20.3 um, the specific surface area increases by
1.44 times. As a result, the carbon solution loss reaction is
greatly promoted, and the reduction rate becomes faster.
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The significant enhancement of reduction rate by decreas-
ing the graphite particle size also indicates that the carbon
solution loss reaction is one of the rate controlling steps at
the temperature of 1323 K.

4. Conclusions

Isothermal reduction experiments were carried out to
study the carbothermic reduction rate of hematite in
hematite—graphite composite pellets, which were charged
into an insertion tube. Effects of temperature, carrier gas
flow rate and graphite particle size on the carbothermic re-
duction rate of hematite were investigated. To clarify the re-
duction mechanism, XRD analyses of the pellets at differ-
ent reduction stages for various temperatures were carried
out, and SEM observations of the reduced pellets were con-
ducted. The following conclusions can be drawn:

(1) The rapid increase in temperature during lowering
the tube into a high temperature zone and the fast decrease
in temperature during lifting up the tube to a low tempera-
ture zone indicates that the isothermal condition of the car-
bothermic reduction of hematite can be essentially satisfied.

(2) The initial stage of carbothermic reduction of
hematite is dominated by the direct reduction. At the higher
temperature, after the CO partial pressure exceeds a certain
value, the indirect reduction together with the carbon solu-
tion loss reaction will take place. The cabothermic reduc-
tion of hematite is greatly promoted because the contact
area between the graphite and the iron oxide particles is re-
markably increased, and the heat conduction is greatly pro-
moted in the hematite—graphite composite pellet made by
CIP.

(3) Since increasing temperature can greatly activate
the indirect reduction and the carbon solution loss reaction,
the cabothermic reduction of hematite is greatly promoted.
The carbothermic reduction rate reaches the highest value
at a moderate carrier gas flow rate. Decreasing graphite par-
ticle size can effectively enhance reduction rate due to pro-
motion of the carbon solution loss reaction.

(4) From the SEM observation of the reduced pellets,
the graphite particles are covered with reduction products
after a certain reduction time. Therefore, the indirect reduc-
tion together with the carbon solution loss reaction should
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dominate the carbothermic reduction at the later stage of re-
duction.

(5) From the XRD patterns at the different stages for
various temperatures, the relationship of reduction prod-
ucts, heating temperature and holding time has been ob-
tained under the present experimental conditions.
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