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In previous study, the analysis of simultaneous reaction between the reduction reaction and the gasifica-
tion reaction in a facing pair was performed. The definition of the coupling phenomenon was proposed. It
was found that the starting temperature of gasification decreased from 900 to 600°C in the facing pair
under CO, atmosphere.

In present study, the quantitative estimation of coupling phenomenon between reduction and gasification
was carried out with modified experimental setup, in which all reaction gas (Ar-30%CO,) could be passed
through the space of facing pair of iron oxide (hematite) and graphite. Reduction reaction was promoted by
the gasification reaction occurring in the opposite surface and the extent of reduction reaction was obtained
as a function of the distance.

In the shortest distance, 0.5 mm, the CO, flow rate increased in the outlet gas, which meant that the re-
duction reaction was promoted and CO, gas reproduced during experiment.

The ratio of RDR (reduction rate) to RCS (gasification rate) increased until 0.5 mm from 1.5 mm, which
was the distance of facing pair of hematite and graphite.

KEY WORDS: coupling reaction; coupling phenomenon; iron ore reduction; gasification; mechanism of re-

duction and gasification.

1. Introduction

In the case of composite pellet consisted of iron ore and
carbonaceous material, since the relatively high reaction
rate and low reaction temperature can be obtained for the
ironmaking process,” many new processes (FASTMET,
Iron Dynamics, INMETCO, ITmk3, Hi-Qip and so on) in-
cluding a dust processing have developed and competed in
the field of the next generation’s ironmaking. In addition,
such a circumstance will be intensified by the rack of en-
ergy and resources which are resulted from the rapid
growth of NICs (Newly Industrializing Countries).

Although the actual reaction mechanisms in the compos-
ite pellet were complicated, at least two mechanisms in
terms of reduction reaction will exist and can be illustrated
in Fig. 1. One is the reaction resulted from the direct con-
tact between iron oxide and solid carbon (Fig. 1(a)), which
might be predominant in an initial stage of the reduction of
composite pellet. The other is the coupling phenomenon
occurring after the separation of the reaction interface (Fig.
1(b)).

In the previous study,” thermodynamic definition on the
coupling phenomenon was presented and the existence of
the coupling phenomenon between reduction of iron oxide
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(1) and carbon gasification reaction (2) was demonstrated.
FeO,+CO=FeO,_;+CO,...ccccecurvururuue. (1)
C+CO,=2CO0...coeitrrerirenn. 2)

The relationship between the affinity ‘4’ and the change
of free energy ‘AG’ on the reaction ‘i’ is expressed as fol-
low:

A=—AG=—(AG°+RTInKp).....cccoo.c.... 3)

The condition of the coupling phenomenon between the re-
duction and the gasification is expressed in Eq. (4)>V;

FeO+ cggwoz

FeOy+ C =FeOy ,+CO
C+C0,=2CO

o @ . ®
Direct reduction Indirect reduction via
with solid carbon coupling phenomenon

Fig. 1. Illustration of reaction mechanism in the carbon compos-
ite between iron oxide and carbon.
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AgurtAgv>0  (Agvr<0 and 4;05>0) .......... 4

where 4y and A (J/mol), which are defined by Eqs. (5) and
(6), are chemical affinity of reduction and gasification, re-
spectively. v and v; (mol/s) are the rate of reduction and
gasification, respectively.

o Feo,

A== AGy=—|AG®+ RT In—= | .o )
(€0)
P2

Ao=—AGs=—|AG°+ RT In -2 | ........ (6)
Pcoz

Where AGg and AGS are the standard free energy of reduc-
tion and gasification reaction, respectively. The AGy and
AG¢ can be calculated using thermodynamic data.”

The rates of reduction (RDR) and gasification (RCS) can
be obtained experimentally through the oxygen balance
(Eq. (7)) and carbon balance (Eq. (8)), respectively. RDR
and RCS are equal to vy and vg (mol/s) (RDR=v,, RCS=
v) for the estimation of Agvg+A4505.

In this study, the quantitative estimation on the thermo-
dynamic coupling between the reduction reaction of iron
oxide and the gasification of graphite was conducted by
means of the modification of the experimental apparatus
that all the reaction gas could flow in the space between the
surfaces of iron oxide and graphite. Furthermore, the ratio
of the reduction reaction to the gasification reaction as a
function of the distance between the reaction surfaces was
examined.

2. Experimental

The experimental apparatus was almost the same as the
previous one.? As shown in Fig. 2, only the sample holder
for making a facing pair was changed to a rectangular cru-
cible (high purity alumina) for flowing the reaction gas into
the space between the surfaces of the iron oxide and
graphite. In the case of previous setup, the reaction gas
passed to the other side (rear side of reaction surface) of
sample and the coupling phenomenon might be diluted, al-
though the total reaction degree of reduction and gasifica-
tion increased because of the increase of reaction surfaces.

However, the modification of sample holder made the ex-
periment difficult owing to the increase in gas linear veloc-
ity when the distance between the iron oxide and graphite
decreased. Then, the gas velocity was adjusted to two lev-
els, 80 and 10cm/s for different three distances (0.5, 1.0
and 1.5mm). Table 1 shows the details of the present ex-
perimental conditions. As a result of modification, the gas
flow rate decreased extremely in accordance with the de-
crease of the distance, which made the quantification of re-
action rate difficult by the gas analysis. The total flow rate
was from 208 to 625 Ncc/min in the experiment of 80 cm/s,
while the one in the 10cm/s was from 26 to 77 Ncc/min.
From these difference of condition, gas analysis became
very difficult owing to a small quantity of the reaction and a
small amount of produced gas. Then from this reason, the
sampling method of the gas was modified as shown in Fig.
3. In the experiment of 80 cm/s, the reaction gas was intro-

Reaction tube _

(Quartz)
/ 1

I Crucible

Nozzle Gas \ Gas
Alumina

Present set up

Fig. 2. Comparison of crucible between previous and present ex-
periment.

Table 1. Conditions of flow rate at the different distances of
facing pair (Ar-30%CO,).

Total Flow rate Volume

Distance (Ncce/min) betW§en 10cm/s
@) goemis | 106ms lrrl::rcft:\zrels Meo Coon
(em?) | (mol-CO,/s) | (mol/s/cm?)
0.5 208 25.8 0.0524 5.755x10° 1.098x10*
1.0 417 51.6 0.1048 1.151x105 | 1.098x10*
1.5 625 774 0.1572 1.727x10°3 1.098x104
VLV 1 Gas outlet to Air Furnace

Samphng = - /

| (a) Experiment : 80cm/s | T.C.

Furnace

o I—-|
E‘——f, e———
Capillary 7

Sampling gas -

| (b) Experiment : 10cm/s ‘

Fig. 3. Improvement of gas sampling method. VLV: variable leak
valve, QMS: quatrupole mass spectrometer.

duced into the gas analyzing tube (~10*torr) through the
VLV (variable leak valve). In this case, the volume from a
crucible to VLV was relatively large and the scattering of
gas analysis became large when the flow rate of gas de-
creased. Then, the handmade gas sampling capillary (Fig.
3(b)), which was made by a trial and error for adjusting the
total pressure (~10 *torr) of the gas analyzing tube, was
set near the outlet of crucible for efficient sampling of pro-
duced gas. The capillary was made of quartz and the diam-
eter of a hole in the tip was about 100 um which was a
quite empirical value owing to the function of length of the
tip and pressure difference (AP). The AP will be changed

© 2006 ISIJ
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Fig. 4. Alignment of samples and crucible.

Front view

1.048cm? : ©
[ele]

Side view

0.719cm? Spacer (0.5 - 1.5mm)

(Alumina)

Fig. 5. Dimension of samples and spacer.

by the gas flow rate, gas composition and the temperature.
If the tip was located in the high temperature region
(>800°C), a softening might occur and the amount of gas
passing through the capillary decreased during experiment.
Although the present experiment was quite difficult one, the
optimum conditions were found and the high accurate
analysis could be attained for the experiments of 10 cm/s.

Figure 4 shows the alignment of samples (graphite and
hematite) in the alumina crucible which was designed for
present purpose. The distances (0.5, 1.0 and 1.5 mm) be-
tween two samples were adjusted by the thickness of alu-
mina spacer. The thickness of the hematite and the graphite
sample was changed so as to fix the rear surface of each
sample to the wall of crucible not to permeate the reaction
gas. Finally, alumina cement was used for a complete seal-
ing the rear space. The sample was 15 mm in diameter and
the height of spacer was 6.4 mm (Fig. 5). Then, the surface
areas for the reactions in the hematite and graphite samples
were 1.048 cm?, respectively. The concentration of reaction
specie (CO,) in the space between the hematite and the
graphite per unit volume and time, C¢q, (mol/s/cm®) was
exactly same for three different distances (Table 1).

The furnace temperature was controlled by B type ther-
mocouple which was located near the crucible (Fig. 3). Fur-
thermore, the variations of temperatures at both the sur-
faces of samples were measured by R-type thermocouple
(0.3 mm@). The positions of thermocouples were shown in
Fig. 4. The tip of thermocouple was fixed by alumina ce-
ment from the rear side of sample and about 50% of tip
surface was exposed to the gas beyond the reaction surface.

As the furnace was Infrared Image furnace, alumina radi-
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ation susceptor was located around the crucible, because
the shape of crucible was rectangular, which might cause
the ununiform temperature distribution (Fig. 4), because the
temperature increased by the radiation of IR at the outer
surface of the crucible.

The hematite sample was prepared from a reagent grade
hematite and compressed into disk shape (15 mm@X5 mm)
in a mold with 200 kgf/cm®. Then, the disk shape hematite
was sintered in a muffle furnace at 1200°C for 24 h. The
sintered sample was adjusted to the adequate thickness ac-
cording to the distance between the hematite and graphite.
The reaction surface was polished until #1200 of SiC
paper. The ultrasonic cleaning was carried out in an ace-
tone.

Although, in previous study, both of the reaction gases,
Ar-30vol%CO, and Ar-30vol%CO were used for the initi-
ation of gasification and reduction, respectively, only the
Ar-30vol%CO, was used in the present study. Heating up
rate was 15°C/min from the ambient temperature to
1000°C and held at 1000°C for 30 min. The variation of
gas composition was continuously monitored by QMS
(quadrupole mass spectrometer) and the rates of reactions
were calculated after each experiment. The standard gas
(40 vol%CO, 20vol%CO, argon balance) was used for
calibration of QMS output that was performed before and
after experiments, because the condition of QMS (ex. the
amount of gas adsorption inside the container (gas analyz-
ing) tube of quadrupole) was changed with time. The pre-
cise control of temperature around QMS made the high ac-
curate measurement possible. As the sensitivity of QMS
was quite high (=10 ppm), small amount of reaction can be
detected, and the accuracy of measurement was 0.1% for
the total flow rate. Then, in this experiment, 0.02-0.07
Ncc/min flow rate(depending on the total flow rate) can be
detected, which corresponded to 1.0X 107" (mol/s) as a re-
duction rate (RDR).

The rate of reduction (RDR) and gasification (RCS) can
be obtained by the oxygen balance and carbon balance in
the reactant and product gases, respectively. RDR and RCS
are equal to vy and v (mol/s) (RDR=vy, RCS=uv,,) for the
calculation of Ayvy +A4;v, respectively.

Oxygen Balance: rate of reduction

RDR (mol/s)=([CO],,+2[CO,],,,—[COl,
—2[CO,];,)/22412/60 ................. (7
Carbon Balance: rate of gasification
RCS (mol/s)=([COJ,, +[CO, ]~ [COI;,
—[CO,]1,)/22412/60 ................... ®)

Where [CO] and [CO,] mean the mass flow rate of respec-
tive gases in Ncc/min and subscripts ‘in’ and ‘out’ mean
the inlet and the outlet.

3. Results and Discussions

Figure 6 shows the comparison of results among three
distances of facing pair for the linear velocity of gas,
80 cm/s. In the case of 80 cm/s, scattering of data was large
and the smoothing of the curves of RDR and RCS (except
the data of RDR at 0.5 mm) were carried out. As the reac-
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Fig. 6. Comparison of RDR and RCS among three distances
(0.5mm, 1.0mm and 1.5mm). (Ar-30%CO,: 80cm/s,
facing pair)

tion gas was Ar-30%CO,, gasification (RCS) was promi-
nent for all distances and could not distinguish the differ-
ence of the distance. On the other hand, reduction rate
(RDR) was quite unstable and showed relatively small val-
ues. In comparison with the previous value,” maximum re-
duction rates for these experimental conditions was almost
the same order. However, the profiles were quite unstable
and seemed to have no regularity. The order of RCS in pre-
vious study? was much larger than that in present study, be-
cause the reaction gas was flow in the rear surface of the
sample and apparent reaction area was larger. The flow rate
in the previous study was 500 Ncc/min and the linear veloc-
ity at the outlet of the ‘gas-inlet’ tube was 66 cm/s. How-
ever, the actual gas flow rate in the space between the
hematite and the graphite would be smaller than that in
present study. From these results, the modified experiment
was carried out with the linear velocity of 10 cm/s and the
quantitative estimation carried out for clarifying the cou-
pling phenomenon.

Figure 7 shows the results of experiment of 10 cm/s on
the distance of 0.5mm for facing pair (hematite-graphite
pair) and single graphite (graphite—alumina pair). The total
flow rate of reaction gas was 25.8 Ncc/min and the flow rate
of CO, was 7.74 Ncc/min which was expressed in dotted
line (lower part of Fig. 7). The results of single graphite
show the simple gasification behavior, that is, the one mole
of CO, was consumed and two moles of CO produced.
While in the case of facing pair, both of the flow rates (CO
and CO,) increased from the initial level, which meant the
existence of coupling phenomenon by occurring of the re-
duction reaction.

Using Egs. (7) and (8), RDR (rate of reduction) and RCS
(rate of gasification) were evaluated and compared in Fig. 8
using the results of Fig. 7. The gasification rate (RCS) in

0.5 mm
- Single
£ \
1F ]
E
o
3]
<
8 0 it s *
g \
Facing pair
9 . + + 1200
Facing pair
Temp. i 1000
£ £
8 800
E e
S 2
= 600 @
e o
N
g 7 400 g—
> o
200 F
6 . .

5000 10000 12000
Time (s)
L 1 1
200 400 600 800 o0
Temperature (°C)

Fig. 7. Variations of CO and CO, flow rates with time. (Ar—
30%CO,: 10 cm/s, 0.5 mm, facing pair: hematite—graphite
pair, single: graphite—alumina pair)
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: . Temp.
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Fig. 8. Variations of RDR and RCS with time. (Ar-30%CO,:
10 cm/s, 0.5 mm, facing pair: hematite—graphite pair, sin-
gle: graphite—alumina pair)

the single graphite arose from about 950°C, which was rel-
atively high temperature from previous one (900°C) and
might be caused by the limited reaction surface area in the
present experiment (the reaction in the previous experiment
occurred both at rear and front surfaces). The maximum
RDR and RCS were about 5X10~7 (mol/s) and 4.5X107’
(mol/s), respectively. The starting temperatures of both re-
actions were almost the same and about 600°C which was
the same as previous study.

Figure 9 shows the variations of gases in the experiment

© 2006 ISIJ
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of 1.0mm distance for the facing pair and the single
graphite. In this case, there was no increase of the flow rate
of CO, in the produced gas, which meant the reaction effi-
ciency, decreased owing to the increase of the distance.
Figure 10 shows the profiles of RDR and RCS curves in
1.0 mm. Because of longer distance, the coupling phenome-
non would be diluted and ambiguous, the clear rise of RDR

1.0 mm Single
_ \
K
)
o
£
o
= 0 PRI ...
Facing pair
17 4 4 + 1200
1000 —~
_ e
< 16 800 ©
g
S 600 8
E £
o
15 400
> -
200
Single
14 ! ! !
8000 10000 12000
Time (s)
L 1 1 1 1 ]
200 400 600 800 100
Temperature (°C)

Fig. 9. Variations of CO and CO, flow rates with time. (Ar—
30%CO,: 10 cm/s, 1.0 mm, facing pair: hematite—graphite
pair, single: graphite—alumina pair)

10 T T T
1.0 mm Facing pair
Q
2 s -
-
e
E 0
= I
Single
10 t + } 1200
Facing pair
Temp. gp 1000
800 '8
o
S
600 3
o
400 8
£
200 2
-5

10000 12000
Time (s)
L 1 1 1 1 1]

200 400 600 800 000
Temperature (°C)

10. Variations of RDR and RCS with time. (Ar-30%CO,:
10cm/s, 1.0mm, facing pair: hematite—graphite pair,

single: graphite—alumina pair)

Fig.
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in the range from 600 to 900°C could not be seen (more de-
tail will be mentioned in the later section and Fig. 14).
However, the maximum RDR and RCS in 1000°C in-
creased to 5.7X 1077 (mol/s) and 6.5X 10" (mol/s), respec-
tively, in comparison with the one at 0.5 mm.

Figures 11 and 12 show the results of the distance in
1.5mm. Although the difference from the single graphite
became small, the clear arise in RDR and RCS from 600°C
were found, which meant the existence of coupling phe-
nomenon at relatively longer distance, 1.5 mm.

In Figure 13, the changes of flow rate of gases (CO and

1.5I mm

Facing pair

-

Vo (Ncc/min)

1200

E 1000
- e
E 800 =
~—
Q ©
[} 600 = 7y
Z o O
4
;
> 200 =
8000 10000 12000
Time (s)
L  § 1 1 1 1
200 400 600 800 “oo0

Temperature (°C)

Fig. 11. Variations of CO and CO, flow rates with time. (Ar—
30%CO,: 10 cm/s, 1.5 mm, facing pair: hematite—graphite
pair, single: graphite—alumina pair)
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o
400 §
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8000 10000 12000
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200 400 600 800 “oo0

Temperature (°C)

Fig. 12. Variations of RDR and RCS with time. (Ar-30%CO,:
10cm/s, 1.5mm, facing pair: hematite—graphite pair,

single: graphite—alumina pair)
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Fig. 13. Comparison of CO, and CO flow rates among three dis-
tances. (Ar-30%CO,: 10cm/s, facing pair: hematite—
graphite pair)

CO,) in the produced gas were compared in terms of the
distance of facing pair. The CO, flow rate was changed
from positive value (increase) at 0.5 mm to negative (de-
crease) at 1.0mm and 1.5mm. On the other hand, CO gas
increased with the distance of facing pair. These results do
not reveal the magnitude of coupling phenomenon, but
show the intensity of reactions according to the amount of
reaction gas (total flow rate of reaction gas increase with
the increase of the distance, Table 1) and the extent of re-
producibility of CO gas from CO,. The RDR and RCS were
calculated from the gas flow rate in the produced gas using
Egs. (7) and (8) as mentioned above and compared in Fig.
14. RCS in the distance of 0.5 mm was lowest among three
conditions, while RDR was nearly highest, which meant
that coupling phenomenon was largest at the distance of
0.5mm. Although the starting temperatures of RDR and
RCS were ambiguous in the longer distance in 1.0 mm and
1.5 mm (Fig. 10 and Fig. 12), it could be concluded that the
starting temperatures of both reactions were about 600°C in
Fig. 14.

The variations of Apvg+Agvg for the different distances
were evaluated and shown in Figs. 15 to 17. Every A vy +
Agvg showed a positive value which meant the both of reac-
tions could occur. The necessary condition of coupling re-
action was (4pvr<<0 and A45v;>0) and Agvg+A4505>0.
Since Ay was negative for the inlet gas (4y,,), it could be
concluded that the coupling phenomenon should occur
from the view point of the inlet gas. As the affinity of the
reduction in outlet gas, A, . was changed to a positive
value, the condition of coupling phenomenon was lost until
the end of the reaction area in the samples. However, the
condition of coupling phenomenon would clearly exist in
the part of upstream. The tendencies of Ayvg+Asv; for
three distances were almost the same, and the positive val-
ues decreased equally from the inlet gas to the outlet one. It
would be interesting to note that the reaction rates and the
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e
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[14
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Time (s)

L 1 1 1 1 1
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Temperature (°C)

Fig. 14. Comparison of RDR and RCS among three distances.
(Ar-30%CO,: 10cm/s, facing pair: hematite—graphite

pair)
400 T T T
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[ R EEPr == ]
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200 400 600 800 “joo0 "
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Fig. 15. Variations of Ay, Ag and Ajvg+Agvs with time. (Ar—
30%CO,: 0.5mm, 10cm/s, facing pair: hematite—
graphite pair)

values of Ay +A4;v; were not constant in the region of
constant temperature (1 000°C). Those values were rapidly
increasing when the temperatures were controlled at con-
stant (1 000°C), which meant that those reactions occurring
in two reaction surfaces would be a mutual-activated reac-
tion. The results of temperature measurements by the ther-
mocouples at the both surfaces showed that the surface
temperatures were already constant.

In this study, reduction reaction (RDR) never occurred
without gasification reaction (RCS). Therefore the ratio of

© 2006 ISIJ
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Fig. 16. Variations of Ay, A; and Ayvy+Asv; with time. (Ar—
30%CO,: 1.0mm, 10cm/s, facing pair: hematite—
graphite pair)
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Fig. 17. Variations of Ay, A; and Agvg+Asvs with time. (Ar—
30%CO,: 1.5mm, 10cm/s, facing pair: hematite—
graphite pair)

RDR to RCS means the efficiency of the system. When a
equimolar reaction between the reduction (RDR: Eq. (1))
and the gasification (RCS: Eq. (2)) occurs in the system, the
plot of RDR vs. RCS in experiment will be equal to the line
of RCS=RDR. The overall reaction can be written as Eq.

).
Fe0,+C=Fe O, ;+CO (RDR/RCS=1)......... )
When the proportion of RDR increased with a higher ef-

© 2006 ISIJ

RCS:RDR

RCS (x107, molls)

10cm/s

0 1 2 3 4 5 &
RDR (10x”, mol/s)

Fig. 18. Plots of RDR (reduction rate) vs. RCS (gasification rate)
for three distances.

2 ] Fe0,+C=Fe,0,,+CO; i
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Fig. 19. Variation of RDR/RCS with the distances of facing pair.

ficiency, the ultimate line of the ratio would be 2RCS=
RDR, which meant that the evolved CO gas through gasifi-
cation reaction expressed by Eq. (2) was completely uti-
lized in reduction reaction (Eq. (1)). In this case, the overall
reaction can be written as Eq. (10).

Fe,0,+C=Fe,0, ,+CO, (RDR/RCS=2).....(10)

These situations are summarized in Fig. 18. In the case
of longer distances (1.0 mm and 1.5 mm), the plots of RCS
vs. RDR were located in the left hand side of the line
RCS=RCS, which meant that the reaction efficiency in the
system was not so high. While the plot in 0.5 mm was lo-
cated between the lines of RCS=RDR and 2RCS=RDR.
Especially, in a region of lower reaction rate than 21077
mol/s, which was corresponding to the lower temperature
than 900°C, the plot was close to the line of 2RCS=RDR.

In Fig. 19, the value of RDR/RCS was plotted to the dis-
tance of reaction surface. When the distance of reaction
surface decreased from 1.5 to 0.5 mm, the value increased
from 0.7 to 1.3. From the extrapolation of the line to a zero
of the distance, which is corresponding to the ideal contact
between hematite and graphite, the RDR/RCS seems to ap-
proach to 2.0. However, this estimation was not coincide
with the experimental result of the mixture milling of
hematite and graphite, so that the gas composition evolved
from the reaction of nano-reactor during the heating-up ex-
periment under an argon atmosphere was only CO gas
(RDR/RCS=1), where the ideal contact between the iron
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oxide and the graphite would be attained.>” It could not
avoid to mention that the nano-level mechanism of CO,
evolution was not yet clarified when the interfaces closed to
a contact. It would be a interesting subject of study in the
future, because the efficiency of the reaction system could
increase with the concentration of CO, evolved.

4. Conclusions

The quantitative estimation of coupling phenomenon be-
tween reduction and gasification was carried out with modi-
fied experimental setup. All reaction gas (Ar—30%CO,)
could be passed through the space of facing pair of iron
oxide (hematite) and graphite. Reduction reaction was pro-
moted by the gasification reaction occurring in the opposite
surface. Following results were obtained.

(1) Reduction and gasification for the facing pair of
hematite and graphite from 0.5 to 1.5mm in the distance
were occurred from about 600°C, while the gasification re-
action for the graphite and alumina pair was occurred from
950°C.

(2) In the shortest distance, 0.5 mm, the CO, flow rate
increased in the outlet gas, which meant that the reduction
reaction was promoted and CO, gas reproduced.
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(3) The ratio of RDR (reduction rate) to RCS (gasifica-
tion rate) increased until the distance of 0.5 mm. The value
of RDR/RCS seemed to approach to ‘2’ beyond ‘1’ in the
case of the shortest distance of 0.5 mm, which meant that
the efficiency of the reaction system became a maximum.
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