Thermal Properties of Carbon-Containing Iron Ore
Composite Prepared by Vapor Deposition of Tar
for Limonite

YUUKI MOCHIZUKI and NAOTO TSUBOUCHI

The optimal conditions for preparing composites, in which tar-derived carbonaceous materials
completely fill the pores in Indonesian limonite(IL), were investigated using the vapor
deposition (VD) method of tar. Characterization of the composites and their reactivity
(reduction/combustion/gasification) during heat treatment was examined. The specific surface
area and pore volume of the as-received-IL and dehydrated-IL decreased after the VD treatment
for different combinations of tar pyrolysis temperature (TPT) and VD temperature (VDT). It
was also noted that the carbon content and crushing strength of the samples increased after the
VD treatment, and the optimal values for the TPT-VDT are 700 °C and 350 °C. The C content
and the crushing strengths of the composites prepared at TPT-VDT = 700 °C to 350 °C
increased with an increase of the VD time to 50 pct carbon content and 10 daN at 240 minutes,
respectively. The strength was similar to that of commercial metallurgical coke used in blast
furnaces. The reduction of the composite prepared at TPT-VDT = 700 °C to 350 °C for 240
minutes started above 400 °C and was almost completed at 1000 °C. This reduction rate was
higher than that of commercial cold-bonded pellets or a coke/IL mixture. The combustion and
gasification rates of the composites prepared under different conditions depended on the
preparation condition of composites, and the rates were higher than those of commercial
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metallurgical coke used in blast furnaces.
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I. INTRODUCTION

THE iron and steel industry is encountering numer-
ous challenges on a global scale including appreciation/
depletion of ironmaking resources, excessive energy
consumption, and significant CO, emission. It is impor-
tant that solutions are found for these three major
problems related to resources, energy, and environment
for the continued development of this industry.
Recently, lowering of the thermal-reserve zone in blast
furnaces has been considered as an effective strategy for
reducing the consumption of energy and the reduction
of CO, emissions during the ironmaking process.!" In
addition, it is also important to develop new technolo-
gies for the raw materials used in ironmaking that can
utilize low-grade iron ore (limonite) that contains a large
amount of «-FeOOH and gangue for blast furnaces and
sintering machines. This could effectively address the
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aforementioned resource problem. Therefore, it is nec-
essary to develop methods to produce ironmaking raw
materials with high-reduction reactivity. These materials
should also be strong to ensure permeability in blast
furnaces. It is well known that the reduction disintegra-
tion phenomenon caused by volume expansion during
reduction from Fe,O3 to Fe;O4 in iron materials reduces
permeability in the blast furnace.** Therefore, it is also
important to develop low-reduction disintegration
(RDI) ironmaking raw materials for use in blast
furnaces. As such, the development of ironmaking raw
materials with low RDI and high-reduction reactivity is
necessary.

In recent years, the utilization of carbon-containing
iron ores (composites) with rapid reduction ability for
use in blast furnaces has been considered promising for
lowering of the thermal-reserve zone in blast furnaces
because the carbonaceous materials and iron oxide in
the composite are in a close contact. This has been
addressed in several works.*'” The production of
composites using chemical vapor infiltration (CVI) has
been investigated as a possible production method.” '
In this approach, gaseous-tar derived from the pyrolysis
of carbon resources is infiltrated and the carbonaceous
materials derived from tar is deposited into pores in
dehydrated-limonite, resulting in close contact between
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Table I.  Analyses of Samples Used in This Study
Elemental Analysis

Wt pet-dry
Sample Code Fe Si Al Ni Mg Ca C H N S
Limonite IL 43 3.2 1.8 1.1 0.6 — — — —
Cold-Bonded Pellet DP 34 2.4 1.0 — — 9.3 19 — — —
COG Tar — — — — — — — 91 5.3 1.10 0.5
Low-Strength Coke LC — — — — — — 91 0.2 0.08 0.3
High-Strength Coke HC — — — — — — 86 0.2 0.14 0.4

carbonaceous materials and iron oxide. (In this report,
carbon-species derived from tar are defined as carbona-
ceous materials, which are hydrocarbon species includ-
ing C, H, N, S, and O). Therefore, it has been reported
that the reduction of this sample progresses at a lower
temperature than that of the conventional method based
in coke.” ' Therefore, CVI samples may become
partial substitutes for ironmaking materials that are
used in conventional blast furnaces and sintering
machines. However, the carbon content loaded into
the pores of dehydrated-limonite using CVI is as low as
~ 5 pct, because it is impossible to completely fill the
pores produced by dehydrated-limonite using CVI with
carbonaceous materials. Moreover, the reduction reac-
tion of the sample during the re-heat treatment remains
until FeO is formed. In addition, the strength is very
small, as in the original sample."”’ High strength, rapidly
reducible carbon-containing iron ore that completely
fills the pores in limonite with carbonaceous material, is
likely to not only replace the ironmaking raw materials
but will also contribute to solving the resource problem
of the iron and steel industry. In addition, improving the
reduction/gasification reactivity by ensuring close con-
tact between carbonaceous materials and iron oxide may
help to resolve the problem of energy efficiency, as well
as the problem of CO, emission from blast furnaces.

Our research group has been investigating the produc-
tion of carbonaceous material-containing pellets/sinters/
low-grade coke/pyrolyzed char by coke oven gas (COG)
tar impregnation, and we have established that the
carbonaceous materials derived from the COG tar could
be completely filled into the pores of samples.'*>" In
addition, we have determined that the composites pro-
duced have high crushing strength and reducibility, and
could be assumed to have low RDI. If a composite
containing a large amount of carbonaceous materials
incorporated into the pores in limonite can be prepared
using the COG including gaseous-tar from coke making
and/or the pyrolysis of biomass or lignite, the resulting
composite prepared by vapor deposition (VD) of
gaseous-tar may be applied to various ironmaking meth-
ods (blast furnace, sintering machine, electric furnace,
etc.). Therefore, it is also important to investigate the
thermal properties of prepared composites.

In this study, we first prepared high crushing strength
and high carbon content composites in which COG-
tar-derived carbonaceous materials completely fill the
pores in limonite by VD. And then characterization of
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the composites and their reactivity properties (reduc-
tion, combustion, and gasification) during heat treat-
ment was performed.

II. EXPERIMENTAL
A. Sample

Indonesian limonite(IL), with size in the 3.0 to 4.0
mm range, was used in this study. The analysis of IL
listed in Table 1. The loss of ignition is 14 pct. The BET
(Brunauer—Emmett—Teller)-specific surface area and
BJH (and Barrett-Joyner—Halenda) of the pore volume
measured using an N, adsorption method are 75 m?/g
and 0.15 cm®/g, respectively. COG tar was used in this
study as a source of carbon, and the elemental analysis
showed in Table I. A commercial cold-bonded pellet
(DP) was used for comparison, and the composition
also listed in Table I. The combined water in DP is 6.2
pct-dry, and a basicity (CaO/SiO,) is 1.57. The specific
surface area and pore volume values were 30 m?/g and
0.06 cm?/g, respectively. Two types (High- and low-
strength cokes) of commercial metallurgical coke
(Table 1) were used (denoted by LC and HC); the coke
and COG tar were received from an iron and steel
making company. The Drum index (DI¢*°) and the coke
reactivity index (CRI) of the cokes used in this inves-
tigation were 72.8 to 87.1 and 18.9 to 58.7, respectively.

B. Vapor Deposition

The composites were prepared in a cylindrical
flow-type fixed-bed quartz reactor consisting of tar
pyrolysis (TP) and gaseous-tar-to-IL VD sections. A
detailed description of this apparatus was given in our
previous work."”l A toluene solution containing 50 wt
pct tar was first pumped at 0.4 mL/min onto a quartz
wool in the upper part of the reactor using a high-per-
formance liquid chromatography pump. COG tar is
highly viscous and easy to sediment. Thus, the tar was
diluted with toluene, and the mixture was stirring with
magnetically during experimental run. High-purity He
(99.9995 pct) was loaded at 200 mL/min as an inert
carrier gas. The mixture was pyrolyzed on the wool to
generate the tar-containing pyrolysis gas. The TP
temperature (TPT) ranged from 350 °C to 700 °C and
the generated gas was continuously loaded onto 2.0 g of
IL in the VD section. We varied the VD temperature
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(VDT) from 350 to 600 °C range. The experimental run
was started after the TPT and VDT had reached a
predetermined temperature in He. The duration of VD
was varied from 10 to 240 minutes to prepare the
composite. In this work, the combination of TPT and
VDT is abbreviated as TPT—VDT. The prepared
composite was described as IL/C_700-350 based on
the preparation temperature, and IL/C_700-350 indi-
cates preparation at TPT-VDT = 700 °C to 350 °C.

C. Reduction

The reduction behavior of the prepared composites
was investigated using a horizontal gas-flow-type quartz
made a fixed-bed reactor.!”! The samples were heated at
a rate of 10 °C/min to 1000 °C in He and were held for
30 minutes at final temperature. CO, CO,, CHy, and
H,O that were generated during the heat treatment were
analyzed using micro gas-chromatography and auto-fo-
cus multi-gas monitoring in 2 minutes of interval. The
reduction rate was calculated based on the amount of
CO, CO,, and H,O formed during the heat treatment
process and based on the O content of the feed samples.

D. Combustion and Gasification

The combustion and gasification properties of the
prepared composites were investigated using a thermo-
gravimeter and differential thermal analyzer (TG-DTA).
In combustion runs, the samples position individually
on a platinum (Pt) pan and heated at 10 °C/min to 1000
°C in air. In the gasification runs, the samples were held
on the Pt pan and were heated at 10 °C/min to 1500 °C
in CO,. CO, was used as a gasifying agent that
simulated the blast furnace atmosphere.

Surface area of IL/350, 500, and 600

E. Characterization

The samples were characterized by N, adsorption,
using a powder X-ray diffractometer (XRD), a Raman
spectrometer equipped with a charge-coupled device
detector, and a scanning electron microscope (SEM)
equipped with an energy-dispersive X-ray spectroscope
(EDS) before and after compositing or heat treatment
during reduction, combustion, or gasification. The
specific surface area and pore volume were calculated
using the BET and BJH methods. The crushing strength
was measured using a tensile and compression testing
machine according to the method defined in JIS M 8718.
A detailed description of different analysis methods and
conditions was summarized in our previous report.!'”

III. RESULTS AND DISCUSSION

A. Effect of Tar Pyrolysis and Vapor Deposition
Temperatures on Prepared Composites

Figure 1 shows the changes in the specific surface
areas and pore volumes of the composites that were
prepared at different TPT and VDT for 1 hour.
Figures 1(a), (c) show the effect of the TPT on the
specific surface area and pore volume of the prepared
composites. The specific surface area (75 m?/g) and the
pore volume (0.15 cm?/g) of the as-received IL increased
to 135 m?/g and 0.20 cm’/g by heat-dehydration
treatment at 350 °C (IL/350) in He. The development
of a pore structure by dehydration of «-FeOOH is well
known.”!'" However, the specific surface area and the
pore volume of the composite prepared at a constant
VDT of 350 °C and with the TPT varied from 500 to 700
°C tended to decrease with an increase of the TPT and

Porj\ volume of IL/350, 500, and 600
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Fig. 1-—Changes in the specific surface area (a, b) and pore volume (¢, d) with different TPT-VDT.
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Fig. 2—Changes in the crushing strength (a, b) and carbon content (¢, d) with different TPT-VDT.

became < 1 m?/g and < 0.01 cm?/g, respectively, at the
TPT of 700 °C. In the case of the composite prepared at
the constant VDTs of 500 or 600 °C with the TPT varied
from 500 to 700 °C, the specific surface area and the
pore volume of the dehydrated-IL at 500 °C (IL/500,
110 m?/g, and 0.23 cm?/g) and 600 °C (IL/600, 90 m?/g
and 0.24 cm®/g) also decreased to 10 to 20 m?/g and 0.03
to 0.07 cm®/g, respectively. The extent of the decrease
for a VDT of 600 °C was greater than for a VDT of 500
°C. Figures 1(b), (d) show the effect of the VDT on the
specific surface area and the pore volume of the
prepared composites. For all the prepared composites
both the specific surface area and the pore volume
tended to decrease with a decrease of the VDT. Based on
the inspection of the pore size distribution profiles
before and after compositing for each TPT and VDT, it
was observed that the peak intensity associated with the
2-nm-diameter pores that were observed for the origi-
nal-IL and dehydrated-IL (IL/350, 500, or 600) dramat-
ically decreased and/or completely disappeared for the
prepared composites. In addition, the extent of the
decrease was more significant for the composites pre-
pared under lower VDT conditions.

Figure 2 shows the changes in the crushing strength
(Figures 2(a), (b)) and carbon content (Figures 2(c), (d))
for the prepared composites corresponding to the results
in Figure 1. When the VDT of 350 °C was constant and
the TPT was varied from 350 to 700 °C for the
preparation of composites, the strength increased with
an increase of the TPT. However, in the case of a
constant VDT of 500 or 600 °C, the strength of the
prepared composites was almost the same (1.2 to 1.3
daN), irrespective of the TPT. The carbon content
(Figures 2(c), (d)) exhibited the same trend as the
strength, and increased with an increase of the TPT at
a constant VDT of 350 °C (10 to 27 pct), whereas the
values were almost the same (17 to 23 pct) at a VDT of
500 or 600 °C, irrespective of the TPT. Here, when the
deposited C is hypothesized as amorphous C, a theo-
retical amount of C filling the pores in IL can be
calculated based on pore volume for IL/350, IL/500, and
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1L/600, which produced 40, 45, and 47 wt pct-dry C for
prepared composites. The decreasing pore size and the
increase in the crushing strength of the prepared
composite occurred because some gaseous-tar produced
in the process of TP penetrated the inherent mesopores
in the as-received IL or into those mesopores that were
generated by dehydration via Knudsen diffusion. As a
result, deposition of carbonaceous materials
occurred.!"™ In addition, the calculation results suggest
that low VDT is favorable for this type of diffusion.!"”
However, in the case of a high VDT, deposition of
carbonaceous material derived from gaseous-tar
occurred only on the dehydrated-IL surface because
pyrolysis of gaseous-tar is more dominant than pore
diffusion.!" Therefore, we estimated that the decrease in
the specific surface area or pore volume and the increase
in the crushing strength and carbon content were
smaller for the composites prepared at a high VDT
compared to those prepared at low VDT. Moreover, we
assumed that the pyrolysis of the tar constituent does
not occur at low TPT and the diffusion within the pores
is suppressed because the molecular weight of the tar is
not lowered. From these results, it was determined that
the optimal temperature condition for carbonacecous
materials derived from tar filled into the pores of
dehydrated-IL via VD is TPT-VDT = 700 °C to 350 °C.

Table IT lists the chemical forms of Fe for the
composites prepared under different TPT-VDT condi-
tions for 1 hour, corresponding to the results in
Figures 1 and 2. When as-received IL (a-FeOOH) was
absolutely heated in He, a peak attributed to Fe,O3 was
observed above 300 °C and was observable for temper-
atures up to 1000 °C. However, when dehydrated-IL
was VD treated at TPT-VDT = 350 to 350 °C, a
portion of the Fe,O5 observed in IL/350 was reduced to
Fe;04. A similar change in the chemical form of Fe was
observed for the combination of TPT = 500 to 700 °C
and constant VDT = 350 °C. For the combination of
TPT = 500 to 700 °C and a constant VDT = 500 °C,
the Fe,O; observed in IL/500 was completely reduced to
Fe;04. Moreover, peaks attributable to a-Fe, FeO, and
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Table II.

Summary of Chemical Form of Fe in the Prepared Composites, for Different TPT and VDT

Temperature (°C)

TPT? VDT Chemical Form of Fe°
As-Received INL a-FeOOH (m)
IL/350¢ Fe,05 (w)
350 350 Fe,05 (w), Fe;04 (m)
500 350 F€203 (W), FC304 (m)
600 350 Fe,03 (vw), Fez04 (m)
700 350 Fe, 03 (vw), Fez04 (m)
1L/500° Fe,05 (w)
500 500 Fe304 (s)
600 500 Fe;04 (s)
700 500 Fe304 (s)
IL/600" Fe,05 (w)
600 600 Fe;04 (vw), FeO (vw), Fe;C (w), a-Fe(w)
700 600 Fe;04 (vw), FeO (vw), Fe3C (w), FeC (w), o-F (s)

“Tar pyrolysis temperature.
®Vapor deposition temperature.

“Designated by XRD measurement: vw (very weak), w (weak), m (medium), s (strong) (Basis on the intensity of the XRD peak in Fig. 6).

4IL heated up to 350, 500, and 600 in He.

iron carbide also appeared in addition to the weak
Fe;04 peak as the VDT was increased to 600 °C and the
TPT was 600 to 700 °C. These results show that a
reduction and carburization of iron oxides in dehy-
drated-IL occurs via the generation and deposition of
amorphous C (the details are described in Sect. 111-B)
from tar pyrolysis during the VD treatment at a
high-TPT and VDT. Here, high-TPT and VDT mean
above 600 °C. We thus conclude that a low VDT is
advantageous for producing carbonaceous materials
containing iron ores with a high crushing strength and
high carbon content, whereas a high VDT is effective for
the production of iron carbide or «-Fe using a present
method.

B. Effect of the Vapor Deposition Time on the Prepared
Composites

In Section III-A, the largest carbon content and
crushing strength were observed for the composite
prepared under TPT-VDT = 700 °C to 350 °C.
Therefore, the effect of the VD time on the pore
properties, crushing strength, carbon content, and
changing chemical form of Fe was investigated for the
composites prepared under this temperature condition.
Figure 3 shows the changes in the carbon content and
crushing strength of the prepared composite vs. the VD
time. A dramatic increase in the strength of the prepared
composite was observed for VD times longer than 60
minutes, whereas the carbon content significantly
increased to 22 pct for VD times up to 30 minutes and
reached 50 pct for a VD time of 240 minutes (Figure 3).

From the SEM-EDS analysis of the cross-sections of
the prepared composite particles for a VD time of 240
minutes, it was determined that C is uniformly dis-
tributed from the outside to the center of the inside of
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Fig. 3—Changes in the crushing strength and carbon content with
VD time and relationship between the carbon content and crushing
strength.

particles.'® Therefore, it is concluded that carbona-
ceous materials derived from tar deposited both on
surface and pores in IL/350 via vapor infiltration.
Figure 4 shows the Raman spectra of composite particle
prepared with a VD time of 240 minutes. Raman
analysis revealed that the carbonaceous materials
deposited on the prepared composite particles with a
VD time of 240 minutes were nearly amorphous.

The relationship between the carbon content and the
crushing strength indicates that the increase in the
strength was primarily initiated beyond the 30 pct
carbon content level, with the strength reaching a value
of 10 daN for a VD time of 240 minutes. This final
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strength was comparable to that of commercial coke
(HC, DI§™ = 87.1) used in conventional blast furnaces.
Table III summarizes the pore properties and chemical
form of Fe for the results in Figure 3.

A portion of Fe,O3 observed in IL/350 was changed
to Fe;O4 for VD times up to 30 minutes, and both
chemical forms of Fe were detectable for VD times up to
240 minutes. When the dependence of the pore size
distribution profile on the VD time was investigated, the
peak at 2 nm that was observed in the original sample
(IL/350) almost disappeared for VD times up to 60
minutes, which dramatically increased the carbon con-
tent. The specific surface area and the pore volume were
10 m?/g and 0.05 cm’/g, or < 1 m?/g and < 0.01 cm?/g
for the VD times of 30 or 60 minutes, respectively. Here,
there may be possibility that tar-carbonaceous materials
will deposit only on the surface of particles, closing the
pore hole and leaving other parts of pore channel
non-accessible for N, gas in N, adsorption method.
According to previous works of thermoplastic C mate-
rial used to produce iron ore/carbon composite, C
materials were filled into nm order pores in limonite
during heat treatment of mixture of thermoplastic C
material and limonite.”® Although vapor deposition of
gaseous-tar was used in this study to produce composite,
it is suggested that carbonaceous materials derived from
tar were completely filled into pores in limonite as well
as the previous report.”® In addition, if carbonaceous
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Fig. 4—Raman spectra of composite prepared at TPT-VDT = 700 °C
to 350 °C for 240 min.

materials did not completely fill into pores in limonite,
the strength of composite does not increase. The
increase in strength is evidence that the pores in IL are
completely filled with carbonaceous materials derived
from tar. Thus, the crushing strength of the composite
developed due to the carbonaceous material that was
derived from tar that was first filled (or was deposited)
into mesopores in IL/350 and then filled (or was
deposited) into other pores (e.g., pore of > 50 nm).
This was supported by the observation that the crushing
strength of the prepared composite developed after 60
minutes of treatment increase and a dramatic increase in
the carbon content of 30 pct observed after 60 minutes
of treatment as shown in Figure 3. In other words, the
strength increases after completely filling the mesopores
in IL/350 with carbonaceous material derived from tar
during the VD treatment, and the effect of carbonaceous
materials deposited on particle surface on strength is
smaller than that in pores.

As shown in Table II, «-Fe and iron carbide were
formed for the composite prepared under a TPT of 600
to 700 °C and a constant VDT of 600 °C for 60 min. To
understand the mechanism associated with the forma-
tion of these species, a change in the chemical form of Fe
for the composites prepared under a TPT of 600 to 700
°C and VDT of 600 to 700 °C was investigated in
relation to the VD time, and the results are shown in
Table IV. For TPT-VDT = 600 to 600 °C, the Fe,03
that was detected in 1L/600 was completely reduced to
Fe;0, after 15 minutes and was observed for VD times
up to 45 minutes. Beyond the VD time of 50 minutes,
peaks that were attributed to FeO, a-Fe, and iron
carbide (Fe;C) appeared, whereas the peak intensity of
Fe;04 decreased. The peak intensity of a-Fe increased
with an increase of the VD time. For TPT-VDT = 700
to 600 °C, although the detectable chemical form of Fe
for the VD time up to 60 minutes was the same as for the
TPT-VDT = 600 to 600 °C, the peak attributed to o-Fe
was observed for a VD time of 45 minutes. For VD
times in excess of 60 minutes, the production of FeO,
Fe;C, and FeC was also observed and the intensity of
o-Fe tended to increase with an increase of VD time. In
the case of TPT-VDT = 700 to 700 °C, the experimental
run was possible up to a VD time of 60 minutes because
an occlusion of the reactor occurred due to the presence
of soot-carbonaceous material deposition derived from
TP. However, Fe,O3 was changed to FeO, a-Fe, and

Table III. Summary of the Chemical Form of Fe, Specific Surface Area, and Pore Volume in the Composites Prepared at
TPT-VDT = 700 °C to 350 °C at Different VD Times
VD Time (Minutes)®
Properties 0 (IL/350) 10 20 30 60 120 180 240
Chemical Form of Feb Fezo3 (m) F6203 (m) Fe203 (m), FC304 (W) FezO3 (W), FC304 (W)
Specific Surface Area® 140 20 15 10 <1
Pore Volume? 0.20 0.12 0.07 0.05 < 0.01

“Vapor deposition time.

*Designated by XRD intensity; medium (m); weak (w) (Basis on the intensity of the XRD peak in Fig. 6).

“Calculated by Brunauer-Emmett-Teller method.
dCalculated by Barrett-Joyner—Halenda method.
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Table IV. Summary of Changes in the Chemical Form of Fe for the Composites Prepared at Different TPT-VDT with Different
VD Times
TPT¢ -vDT¢ 0 15 30 45 60 90 120
600 to 600 Fe,O5 (m) Fe;04 (m) Fe;04 (w), FeO (vw), Fe;04 (W),
o-Fe (w) FeO (vw), a-Fe (s)
700 to 600 Fe,05 (m) Fe;04 (m)  Fe;04 (m), a-Fe (vw) Fe304 (vW), FeO (w), Fe;C (w),
FeC (w), a-Fe (m)
700 to 700 Fe,O3 (m) FeO (w), FeC (m), o-Fe (m) n.a.®

“Vapor deposition time.

"Designated by XRD intensity; strong (s); medium (m); weak (w); very weak (vw) (Basis on the intensity of the XRD peak in Fig. 6).

“Tar pyrolysis temperature.
dVapor deposition temperature.
“Not analyzed.
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Fig. 5—Formation rates of CO, CO,, H,O, or CH, for the composite prepared at TPT-VDP = 700 °C to 350 °C («) and its reduction behavior

(b) during heat treatment in He.

FeC, for VD times up to 15 minutes, and these forms
were measured for VD times up to 60 minutes. From
these results, it was determined that iron carbide and
a-Fe can be obtained by varying the VDT and VD time.
When the amount of gaseous-C compounds (CO, CO,,
and CHy) produced was measured for an absolute TP at
700 °C with the same reactor without the IL sample, the
recorded values were 30, < 1, 70 pct carbon basis in
feed-tar (except deposited-carbonaceous material
amount), respectively. According to previous work on
iron carbide production using o-Fe and hydrocarbon
gases, the formation of iron carbide using CHy4 is not
initiated for temperatures under 800 °C, whereas C,_3
gases can be produced at a temperature as low as 400
°C.??l In addition, the formation of iron carbide by the
reaction of Fe with amorphous carbon precipitated by
the heterogeneous reaction of CO can also occur
sufficiently (3Fe + C (amorphous) = Fe;C, AG600
°C-700 °C —52~—43 kcal/mol) in the
above-mentioned range of VD temperatures used in
this study, according to thermodynamic-equilibrium
calculation results. It is well accepted that carbon
species that occur due to CO disproportionation
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reaction are amorphous carbon. Moreover, it has been
reported that the reaction between CO and iron com-
pounds leads to the formation of iron carbide at
temperatures under 800 °C in the presence of the CO
gas.'”’) Therefore, the formation of iron carbide may
occur by the reaction (solid—gas reaction) between Fe
species and C,, Cs;, CO, which are generated by the
secondary decomposition of tar, or deposited C.

C. Reduction Behavior of the Prepared Composites

The formation rates of CO, CO,, and H,O during
heat treatment in He were investigated to clarify the
reduction reactivity of the composite prepared under the
TPT-VDT 700 °C to 350 °C condition for 240
minutes. Figure 5 presents the gas formation rate vs. the
heat treatment duration.

The CO and CO, formation started at approximately
500 °C, and the formation profiles of these compounds
reveal main peaks at approximately 800 °C (Figure 5(a)).
The H,O formation profile was observed for tempera-
tures above 300 °C and the main peak was observed at 800
°C. In addition, a weak formation of CH,; was also
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observed for temperatures in the 400 to 800 °C range. The
formation of CO, and H,O was almost saturated at 850 to
1000 °C, whereas the formation of CO was also observed
at 1000 °C. The formation amounts of these O-containing
gases were compiled according to the following order
CO=H,0 < CO.. Therefore, although the reduction of
iron oxide mainly occurred due to the direct reaction with
C in the prepared composite, it is possible that a part of
this reduction was due to the reaction with H,, CH,, CO
that were generated upon heating, because the formation
of H>O and CO, was also observed. The details of the
mechanism of reduction including the proportion of true
indirect and direct reduction for the prepared composite
will be the subject of future work. Figure 5(b) shows the
reduction behavior of the prepared composite calculated
based on the formation amounts of CO, CO,, and H,O, as
shown in Figure 5(a). For comparison, the reduction
behavior of DP dehydrated at 500 °C (DP/500) in He
which was prepared from dust and has been used in
conventional blast furnaces, in addition to some of the
physical mixtures of IL and coke, are also shown. Here, it
should be noted that the reduction behavior of the

prepared composites began from 10 pct at room temper-
ature, because the reduction of iron oxide in IL occurred
during the VD treatment. The reduction of the composite
started at ~ 400 °C and exceeded 95 pct at 1000 °C.
However, the reduction rates of the IL/coke mixture and
DP /500 were only 5 and 20 pct at 1000 °C, respectively. It
was thus determined that the composite prepared using
this method has a high reactivity. Figure 6 shows the
change in the chemical form of Fe in the prepared
composite during heat treatment in He, corresponding to
the result in Figure 5. Fe,O3 that was originally present in
the prepared composite was reduced to Fe;O, for
temperature up to 500 °C. In addition, a component of
Fe;04 was changed to a-Fe, FeO, and iron carbide at 700
°C. A distinct peak attributed to a-Fe and FeC was
observed at 800 °C at which the formation rates of CO,
CO,, and H,O were maximized and became dominant at
900 °C or higher. In addition, the temperature at which
the formation of a-Fe was observed for the composite
heated at 700 °C was 200 °C lower than that for the DP
heated at 900 °C. These results support the preceding
description of the temperature dependence of the
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Fig. 6—Change in the XRD pattern of the composite prepared with heat temperature corresponding to the result in Fig. 5.
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reduction rate. Now, although we have not identified
these two peaks at around 50 to 55 deg, it is suggested that
the two peaks occur due to gangue component, because
these peaks appeared after reduction progress of iron
oxide in IL. In addition, these peaks have not been
observed in other reduced-limonite sample prepared by
H, or carbon reduction.!***¥

It is important to consider the change in the crushing
strength with the reduction of the composite, which
would facilitate the use of the composite in blast
furnaces. Figure 7 shows the change in the crushing
strength of the prepared composite with heat treatment
in He, corresponding to the results in Figures 5 and 6.

For comparison, the results for DP/500 are also
plotted. The strength of DP/500 decreased for temper-
atures above 500 °C, whereas that of the prepared
composite remained the same for temperatures up to
700 °C and then decreased from 12 to 7 to 8 daN for
temperatures in the 800 to 1000 °C range. The range of
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Fig. 7—Change in the crushing strength of the composite during
heat treatment corresponding to the result in Fig. 5.
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temperatures 800 to 900 °C for which the strength of the
composite was observed to decrease corresponds to the
temperature of formation of O-containing gases and
a-Fe dominates, as shown in Figures 5 and 6. It is well
known that the strength of sinter and lump iron ore
decrease due to the volume expansion with the reduction
from Fe,Oj; to Fe;O4 for samples treated at tempera-
tures in the 400 to 600 °C range.’ However, no such
strength reduction was observed for the prepared
composite for temperatures in the 400 to 600 °C range
because a large fraction of Fe,Oj3 in the composite was
reduced to Fe;04 during the VD treatment and the
carbonaceous materials derived from tar filled in the
pores of the composite provide reinforcement to the
composite. As previously indicated, the strength of the
composite decreased for temperatures above 800 to 900
°C. To clarify this phenomenon, the distribution of pore
size in the solid product obtained after heat treatment
(Figure 6) was investigated, and the results are shown in
Figure 8. For comparison, the change in the shape of
the pore size distribution for IL that was absolutely
heated in He up to 1000 °C is also shown. Although
mesopores were not measured in the prepared composite
and the sample heated at 600 °C, the maximum pore size
distribution was 2 nm for the sample heated at 700 °C,
which corresponds to the starting temperature for the
composite reduction. Moreover, this peak intensity
tended to increase with an increase in the temperature.
Therefore, it is suggested that the strength of the
composite decreases due to the consumption of car-
bonaceous material at the interface between the car-
bonaceous material and the iron oxide, thereby reducing
the iron oxide. However, previously indicated, 800 °C is
the temperature at which the formation of a-Fe becomes
conspicuous. The composite prepared using this method
can suppress reduction disintegration at low tempera-
tures, thus allowing the composite to maintain its
strength until o-Fe is produced. These results indicate
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Fig. 8—Changes in the pore size distribution of the composite prepared with heat temperature corresponding to the result in Fig. 5 () and that

of as-received IL during heat treatment in He (b).
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that this composite is potentially a substitute for the raw
materials (ex. conventional cold-bonded pellets) that are
used in conventional blast furnaces.

It is important to consider the change in the crushing
strength with the reduction of the composite, which
would facilitate the use of the composite in blast
furnaces. Figure 7 shows the change in the crushing
strength of the prepared composite with heat treatment
in He, corresponding to the results in Figures 5 and 6.
For comparison, the results for DP/500 are also plotted.
The strength of DP/500 decreased for temperatures
above 500 °C, whereas that of the prepared composite
remained the same for temperatures up to 700 °C and
then decreased from 12 to 7 to 8 daN for temperatures
in the 800 to 1000 °C range. The range of temperatures
800 to 900 °C for which the strength of the composite
was observed to decrease corresponds to the tempera-
ture of formation of O-containing gases and o-Fe
dominates, as shown in Figures 5 and 6. It is well
known that the strength of sinter and lump iron ore
decrease due to the volume expansion with the reduction
from Fe,O; to Fe;O4 for samples treated at tempera-
tures in the 400 to 600 °C range.”! However, no such
strength reduction was observed for the prepared
composite for temperatures in the 400 to 600 °C range
because a large fraction of Fe,O3 in the composite was
reduced to Fe;O4 during the VD treatment and the
carbonaceous materials derived from tar filled in the
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pores of the composite provide reinforcement to the
composite. As previously indicated, the strength of the
composite decreased for temperatures above 800 to 900
°C. To clarify this phenomenon, the distribution of pore
size in the solid product obtained after heat treatment
(Figure 6) was investigated, and the results are shown in
Figure 8. For comparison, the change in the shape of
the pore size distribution for IL that was absolutely
heated in He up to 1000 °C is also shown. Although
mesopores were not measured in the prepared composite
and the sample heated at 600 °C, the maximum pore size
distribution was 2 nm for the sample heated at 700 °C,
which corresponds to the starting temperature for the
composite reduction. Moreover, this peak intensity
tended to increase with an increase in the temperature.
Therefore, it is suggested that the strength of the
composite decreases due to the consumption of car-
bonaceous material at the interface between the car-
bonaceous material and the iron oxide, thereby reducing
the iron oxide. However, previously indicated, 800 °C is
the temperature at which the formation of «-Fe becomes
conspicuous. The composite prepared using this method
can suppress reduction disintegration at low tempera-
tures, thus allowing the composite to maintain its
strength until «-Fe is produced. These results indicate
that this composite is potentially a substitute for the raw
materials (ex. conventional cold-bonded pellets) that are
used in conventional blast furnaces.
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Fig. 9—TG and DTG curves in air of the prepared composite: (a) the composite prepared at TPT-VDT = 700 °C to 350 °C (IL/C_700-350), (b)
the composite prepared at TPT-VDT = 700 to 600 °C (IL/C_700-600), and (c) the composite heated up to 900 °C in He (IL/C_700-350_900),

and (d) comparing (a), (b), and (c).
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D. Combustion Properties of the Composite g@ e
Figure 9 presents the results of the analysis of the Cj): g g
combustion properties of the prepared composites °T 3
heated in air. The samples that were used in this | <= =
examination were as follows: (a) a composite prepared \%@m @m
at TPT-VDT = 700 °C to 350 °C for 240 minutes (IL/ QQ <
C_700-350), (b) a composite prepared at TPT-VDT = LE
700 to 600 °C for 60 minutes (IL/C_700-600), and (c)
sample (a) heated at 900 °C in He (IL/C_700-350_900). N
When the composite that was prepared at TPT-VDT = = E =
700 °C to 350 °C was heated in air (Figure 9(a)), weight '% N S J
loss started after 25 minutes and the derivative of the 2 ~& &
relative weight profile (DTG, weight reduction rate) £ éi i .
resulted in weak, main, and shoulder peaks at 35, 60, E Qj E £ °
and 70 minutes, respectively. An increase in the tem- & 2lEs & |£
perature due to exothermic heat was observed at < S o =
approximately 60 minutes, which is the temperature 2 . Sl =
corresponding to the observed main peak. Figure 9(d) ol &
shows the combustion properties of the Al,O3/C com- 2l s .= @
posite (carbonaceous material filled the pores in porous Rl = E I
AlLO3 (Mizusawa Chemical)) following the same exper- 2 E S C}: £
imental procedure as used for the preparation of IL/ ; =2 > &' 3
C_700-350. The weight reduction rate for Al,O3/C al el + LL:?A,.\ k=
exhibited peaks at 40 and 60 minutes. > § 22|58
Therefore, the combustion peak observed at 60 > O 3 5&’ gi’ E
minutes for IL/C_700-350 occurred due to the combus- Z| = S o8 o3 |s
tion of carbonaceous material in the composite, and the £| g SR K g
result for Al,O3/C reflects the reaction of carbonaceous § Q %
material with air during heat treatment. From the DTA S| E )
analysis of IL/C_700-350 that was performed simulta- | g ~| =
neously with TG analysis, it can be determined that the = | & ’g\% i C
observed DTG peaks at 35, 60, and 70 minutes reflect 2| 2 AN -
the formation of carbonaceous material in the compos- 5|2 =2 i O
ite (for the first peak), and the combustion of C in the =z e j:’; g o
heated sample (for the latter two peaks). Table V g i S
summarizes the change in the chemical form of Fe £ o% = i
during the combustion of the prepared composites, as 5 2 = § z
assessed using XRD measurements. The peaks corre- 2 - o =
sponding to Fe,O3 and Fe;O4 that were detected in the = g g =
prepared IL/C_700-350 were also observed at the first P 1 g g
peak at 35 minutes for TG analysis. The chemical form g - 2 3 i
of Fe was only Fe3;0,4 at the second peak at 60 min. It = A 5 T e g g
should be noted that Fe,O; and Fe;O, were again 8 & T 2y J
detected as a shoulder peak (third peak) which was b ,\Uié %09,0'%
observed at 60 to 70 minutes for TG analysis. These g EEL}; 2% og z
observations indicate that the combustion reaction of £ So32 |[%$0%0
IL/C_700-350 starts at approximately 60 min, and the £ o CE g ‘:;)"o gy
reduction reaction of Fe,O5 to Fe;O4 and the combus- a /_;g" ; Lg § SRR
tion reaction occur simultaneously, while a component N ez = (2L
of Fe30y4 is finally re-oxidized to Fe,Os. Figure 9(b) @ 65’55 g@@@
shows the results for IL/C_7000-600. The combustion = E{fi} 2 “22E
behavior of this sample is significantly different from = é N o N
that of IL/C_700-350, and the weight increase and gEEE
exothermic heat generation which occurs due to the P
oxidation reaction were measured at approximately 20 - § Sg2E
minutes. The combustion rate profile then exhibits peaks = 855
at 35 and 45 minutes, accompanied by a temperature sy o |2 552F
increase. The results of the DTA analysis indicate that flﬂ % 2 = § § § “E
the weight loss reactions that occur at 20 and 35, 45 .88 & gﬁ EEEC
minutes are the oxidation and combustion reactions. % Jo O |88SSz2
Based on the XRD measurement shown in Table V, the Sl = TeeEe
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Fig. 11—Gasification rates of the prepared composites and coke.

peak intensity of a-Fe and iron carbide for the prepared
composite decreased at 15 to 30 minutes, which corre-
sponds to the temperature range of the oxidation
reaction in Figure 9(b). In addition, a decrease in the
peak intensity of a-Fe, iron carbide species, and Fe;O4
was observed at 30 to 40 minutes during which the
combustion reaction occurred, as shown in Figure 9(b).
A peak attributed to Fe,O3 appeared after 40 minutes in
addition to another associated with Fe;O,4. From these
observations, in the case of IL/C_700-600 combustion,
the oxidation reaction of «-Fe occurs in the low
temperature region to generate Fe;O4. It was also
determined that FeO and a component of Fe;O4 are
oxidized to Fe,O3 as the temperature is increased
further. It was also revealed that the combustion of this
composite mainly occurs at 30 to 50 minutes for the
TPT-VDT = 700 to 600 °C prepared composite.
Figure 9(c) shows the results for IL/C_700-350_900.
The weight change began after 10 minutes and the
weight increase and exothermic peak of DTA due to the
oxidation reaction were observed at approximately 30
min. The DTG peak was observed at approximately 40
and 55 minutes. It can therefore be concluded that
combustion occurs at 40 to 55 minutes because the DTA
curve reveals the generation of exothermic heat in the
range of temperatures corresponding to the latter two

2270—VOLUME 50B, OCTOBER 2019

observed peaks. Figure 9(d) also shows the results for
Al,0O3/C_900, which was prepared by heating Al,O5/C
for 90 minutes in He. The peak observed at approxi-
mately 55 minutes occurred due to the combustion of C
in IL/C_700-350_900, because the peak associated with
the weight loss was observed at ~ 55 min, which was
similar to the case of Al,O3/C_900. Moreover, this
observation is presumably due to the oxidation of o-Fe
base on the weight loss at approximately 30 minutes for
IL/C_700-350_900, because weight loss was not
observed for Al,O3/C_700-350_900. To further investi-
gate this phenomenon, XRD was performed for IL/
C_7000-350 900 heated in air (Table V). Although the
XRD results for IL/C_700-350 900 heated for 30
minutes yielded a profile that was consistent with the
peaks of FeO, a-Fe, FeC, and Fe;C, the latter two peaks
nearly disappeared at 40 minutes, and the peaks
attributable to Fe;O4 and Fe,O; were observed. The
peak intensity of Fe,Oj3 increased, and the peak of «-Fe
completely disappeared until 55 minutes. These obser-
vations indicate that the combustion reaction of IL/
C_700-350 started at approximately 55 minutes similar
to the case of IL/C_700-350. However, a difference was
found between the combustion rates of IL/C_700-350
and IL/C_700-350_900 as shown in Figure 9(d). This
explains the observation that the reduction and oxida-
tion reactions occur simultaneously in the combustion
process in IL/C_700-350, as determined by XRD
analysis. Figure 10 compares the combustion rate of
coke that is used in conventional blast furnaces and that
of the prepared composite. The combustion of coke
started at approximately 60 minutes and ended at 90
minutes for both samples. A comparison of the com-
bustion behavior of coke with that of the prepared
composite indicates that the combustion rates for all
composites are significantly higher than those of the
coke.

E. Gasification Behavior of the Prepared Composites

Figure 11 shows the CO, gasification rate of the
prepared composites and of the coke. The gasification of
coke started above 1000 °C, and ended at 1350 to 1450
°C. The gasification rate of HC was greater than that of
LC, and the rate corresponded to that of CRI. When IL/
C_700-350, IL/C_700-350_900, and IL/C_700-600 were
gasified, the gasification started at 600 to 700 °C, and
ended at 950, 1050, and 1300 °C, respectively; the
gasification behavior of these prepared composites was
quite different. The gasification rates of the samples used
in this study were in the following order HC < LC < IL/
C_700-350 < IL/C_700-350_900 < IL/C_700-600, and
the gasification rates of the prepared composite were
significantly greater than those of the coke. XRD
measurements were performed to evaluate the gasifica-
tion mechanism of the prepared composites and the
results are summarized in Table VI. Fe,O5; that was
observed in IL/C_700-350 before gasification was
reduced to Fe;O4 at temperatures up to 600 °C. The
peaks attributed to FeO, a-Fe, and FeC appeared at 850
°C along with the peak of decreasing intensity of Fe;Oy.
However, when the temperature was increased to 900

METALLURGICAL AND MATERIALS TRANSACTIONS B



o
S
IS
—
@D @ @
N # N
<t <t
S % 9
8 ] £ ]
S | = =
-
~ o~
w2
g EZER
£ o
= QL O v
8 cuuz-;‘ oLTT
- ey,
g S1EEE2
U vvvv 6'\
(\ <O <O
o Qo200 e
@) o e i
5 SO =
=
=
g =
s | &= @)
= G ~ ~
= o 3 >
'ﬂ 172} N
= | g Q 2
=3 1= 5] =)
HEIE S 3
Slz®|zE z
S = 2]
= P 5
a 5) QO &% =
2| = 2 < =
| < = -
z | ~ =
= @) )
T < 4
w
S 53
2| 2 = 2
< =2 3
) < ~ ’;
= | 5 o .
o = o 2 T
<] g g <
St o ~ ~~ g g
=] P‘ gm —
SN
» - N » O
£ < + 2 s °
=z .. QO - 8
£ s o3 = &
IS EIR)
— ~ ~
B 4 [=%
2 < £
E [
3 53
= P -
: EE |EZ
- = < N g =
) S|IO @) 2 &
o0 3 o ~
2 o < o B 5
o A~ LT
ZJy
s en® ©° .
=E=R=
g EZEY
= = = 20 %e
= Z 2B L2828
£ S 2 oy |E&29¢8
5 - 2 20 o oD
& & s E= | zE8E
o8 - o o
2l % FEe[fr
- N N
= E < 252 |zepn
2 Qol|lsx>>
) I = Sox|*"
= Qoo QLEE|xEEE
] ) 5] ) 8 _«?m%m
= R Zaap
SHEE
ERESR
30
%) = =
> xwxw
S 555
N 282
L 2 3 =hlnin
s =) BLae
T 9 % 227
B 15}
REREE SEEE
a l\| l\| l\| 3500
g9 9O 9 feRy
S | — —
wn == o =

METALLURGICAL AND MATERIALS TRANSACTIONS B

“Not analyzed.

°C, the intensity of the peak associated with Fe;Oy4
increased again, and the same increase was observed for
the peaks associated with FeO, o-Fe, and FeC for
temperatures up to 950 °C. At 1050 °C, the XRD
pattern consisted of only Fe;O4 only, and the structure
remained the same for temperatures in excess of 1200
°C. In the case of IL/C_700-350_900, a component of
a-Fe and iron carbide that was detected in the sample
before gasification was present remained for the tem-
peratures up to 900 °C. These species then transformed
to Fe;O4 up to 1000 °C. It was also determined that
a-Fe, FeO, and iron carbide observed in IL/C_700-600
transformed to Fe;O4 for temperatures up to 700 °C,
while the Fe;O4 was stable for temperatures above 1000
°C. It is well known that iron catalyzes the gasification
reaction of carbonaceous material by the redox reac-
tion.l”#2% The start temperature of gasification of IL/
C_700-350 is close to that of the reduction start
temperature of the same sample in He, as shown in
Figure 5. Moreover, the results of the XRD analysis, as
previously indicated, suggest that the gasification reac-
tion proceeds simultancously with the reduction reac-
tion. In addition, both reactions occur in the other two
composites (IL/C_700-350_900 and IL/C_700-600).
According to the previous report on CO, gasification
reaction in composites prepared from nanometer- or
micrometer-scale ordered Fe,O; particles and thermo-
plastic carbonaceous material, the reaction between
Fe;04 and C (for the formation of FeO and CO) is rate
limited. However, the reaction between the formed FeO
and CO, to form Fe;04 and CO occurs rapidly. It was
thus concluded in the previous report”®?*! that the
gasification reaction of the carbonaceous material in
C-containing iron oxide composites proceeds via a redox
reaction. Therefore, in this study, we concluded that a
redox reduction occurred during the preparation of the
composites because Fe;O4 was observed in a stable Fe
form in the solid phase after the heat treatment in CO,.
These results suggest that composites that are prepared
using this method have high gasification reactivity.

In general, carbothermic reaction of limonitic iron ore
containing nickel (in this study 1.1 pct-dry basis)
produces nickel, in the formation of Fe-Ni alloy. The
reaction condition in this study is feasible enough to the
formation of Fe-Ni, and the species may influence on
reduction, gasification, combustion of prepared com-
posites. However, we could not observe Ni form in the
ore by XRD. The effect of Ni species on the thermal
properties of the prepared composite will be subject in
future work.

IV. CONCLUSIONS

The optimal conditions for the preparation of com-
posites in which tar-derived carbonaceous materials
completely filled Indonesian limonite (IL) pores were
investigated using the vapor deposition (VD) method.
Characterization of the samples and their reactivity
properties (reduction, combustion, and gasification)
during heat treatment was performed. The main con-
clusions are summarized below.
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(1) The maximum pore size distribution was approxi-

mately 2 nm, and the specific surface area and pore
volume for the as-received IL or dehydrated-IL
samples decreased after VD treatment, for the
composites prepared using different combinations of
tar pyrolysis temperature (TPT) and VD tempera-
ture (VDT). However, the carbon content and the
crushing strength of the samples increased after VD
treatment, and the optimal TPT-VDT configuration
was estimated at 700 °C to 350 °C.

(2) The carbon content and the crushing strengths of

the composites prepared at TPT-VDT = 700 °C to
350 °C increased with increasing VD duration to 50
pct of carbon content and 10 daN at 240 minutes,
respectively. The strength reached that of commer-
cial metallurgical coke used in blast furnaces. The
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