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High-temperature behavior of magnetite—coke composite pellet fluxed with dolomite was
investigated by customized thermogravimetric analyzer (TGA) at 1573 K (1300 �C). The overall
reaction was influenced by C/O ratio and dolomite content. The reduction was accelerated by
increased amount of dolomite, while the samples with higher C/O ratio showed the improved
reduction degree. X-ray diffraction (XRD) pattern of reduced pellet showed the phase changes
of the iron oxides. Noticeable iron peaks were observed when the sample reached the final stage
of reduction. CO and CO2 gases released from the reaction were measured by Infrared (IR) gas
analyzer. Relation between enhanced reducibility of pellets and larger CO gas evolution from
the Boudouard reaction was confirmed from the analysis. Compressive strengths were studied
for the practical assessment of reduced pellets. Samples with low-reduction degree showed better
physical property. Excessive amount of dolomite also deteriorated the integrity of pellets.
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I. INTRODUCTION

AS the quality of highly reducible hematite ores
decreases worldwide, there has been significant interest
in the broader use of magnetite ores, which are
comparatively difficult to reduce than hematite.
Although the reducibility of magnetite concentrates is
lower than hematite, the overall content of Fe (£ 67 pct)
is higher and can increase the productivity of the BF
(blast furnace) operation. To increase the Fe content in
the ore and lower the gangue content, beneficiation
using iron ore fines and subsequent pelletizing is typical.
There are two types of induration process: traveling
grate and grate-kiln process. The traveling grate process
accounts for two-thirds of the world’s installed pelletiz-
ing process that has large-production capacities.[1]

Meanwhile, the grate-kiln� system pellet plants produce
globally almost 115 million tons of iron ore pellets
annually.[2] The process is known to be very efficient
compared to the straight grate system, as it takes
advantage of the traveling grate as well as the rotary

kiln. OneSteel Whyalla Steelworks has operated a
grate-kiln pellet plant since the late 1960s. This plant
was originally designed to use 100 pct hematite ore to
make acid pellets and later modified to make highly
fluxed pellets as the prime ferrous feed for the Whyalla
Blast Furnace. The use of these high MgO pct fluxed
pellets resulted is considerable improvements to blast
furnace process efficiency and productivity. In 2008, the
pellet plant converted from hematite to magnetite ore
feed by employing a magnetite ore beneficiation plant
with a nominal fluxed pellet production capacity of
approximately 1.85 million tons.[3] Magnetite is oxidized
to hematite with an evolution of 55 kcal/mol of heat
during firing at 1373 K to 1523 K (1100 �C to
1250 �C).[4] Pellets take advantage of strengthening
due to high surface mobility of the atoms during
oxidation, recrystallization, and crystal growth of
hematite.[4] However, hematite ore requires higher
induration temperature range of 1573 K to 1623 K
(1300 �C to 1350 �C) due to the absence of exothermic
heat of oxidation.[4] Hematite pellet feed is more difficult
to pelletize and often needs to be fluxed to achieve
good-quality fired pellets.[5] Magnetite concentrates are
ideal pellet feeds for making iron ore pellets
accordingly.[5]

Meanwhile, there have been efforts to utilize partially
reducedand fully reducedfluxedDRI (direct reduced iron)
pellets to lower the carbon input into the BF processes.[6–8]

Several works on self-fluxed carbon composite agglomer-
ates have been reported.[8–11] Kim et al. reported the
enhanced melting behavior of Fe-C from direct contact
carburization in the presence of molten slag.[9] Increased
melting rate of ironwas also confirmed,when contacted to
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graphite andwüstite.[12] Other researchers investigated the
influence of CaO and SiO2 on the reducibility of wüstite in
terms of the formation of intermediate phases such as
dicalcium ferrite or falyaite.[13] Porosity change associated
with agglomerate’s microstructure has the largest influ-
ence on reducibility of iron oxide accordingly.[13] Carbon
composite pellets during heating takes advantage of the
higher energy efficiency due to the proximity of reactants
and the exothermic heat generated within the pellet as the
carbon oxidizes internally. The present authors have also
studied the effect of minerals on the reduction of carbon
composite pellets in terms of the reducibility and physical
property.[14–17] However, carbonaceous material was lim-
ited to synthetic graphite in the previous studies and the
effect of carbon content and mineral phases during the
reduction process has yet to be fully understood. In
particular, utilization of process by-products including
coke breeze andwaste dolomite in excess of 5 pct andmore
and its effect on the reducibility and physical strength has
not been studied to the knowledge of the present authors.

In the present study, the reduction behavior of non-in-
durated mixture of magnetite ore, coke breeze, and
dolomite was investigated. The effect of coke breeze on
the reduction was investigated to reduce energy consump-
tion, where the combustion and reduction of these
carbonaceous wastes partially replace the carbon required
in the BF. Different amounts were used to optimize the
quantity of coke breeze. Waste dolomite powder was
introduced to the pellet to also examine its impact on
reduction. In dolomitized pellets, MgO is reported to be
concentrated in magnetite and calcium ferrite during
reduction that forms higher melting solid solution ‘mag-
nesiowüstite.’[4] Thus, dolomite was considered to be an
excellent fluxing material for non-indurated pellets to
improve high-temperature reductionproperties of ironore
pellets by increasing its softening point and reducibility.[18]

The compressive strengths of the reduced composite
pellets at varying carbon and dolomite contents were also
evaluated. The coke breeze and waste dolomite combina-
tion is assumed to be a suitable combination for the
improvement of magnetite ore reduction and increasing
the sustainability of the ironmaking process route.

II. EXPERIMENTAL

Chemical analysis of the magnetite concentrate fines
(XRF analysis) is shown in Table I. Dolomite powder
and coke breeze were analyzed and are shown in
Tables II and III, respectively. Ash content of coke
breeze is provided in Table IV. The powders were dried
in an oven at 473 K (200 �C) for more than 48 hours to
completely remove physisorbed moisture. Powder sam-
ples of magnetite concentrate, dolomite, and coke breeze
were sieved as under 100 lm before pelletizing. The
compositions of magnetite—dolomite—coke composite
pellets are shown in Table V. The molar C/O ratio was
changed by adding different molar amounts of coke
breeze to optimize reduction and strength. The effect of
dolomite was distinguished by fixing the basicity CaO/
SiO2 ratio as 1.0 and 1.6. Mixed powder samples were
placed inside a glass mixing jar and agitated in a rotating

drum for 24 hours to ensure homogeneity. Spheri-
cal-shaped pellets with 10 mm diameter and 2.1 g
(± 0.1 g) in weight were hand rolled with drops of
distilled de-ionized water. Samples were dried at 473 K
(200 �C) for 48 hours to eliminate excess moisture.
The schematic of the experimental apparatus is shown in

Figure 1. Reduction process of pellet was investigated in a
purpose-built thermogravimetricanalyzer (TGA)at 1573 K
(1300 �C). The furnace was resistance heated using
Super-Kanthal (MoSi2) elements with a 125 mm hot zone.
The experiment was conducted at iso-thermal conditions.
After introducing the sample to the crucible assembly, the
furnace was lifted to position the sample of the hot zone.
Weight loss of sample was started to be measured after
5 seconds. Instant heating of the sample to the target
temperature was facilitated through this procedure. High
purity argon (99.999 pct) was supplied through the bottom
of the furnace at a rate of 1 slm using amass flow controller.
GeneratedCOandCO2gases fromthe reactionwere readily
dischargedwith theargongas carrier.Weight loss during the
reactionwasmonitoredand loggedby computer viaadigital
balance at 0.2 Hz. Each sample was held in the furnace for
over 30 minutes, where further changes in mass were
negligible. Off-gases evolved during the reaction of the
composite pellets were simultaneously measured by an
infrared gas analyzer (ABB, Advance Optima Series
AO2020, Switzerland). The monitored CO and CO2 gas
concentrations were correlated to the weight loss measure-
ments of theTGAtounderstand the reactionkineticswithin
the carbon composite pellets. Off-gases (CO, CO2) evolved
after 10 secondsdue to the time lagbetween the reactionand
measurement by the IR gas analyzer, which were calibrated
to the TGA results. The effect of heat transfer was neglected
within this study due to the rapid and continuous heat
supply to the spherical-shaped small sample of 10 mm
diameter.
XRD (X-ray diffraction) analysis was carried out

using a PANalytical Xpert MPD (multipurpose X-ray
diffraction, Almelo, The Netherlands) System. Reduced
pellets were ground and spread into the holder of 25 mm
diameter and 5 mm depth. Voltage and current of the
machine were set at 45 kv and 40 mA. The XRD
patterns were obtained by recording the scattering
intensities with a Ni-filtered Cu Ka-radiation. The
scanning was recorded over an angular range from 15
to 90 deg using a step size of 0.026 deg at 1 Hz. The
compressive strength of reduced pellets was measured
using a mechanical test system (Instron 8805 servo-hy-
draulic fatigue testing system, MA) assuming a perfect
spherical geometry. Pellets were positioned between two
parallel plates, and the load fracture was taken to be the
value when cracks were visually observed at the surface
of the pellet. Ten samples were tested to ensure
reproducibility, and the average was taken.

III. RESULTS AND DISCUSSION

A. Reduction Behavior of Composite Pellet

High-temperature behavior of dolomite-fluxed mag-
netite-coke composite pellet was investigated at 1573 K
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(1300 �C). At this temperature, the reduction of iron
oxide and the Boudouard reaction takes place simulta-
neously. The overall reaction for complete reduction
occurring within the carbon composite pellet can be
expressed by reaction [1].

Fe3O4 sð Þ þ 2C sð Þ ¼ 3Fe sð Þ þ 2CO2 gð Þ ½1�
The calculation of the minimum molar ratio between

carbon and oxygen (C/O) for complete reduction was
basedon the overall reaction [1]. C/Omole ratio of unity is
needed, but the carbon monoxide generated by the
Boudouard reaction plays a significant role as the main
reducing agent. Once the direct reduction of Fe3O4 by
carbon is initiated, CO2 can be formed. If sufficient
carbon is available and the necessary endothermic heat is
supplied, the solid carbon in the pellet reacts with carbon
dioxide and generates carbon monoxide during the
reduction process. This CO can accelerate the reduction
of the iron oxides and produceCO2, which can again react
with the carbon to form additional CO. Thus, the
reduction of carbon composite pellets occurs through
the gaseous intermediate reactions.[19] Samples with C/O

of 0.75 and 0.5 were used to investigate the effect of lower
coke breeze content on the reduction and the extent of
reduction with deficient carbon present in the composite
pellets.Within the scope of the presentwork, itmaynot be
necessary for the grate-kiln system to fully reduce the iron
ore, but supply a pre-reduced pellet to the BF to
subsequently lower the carbon required in the BF. The
degree of reduction (pct) is shown in Figure 2.
The degree of reduction (pct) can be estimated from

the mass loss corresponding to the oxygen removed
from the iron oxide divided by the theoretical maximum
oxygen removal of the iron oxide. The degree of
reduction can be obtained from Eq. [2].

Degree of reduction pctð Þ

¼ Dw
Winitial � ð100� unreducible oxides pctÞ

�MWFe3O4

2MWCO2

� 100

½2�

where Dw is the weight loss of pellet (g); winitial is the
initial weight of the sample (g); and MWi is the

Table I. Chemical Analysis of Magnetite Concentrate

Composition T.Fe FeO SiO2 CaO MgO Al2O3

Content (Weight Percent) 66.45 25.58 4.35 0.72 0.04 0.09

Table II. Chemical Analysis of Coke Breeze

Proximate Analysis (Weight Percent) Ultimate Analysis (Weight Percent)

Moisture Ash VM C H N S

3.27 16.09 5.7 72.38 1.06 1.16 0.34

Table III. Chemical Analysis of Dolomite

Composition MgO CaO SiO2 Al2O3 Fe2O3

Content (Weight Percent) 30 60 4.5 2 2.5

Table IV. Ash Analysis of Coke Breeze

Composition SiO2 Fe2O3 Al2O3 CaO MgO K2O P2O5 SO3 TiO2

Content (Weight Percent) 50.7 4.8 36 3.3 0.94 0.53 1.6 0.39 1.4

Table V. Composition of Non-Indurated Magnetite–Dolomite Composite Pellets (Weight Percent)

MD5-1.0 MD5-0.75 MD5-0.5 MD10-1.0 MD10-0.75 MD10-0.5

Fe 53.4 55.7 57.9 51.4 53.3 55.5
C 11.3 8.8 6.2 10.9 8.5 5.9
C/O 1 0.75 0.5 1 0.75 0.5
SiO2 3.7 3.8 4.0 3.5 3.8 4
Al2O3 0.2 0.2 0.2 0.2 0.2 0.2
CaO 3.5 3.7 3.9 5.7 6.0 6.2
MgO 1.3 1.3 1.3 2.3 2.4 2.5
C/S 1 1 1 1.6 1.6 1.6
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molecular weight of the species ‘i’ (g/mol); ‘Unre-
ducible oxides pct’ is the percent of unreducible oxides
including SiO2, Al2O3, CaO, and MgO as shown in
Table V. When comparing the reduction characteristics
of carbon composite pellets at 1573 K (1300 �C), the
time to 90 pct of reduction was used for the assess-
ment, which corresponded to approximately 600 sec-
onds.[16] The MD5-1.0 and MD10-1.0 samples seemed
to reach the maximum reduction in this regard. Other
samples reached lower reduction degrees due to the
lower C/O ratio of the pellets. MD5-0.75 and
MD10-0.75 reached a final reduction degree of 75 pct
while MD5-0.5 and MD10-0.5 sample showed a final
reduction degree of 60 pct. Thus, sufficient amount of
carbon that exceeds C/O of 1.0 is needed for complete
reduction and higher carbon content results in higher
reducibility, as expected.

It is also seen that MD10 samples shows slightly faster
reaction rates compared to MD5 samples in the range of
C/O ratio conditions of the present work. Although the
final reduction degrees are similar irrespective of the
amount of dolomite additions, the kinetics of the
reduction seems to be accelerated with higher dolomite
additions. Greater amounts of carbon additions to the
composite pellets also result in higher degrees of
reduction, but the rate of reduction does not seem to
be directly proportional to the amount of carbon under
deficient carbon conditions, as observed in the C/O
ratios of 0.75 and 0.5. It was reported that the flux
materials such as CaO and SiO2 have influence on the

Fig. 1—A schematic of the experimental apparatus of purpose-built
thermogravimetric analyzer (TGA).

Fig. 2—Degree of reduction of carbon composite pellets at 1573 K
(1300 �C) with varying contents of dolomite and C/O ratio.

Fig. 3—(a) � ln(1 � X) plot with time at 1573 K (1300 �C), (b)
1� (1 � X)1/3 plot with time at 1573 K (1300 �C), (c)
3 � 2X � 3(1 � X)2/3 plot with time at 1573 K (1300 �C).
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reducibility of FeO affecting the interfacial chemical
reaction, gaseous mass transport, and solid state diffu-
sion of oxygen.[13] Likewise, fluxed dolomite in the
present study is considered to have changed the degree
of reduction of magnetite. The major components of
dolomite are CaO and MgO as indicated in Table III.
These basic oxides were reported to have positive effect
of iron oxide reduction by facilitating gas mass transfer
due to the increase of micro porosities.[13]

The reduction can be divided into three distinct
stages according to the change of slopes. Similar to
previous studies,[14] Stage 1 is the incubation period
required for initial heating of pellet after insertion into
the hot zone and subsequent nucleation events.[14] In
Stage 2, reduction from magnetite to wüstite takes
place. Significant discrepancies between samples
according to the C/O ratio occurs during this stage
due to the different supply of reducing CO gases
produced from the Boudouard reaction and subsequent
acceleration of the reduction by the intermediate
gaseous reactions. The major reaction in Stage 3 is
the reduction of wüstite into metallic iron. Within stage
3 near the end of reduction, the rate of reaction is
significantly hindered, as the number of available
reactions sites are consumed from the previous stages
and the amount of carbon available for the Boudouard
reaction is significantly decreased.

To identify the overall reduction mechanism, various
existing reaction models can be incorporated, which
include the uniform internal reduction, topochemical
interface, and pore diffusion. The uniform internal
reaction model for solid–gas reaction was confirmed

by Turkdogan and Vinters.[20] Application of this model
for iron oxide-carbon composite pellet is possible when
the gas concentration is constant. This first-order
irreversible model can be expressed by Eq. [3].

� ln 1�Xð Þ ¼ kt ½3�

where X is the reduced fraction, k is the proportional
constant (1/s). Figures 3(a), (b), and (c) show the
� ln(1 � X), 1 � (1 � X)1/3, and 3 � 2X � 3(1 � X)2/
3 values from the TGA results plotted as a function of
time, respectively. The overall linearity of these various
models to predict the reduction mechanism seems to
indicate greater linearity with the uniform internal
reduction model. Beyond the incubation period of
Stage 1, the overall reduction behavior re-plotted
according to the uniform internal reduction model
between 60 to 300 seconds is illustrated. A linear cor-
relation can be observed for samples containing a C/O
ratio fixed at 1.0 for both the MD5-1.0 and MD10-1.0
sample. Samples, which have lower C/O ratio than
unity of 0.75 and 0.5 show deviation from a linear
plot. Thus, with sufficient amount of carbon available
and as the intermediate gaseous reactions is acceler-
ated by the Boudouard reaction, the uniform internal
reaction model can be utilized to more generally
describe the kinetics of the carbon composite pellet
reduction at 1573 K (1300 �C). Determination of the
reduction mechanism for Stage 2 was unnecessary
since the kinetics of the Fe3O4 to FeO reaction within
this region is comparatively fast and was not the
rate-determining factor for the overall reaction.

Fig. 4—Generated gas concentrations (vol pct) in terms of CO and CO2 gases resulted from the reduction of pellets at 1573 K (1300 �C) (a)
MD5 samples, (b) MD10 samples.
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Details on the reaction mechanism of carbon com-
posite hematite pellets have also been described by Park
and Sahajawalla,[16,17] where the solid–solid reaction,
intermediate gaseous reduction as well as the Bou-
douard reaction takes place during the overall reaction.
Although the present study utilized magnetite concen-
trates, the basic reduction mechanism can also be
incorporated similar to the case of reagent grade
hematite. Reactions occur in the following steps.

i. Solid–solid reaction

Fe3O4 sð Þ þ C sð Þ ¼ 3FeO sð Þ þ CO gð Þ ½4�
ii. Gaseous reduction of magnetite

Fe3O4 sð Þ þ CO gð Þ ¼ 3FeO sð Þ þ CO2 gð Þ ½5�
iii. Boudouard reaction

CðsÞ þ CO2 gð Þ ¼ 2CO gð Þ ½6�
iv. Gaseous reduction of wüstite

FeO sð Þ þ CO gð Þ ¼ Fe sð Þ þ CO2 gð Þ ½7�

Initially, magnetite reacts with solid carbon by direct
reduction producing wüstite and carbon monoxide.
Carbon monoxide is promptly used for gaseous reduc-
tion of magnetite, if the reducing gases and proximity of
the magnetite are close and are at a sufficient temper-
ature for reduction to occur, as seen in Eq. [5]. Carbon
dioxide generated from this reaction and solid carbon
produce carbon monoxide according to reaction [6],
which is often termed the Boudouard reaction. Wüstite
made from Eqs. [4] and [5] is further reduced by carbon
monoxide, as described by Eq. [7]. With sufficient
amounts of carbon present in the composite pellets,
the dominant reactions occurring within the pellet can
be identified by reactions [6] and [7], which are the
gaseous intermediate reactions for magnetite ore reduc-
tion in carbon composite pellets.
The off-gas analysis used in the present work compli-

ments the results of the TGA analysis. The coke breeze
contains minor contents of volatiles (c.a. 5.7 pct), CO
and CO2 gases were the major components, but the
small concentrations of hydrocarbons could be
neglected. In Figures 4(a) and (b), the CO and CO2

gas concentrations generated from reduction of the
MD5 and MD10 samples with various C/O molar ratios
are plotted with reaction time.
In all samples, the maximum CO2 gas evolutions

during the reaction were between 1.5 and 2 vol pct.
MD5-1.0 sample shows a maximum value of 1.5 vol pct
as CO2 gas, suggesting the CO2 off-gases are easily
consumed by the Boudouard reaction in Eq. [6] with
greater amounts of carbon present. However, MD5-0.75
and MD5-0.5 samples had a higher ratio of CO2 to CO

Fig. 5—XRD phase analysis of carbon composite pellets of MD5
pellets reduced at 1573 K (1300 �C) (a) MD5-1.0, b) MD5-0.75, and
c) MD5-0.5.
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Fig. 6—XRD phase analysis of carbon composite pellets of MD10
reduced at 1573 K (1300 �C) (a) MD10-1.0, (b) MD10-0.75, and (c)
MD10-0.5.

Fig. 7—Physical properties of composite pellets after reduction.

Fig. 8—EDS mapping of the as-quenched MD10-0.5 sample reduced
for 300 s at 1573 K (1300 �C). Note the content of Fe around the
periphery of the dolomite particle.
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gases than the MD5-1.0 since the Boudouard reaction
was restricted by a shortage of carbon supply. Techni-
cally, MD5-0.5 sample have initial carbon content only
for reaction [4], which is insufficient for complete
reduction of the magnetite ore to Fe. Thus, the CO
gas concentration and subsequently the reduction degree
varies depending on the C/O ratio of the composite
pellets. Solid carbon in Eq. [6] determines the amount of
CO gas production. MD5-1.0 sample shows the highest
value of CO evolution, while MD5-0.5 sample has the
lowest concentration due to the deficiency of carbon.
The total carbon content in the pellet can be the rate
controlling factor by limiting the Boudouard reaction.

The reaction mechanism can also be confirmed by the
phase analysis using X-ray diffraction of as-quenched
partially reduced pellets at various time intervals.
Figures 5(a), (b), and (c) show the characteristic diffrac-
tion peaks of partially reduced magnetite ores as a
function of reduction time.

In the MD5-1.0 sample shown in Figure 5(a), most of
the phase remains as magnetite during 60 seconds
exposure at 1573 K (1300 �C) and not until after 180
seconds does the wüstite phase appear. This initial 60
seconds would correspond to the incubation period,
where reactions are not pronounced. Metallic Fe peaks
are observed after 300 seconds, when the reaction is at
stage 3. After 600 seconds, the metallic Fe peaks are
dominant suggesting most of the iron oxide is reduced.
X-ray diffraction pattern was similar in MD5-0.75
samples even though the intensities of Fe peaks were
lower at 300 and 600 seconds as shown in Figure 5(b).
In contrast, sample with a significant deficiency of
carbon at C/O of 0.5 shows different reduction behav-
iors. When the carbon content is insufficient for com-
plete reduction and low enough that the reduction rate is
comparatively slow, magnesioferrite seems to form.
Thus, there is a competition between reduction and
the formation of the magnesioferrite phase under the
present experimental conditions.

The characteristic XRD pattern of the MD10-1.0
sample with various reaction times is shown in Fig-
ure 6(a). Up to the first 60 seconds similar to MD5-1.0,
only the magnetite phase is observed. Unlike the
samples with lower dolomite content, the MD10-1.0
shows Fe peaks only after 180 seconds reaction.
Additional dolomite addition at 10 wt pct. suggests
faster reaction rates due to the increased C/S ratio. As
Kim et al. reported, CaO contents increases the reduc-
tion rate of wüstite by forming calcium ferrite, while
SiO2 decreases the reduction rate by forming stable fay-
alite compounds.[13] Thus, increased basicity in MD10
samples resulted in the faster reduction of wüstite as
described in Eq. [7]. Similar reasoning can be applied to
the slightly carbon-deficient MD10-0.75 sample shown
in Figure 6(b). Figure 6(c) shows the phase analysis of
the MD10 sample with significantly deficient carbon at
fixed C/O molar ratio of 0.5, respectively. Due to the
slower kinetics of reduction, the existing magnetite is
able to react with the magnesia to form the magnesio-
ferrite phase similar to the MD5-0.5 sample shown in
Figure 5(c) according to the XRD analysis at this
low-carbon condition. An established two-step reaction

that occurs in dolomite-fluxed coke composite pellets[16]

is expressed in reactions [8] and [9], where the Gibb’s
free energy for the reduction of reaction [9] according to
FactSage was estimated to be � 69,577.3 J/mol.

v. Formation of magnesioferrite

Fe3O4 sð Þ þMgO sð Þ ¼ MgFe2O4 sð Þ þ FeO sð Þ ½8�
vi. Gaseous reduction of magnesioferrite

MgFe2O4 sð Þ þ CO gð Þ ¼ MgO sð Þ þ 2FeO sð Þ þ CO2ðgÞ
½9�

These reaction steps are possible under weak reducing
condition with insufficient reductants. When C/O ratio
is fixed at 0.5, reduction of magnetite either by solid
carbon in Eq. [2] or CO gas in Eq. [3] are delayed. It
provides enough time for magnesioferrite to form in the
pellet during the reduction process. Wüstite made from
reaction [8] and [9] are reduced by CO gas as the next
step. Thus, the reaction undergoes additional step which
consequently delays the overall reduction reaction.
Furthermore, lower concentrations of carbon will
inhibit the reaction of the Boudouard reaction resulting
in lower CO partial pressures to obtain complete
reduction resulting in a final reduction degree to be
much lower than samples with C/O of unity.

B. Physical Property of Reduced Pellets

For practical use, reduced pellets must have sufficient
physical strength. In particular, pellets inserted into the
blast furnace must have compressive strengths greater
than the burden load acting upon the pellet bed. The
relationship between a single spherical particle and frac-
ture energy was studied by Yashima et al.[21] When the
sphere is compressed by twodiametrically opposed points,
the tensile strength canbe calculated according toEq. [10].

S ¼ 2:8Pc

lpX2
½10�

where X (mm) is the diameter of the sphere measured
by the distance between two loading points and Pc is
the fracture load (N). The compressive strength S is
measured as a force per unit area (N mm�2).
Figure 7 shows the compressive strength of partially

reduced pellets depending on the amount of coke and
dolomite contents.
Pellets with lower initial carbon content showed

greater compressive strength.[22] According to Lee
et al., there is an optimal amount of carbon content
that should be added into the composite pellet for DRI
production due to the formation of excessive pores with
excess carbon. During the reduction process, both
sintering and pore formation occurs.[22] While the
MD5-1.0 sample had a compressive strength of 1.62
MPa after 10 minutes of reaction, the MD5-0.75 and
MD5-0.5 samples showed 2.92 and 3.27 MPa,
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respectively. As shown in Figure 2, MD5-0.5 sample
reached only 60 pct of reduction degree, while it showed
the highest compressive strength of all samples. The
results suggest that the higher reduction degrees do not
necessarily correspond to higher mechanical properties.
Considering the physical strength necessary of raw
materials input into the BF, higher reduction degrees
may be detrimental to the operations. Considering the
lower compressive strength of the composite pellet of
MD10-0.5 compared to the MD5-0.5, the formation of
the magnesioferrite does not seem to enhance the
physical properties, but the removal of carbon and
oxygen within the pellet matrix is likely the dominant
factor. Figure 8 shows an expanded image and the EDS
mapping of the MD10-0.5 sample reduced for 300
seconds at 1573 K (1300 �C).

The Ca and Mg rich particle embedded within the
matrix of the magnetite ore is distributed in the
composite pellet. Around the periphery of the dolomite
particle, there seems to have been significant diffusion of
Fe into the dolomite, which is expected to be the
magnesioferrite observed from the XRD analysis, but
bridging among adjacent particles from the formation of
magnesioferrite at the boundary was not observed and
seemed to be relatively separated. This trend was also
observed for the MD5-0.5 sample, but was not evident
for the samples of C/O ratio above 0.5.

According to past work by Anameric et al., the
reduction of iron oxide at temperatures above 1723 K
(1450 �C) results in a metallic iron phase, which is then
carburized and melted.[23] This bulk liquid metallic iron
phase that accelerates bonding is separated from other
oxides resulting in very high physical strength.[23] In the
present study, however, reduced iron exists as solid
particles after reduction at 1573 K (1300 �C) and
sufficient time is needed for subsequent diffusion and
sintering to occur. Within the group of the MD5
samples, MD5-1.0 sample had lower strength at com-
parable reaction times as it was a mixture of solid iron
powders and other oxides with greater amounts of
carbon in the pellet, which tend to either react with the
magnetite or CO2 forming significant pores.

Compared to the MD5 samples, the MD10 samples
showed lower compressive strength. MD10-1 and
MD10-0.75 showed strengths less than 1.05 MPa.
MD10-0.5 had a compressive strength of 1.80 MPa.
Previous researchers reported that MgO addition up to
2 pct increases softening and melting of iron ore pellets,
which can improve the high-temperature physical prop-
erty.[18] In MD10 samples, however, MgO contents were
higher than 2.3 pct as shown in Table V. This excess
amount of MgO deteriorated the integrity of pellet by
giving poor attachment between components. Unlike
the works of Friel and Erickson, the present work is
complicated by simultaneous reduction occurring and
the carbon in the composite pellets and subsequent pore
formation also play a role in establishing improved
physical properties. Thus, at the conditions of the
present study, the formation of magnesioferrite without
adjacent particle bonding did not improve the physical
properties in the composite pellet.

The physical strength of reduced pellet is dependent
on the combination of reduced solid state iron, carbon
content, and unreduced oxides. In particular, the carbon
content seems to be a more dominant factor in deter-
mining the physical properties, as suggested by Lee
et al.[22] From the view point of the physical property
requirements, optimum C/O ratio needs to be below 0.5
with dolomite additions below 5 pct when applied to an
induration step of the grate-kiln process at 1573 K
(1300 �C).

IV. CONCLUSIONS

The influence of C/O ratio and dolomite contents on
the reaction behavior of magnetite—dolomite—coke
composite pellet was investigated at 1573 K (1300 �C).
The following conclusions can be made from this
study.

1. The reduction of iron oxide in dolomite-fluxed coke
composite pellet was largely influenced by C/O ratio.
C/O ratio of 1.0 showed the complete reduction while
C/O of 0.75 and C/O of 0.5 reached 75 pct and 60 pct
of reduction degree, respectively.

2. Uniform internal reaction described by ln 1�Xð Þ
plot was valid only for complete reduction condition
which has constant gas supply. C/O of 1.0 showed a
superior reduction performance.

3. At low-carbon condition (C/O=0.5), magnesioferrite
phase is formed due to the delayed reaction rate.
Magnesioferrite phase was confirmed to have re-
tarded the overall reaction.

4. Dolomite content need to be limited below 5 weight
percent of pellet from the view point of physical
requirement.[23]
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