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The utilization of iron coke hot briquette (ICHB) prepared by carbonizing iron
ore—coal composite agglomerate made from hot-pressing the mixture of iron
ore and blended coal has been considered to be an effective countermeasure to
improve blast furnace ironmaking reaction efficiency and to reduce carbon
emissions. The strength of ICHB after gasification reaction is overestimated
by the Chinese National Standard (GB/T 4000/2008, equivalent to the Nippon
Steel Corporation method) and should be evaluated by different methods. In
this study, the post-reaction strength of ICHB with the addition of different
ratios of iron ore under various conditions was experimentally investigated to
illuminate the degradation mechanism of ICHB reacted with CO,. The results
showed that, with increasing the iron ore addition ratio from 0% to 20%, the
reactivity of ICHB reacted with COy at 1100°C for 2 h is remarkably in-
creased, due to the catalytic effect of metallic iron in ICHB, while the post-
reaction strength is distinctly decreased. Furthermore, stopping at the weight
loss ratio of 20%, the strengths of ICHB after reaction at 1100°C under a CO,
atmosphere and a CO5/CO=1/1 atmosphere are clearly reduced, from 89.74%
to 75.93% and from 85.24% to 73.65%, respectively. Meanwhile, the post-re-
action strength of ICHB under COs is greater than that obtained under COy/
CO=1/1 atmosphere, since there is more time for the reaction gas to diffuse
from the exterior to the interior of the ICHB under the latter condition.
Additionally, the post-reaction strength of ICHB decreases with increasing
weight loss ratio regardless of the reaction gas composition; however, it can be

maintained at a high level.

INTRODUCTION

Currently, global warming has become increasingly
severe and has given rise to considerable concern. The
steel industry, through the consumption of substantial
amounts of fossil fuel, should be responsible for reduc-
ing CO, emissions and reducing energy consumption
since it contributes to 7% of global CO, emissions.
However, CO, discharged from steel works accounts for
more than 15% of the total CO5 emissions in China.?
Blast furnace (BF) ironmaking is a widely used process
in the steel industry for converting iron ore to liquid
iron, and 80% CO, per ton of liquid steel is released from
BFs.>* Consequently, reducing CO, emissions from
BF's is highly significant for energy conservation and
emission reduction practices of the steel industry.

(Published online July 17, 2018)

BF operation with a low reducing agent rate is
considered to be an effective countermeasure to
realize low carbon emissions, and could be achieved
by improving BF reaction efficiency. Natio et al.>®
noted that lowering the temperature of the thermal
reserve zone (TRZ) by using highly reactive coke can
enhance the BF reaction efficiency. Coke is consid-
ered to be one of the most significant raw materials
for BF ironmaking in terms of its effect on hot metal
quality and BF operation.” Normally, coke in BFs
plays four roles: as a source of reduction agent, a
source of energy and heat, supporting the stock
column, and a carburizer for hot metal.® The
solution loss reaction is considered to be a dominant
factor affecting coke degradation in BFs, which
mainly occurs in the TRZ and the raceway.

1929


http://orcid.org/0000-0002-3690-3290
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-018-3036-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-018-3036-4&amp;domain=pdf

1930

Currently, the most widely used indexes of coke
for BF operation are the CRI (coke reaction index)
and CSR (coke strength after reaction) developed
by the Nippon Steel Corporation (NSC), as long as
a coke with normal reactivity is used.® However, it
was reported'® that the CRI tested by the NSC
method, especially for highly reactive coke, can be
overestimated, since the COy/(COg5 + CO) of
ascending gas in actual BFs is approximately 0—
0.5. Furthermore, the post-reaction strength of
coke taken out from the shaft of the Hyundai Steel
Company’s No. 1 BF is substantially higher than
that from NSC tests. Some previous studies®!!?
reported that the post-reaction strength of coke,
especially that of highly reactive coke, should be
evaluated by the constant weight loss percentage
because the solution loss in actual BF's is approx-
imately 20-30 wt.%. Additionally, it is well known
that CSR is the strength index after a constant
period of the gasification reaction, and thereby the
highly reactive coke with higher CRI inevitably
shows lower CSR. As a result of its low CSR, the
generation of coke breeze can be promoted by
using highly reactive coke in an actual BF, and
this is one of the barriers to the promotion of the
practical application of highly reactive coke. In
this sense, the post-reaction strength of highly
reactive coke is highly important and should be
rationally evaluated. Nomura et al.'® investigated
the post-reaction strength of catalyst-added highly
reactive coke prepared by two catalyst addition
methods,'* with simulated coke oven conditions
under reaction stopping at a weight loss ratio of
20 wt.%. It was found that the post-reaction
strength of the highly reactive coke produced by
the post-addition method is equal to or greater
than that of conventional coke. The type of
catalyst and the catalyst-adding method could
strongly affect the coke strength. However, the
effects of catalyst addition ratio on the post-
reaction strength of the highly reactive coke have
not been intensively studied. Additionally, there
are few reports on the post-reaction strength of
carbon iron composite made by carbonizing iron
ore—coal briquettes in a shaft furnace'®'® under
different conditions.

Depending on the Chinese raw material condi-
tions, the preparation process of iron coke hot
briquette (ICHB) has been proposed and opti-
mized.! In this paper, the post-reaction strength
of ICHB with the addition of different ratios of iron
ore was first investigated according to the NSC
method. Simultaneously, the strength of ICHB after
reaction was evaluated by another two methods.
Finally, the ICHB strength after stopping the
reaction at different weight loss ratios was esti-
mated. Moreover, the degradation mechanism of
ICHB reacted with CO, was analyzed by modern
measurement technologies. This paper could pro-
vide technological support and a theoretical basis
for the practical application of ICHB.
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EXPERIMENTAL
Raw Materials

Iron ore concentrate and blended coal from a steel
works in China were used in the tests. The chemical
composition of the iron ore (mass fraction %) was
TFe 64.28%, FeO 7.86%, SiOy 2.85%, CaO 0.07%,
Al,O3 0.06%, and MgO 0.35%. The proximate
analysis of the blended coal (mass fraction %) was
fixed carbon 67.95%, ash 8.95%, volatile matter
21.69%, and moisture 1.41%. The ash composition of
the blended coal (mass fraction %) was CaO 6.65%,
SiOs 45.18%, MgO 1.89%, Aly03 26.99%, and TFe
6.05%.

The raw materials were dried at 105°C for 5 hin a
draught drying cabinet. Then, they were crushed
and adequately blended with 0-20 wt.% iron ore.
Then, the mixed samples were heated to 300°C and
immediately pressed to form the coal-iron ore
agglomerate (hot briquette) by using a self-regulat-
ing hot press system with a pressure of 50 MPa.
Finally, the hot briquette was carbonized at 1000°C
for 4 h in a carbonization furnace with a heating
rate of 3°C/min in the heating stage from room
temperature to 1000°C, and the carbonized product
was cooled in a Ny atmosphere with a cooling rate of
15°C/min to acquire ICHB containing carbon and
metallic iron. The external sizes of the hot briquette
and the ICHB sample were approximately
21 x 19 x 16 mm and 18 x 16 x 14 mm, respec-
tively. The masses of the hot briquette and the
ICHB were 5.3 g and 4.0 g, respectively. The chem-
ical composition of ICHB with the addition of
different ratios of iron ore are given in Table 1.

Method and Procedure

The gasification reaction test of ICHB was carried
out in a macro-thermobalance reactor, as shown in
Fig. Sla (see supplementary material). Approxi-
mately 200-g samples were reacted with CO, at
1100°C for 2 h, and the changes in weight with time
were automatically recorded by computer through
measurement of the total weight of the samples and
the reactor. The weight loss ratio of the samples
before and after the reaction was defined as the
reactivity index, according to the Chinese National
Standard (GB/T 4000-2008, equivalent to the NSC
method).2%?! The post-reaction strength of the

reacted samples [PSR (COs, 1100°C, 2 h)] was

evaluated by I%°, which is the percentage of the

sample weight retained on a sieve with 10-mm
apertures to the weight of the reacted samples after
600 revolutions (20 rpm x 30 min) in an I-type
drum tester (@ 130 x L. 700 mm), as shown in
Fig. S1b (see supplementary material).
Additionally, ICHB samples were reacted with
CO, at 1100°C until the weight loss reached 20% in
the above macro-thermobalance reactor. The post-

reaction strength was evaluated by I3’ and speci-
fied as PSR (WL =20%, CO,, 1100°C) in the
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Table I. Percentage chemical composition of ICHB with the addition of different ratios of iron ore (wt.%)

Iron ore ratio Fixed carbon Ash Volatile matter TFe MFe Metallization degree
/% 1% /% /% /% /% 1%

0 85.94 11.40 1.88 0.69 0.36 52.17

5 78.31 11.04 1.54 8.26 5.30 64.16

10 77.06 10.81 1.20 10.15 7.45 73.40

15 73.81 10.96 0.85 13.50 10.43 77.26

20 70.63 10.20 0.48 17.68 14.15 80.03

following part. Furthermore, the post-reaction

strength of ICHB was also evaluated by I§3° after
the reaction with 20% weight loss ratio at 1100°C
under an atmosphere of COo/CO=1/1, closely resem-
bling that in the TRZ of BF,'® and was abbreviated
as PSR (WL = 20%, CO,/C0O=1/1, 1100°C) hereafter.
Meanwhile, the post-reaction strength of ICHB with
different weight loss ratios at 1100°C was investi-
gated under two kinds of reaction conditions (COs,
C0,/C0O=1/1), which were called PSR (CQO5, 1100°C)
and PSR (COo/CO=1/1, 1100°C) in the following
part.

After the reaction, the internal microstructure of
ICHB was evaluated by scanning electron micro-
scopy (SEM) with energy dispersive x-ray spec-
trometrr (EDS) (Zeiss, Ultra Plus). The surface of a
half-cut ICHB was inlaid by thermosetting resin in
a metallographic specimen inlaying machine, and
was ground on different grades of abrasive paper.
After grinding, the sample was polished and the
polished samples were mounted on a conductive
support and coated with a thin layer of gold—
palladium alloy using a sputter coater.

RESULTS AND DISCUSSION

Post-reaction Strength of ICHB Under CO,
Atmosphere with a Constant Reaction Time

Figure 1 gives the reactivity and post-reaction
strength of ICHB under a CO, atmosphere for 2 h at
1100°C and their relationship. It is clear from
Fig. 1a that the reactivity of ICHB is gradually
enhanced from 46.74% to 69.54%, while the PSR
(CO5, 1100°C, 2h) of ICHB is dramatically
decreased from 74.08% to 36.81% with increasing
the addition ratio of iron ore from 0% to 20%. Under
the same experimental conditions, the reactivity
and the PSR (CO,, 1100°C, 2 h) of conventional coke
are a%)roximately 31.39% and 57.08%, respec-
tively.”” Metallic iron and iron oxide in ICHB
increase with the addition ratio of the iron ore. In
the gasification of ICHB, metallic iron and iron
oxide have catalytic effects on the gasification
reaction of carbon,?>?* suggesting that the gasifi-
cation reaction of ICHB is strengthened with the
addition of iron ore. It was reported'® that highly
reactive coke inevitably shows a lower post-reaction
strength. Therefore, the PSR (CO5, 1100°C, 2 h) of
ICHB gradually reduces. Furthermore, the line in

Fig. 1b was calculated by the method of least
squares.'”®> It was found that the PSR (CO,,
1100°C, 2 h) of ICHB decreases linearly with the
increase of the reactivity.

Post-reaction Strength of ICHB Under CO,
Atmosphere with a Constant Weight Loss

Figure S2 (see supplementary material) shows
the weight loss rates of the gasification reaction
(COg, 1100°C) stopped at the weight loss of 20% for
conventional coke and ICHB with the addition of
different ratios of iron ore. It was observed that the
weight loss rates of conventional coke and ICHB are
approximately straight lines. Moreover, the weight
loss rates of ICHB are higher than those of coke.
Furthermore, the weight loss rate of ICHB can be
enhanced by increasing the addition ratio of iron
ore. The main reason is that ICHB has a higher
reactivity because of the catalytic effects of metallic
iron and iron oxide in ICHB compared with those in
coke.

The PSR (WL = 20%, CO,, 1100°C) values of
conventional coke and ICHB are shown in Fig. 2.
It can be seen that the PSR (WL = 20%, CO,,
1100°C) of ICHB decreases from 89.74% to 75.93%
by increasing the addition ratio of iron ore from% 0
to 20%. For comparison, the post-reaction strength
of normal coke stopped at the weight loss ratio of
20% 1is approximately 73.41%, which is lower than
that of ICHB. The gasification reaction of highly
reactive coke proceeds from the external region to
the internal region due to its high reactivity and low
porosity, while the reaction process of conventional
coke occurs simultaneously in the outer and inner
parts because of its low reactivity and high poros-
ity.?°27 The microstructure of coke and ICHB after
the gasification reaction tested by SEM/EDS anal-
yses is shown in Fig. 3. From Fig. 3a and b, it is
distinguishable that, after the reaction, the
microstructure of coke in the external region is
similar to that in the internal region, which indi-
cates that coke gasification follows the homogeneous
reaction model. However, the external region of
ICHB with the addition of 20% iron ore after the
reaction presents an apparent stratification phe-
nomenon (as seen in Fig. 3¢), namely, an eroded
layer, a transition layer and an uncorroded layer;
simultaneously, the internal region of ICHB shows
no change (as seen in Fig. 3d). Meanwhile, the
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Fig. 1. Reactivity and post-reaction strength of ICHB under CO, atmosphere for 2 h at 1100°C and the relationship between the reactivity and
the post-reaction strength of ICHB with adding iron ore concentrate: (a) reactivity and post-reaction strength and (b) their relationship.
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Fig. 2. Post-reaction strength of conventional coke and ICHB after
the gasification reaction (CO,, 1100°C) stopped at the weight loss of
20%.

carbon content of region 1 in the eroded layer
(62.02%) is clearly lower than that of region 2 in the
uncorroded layer (83.87%). Therefore, the gasifica-
tion reaction of ICHB conforms to the unreacted-
core reaction model. In other words, the gasification
reaction proceeds preferentially at the surface in the
case of the highly reactive ICHB. The highly
reactive ICHB is more resistant to breakage after
reaction compared with conventional coke for the
same weight loss ratio.

The relationship between the PSR (WL = 20%,
CO,, 1100°C) and the PSR (COg, 1100°C, 2 h) is
described in Fig. 4. Clearly, the PSR (WL = 20%,
CO,, 1100°C) is greater than the PSR (CO,, 1100°C,
2 h), regardless of whether conventional coke or
ICHB is compared. This is reasonable since the
reactivity values (weight loss percentage in the NSC
tests'?) of conventional coke and ICHB used in this
study are more than 20%, ranging from 30% to 70%.

Furthermore, a linear relationship between the PSR
(WL = 20%, COjy, 1100°C) and the PSR (CO,,
1100°C, 2 h) of ICHB is observed, and the correla-
tion coefficient is approximately 0.94. Additionally,
the difference in the PSR (WL = 20%, CO,, 1100°C)
of ICHB is approximately 13.81%, which is smaller
than the difference in the PSR (CO5, 1100°C, 2 h),
37.27%.

Post-reaction Strength of ICHB Under CO,/
CO0=1/1 Atmosphere with a Constant Weight
Loss

Figure S3 (see supplementary material) presents
the weight loss rates of conventional coke and ICHB
gasification reaction stopped at the weight loss of
20% at 1100°C under the feed gas atmosphere of
COo/CO=1/1. It can be seen that the weight loss rate
of coke is inferior to that of ICHB. Meanwhile, the
weight loss rate of ICHB is accelerated with
increasing the addition ratio of iron ore. Simulta-
neously, the gasification process of coke and ICHB
can be divided into two stages. The weight loss rates
of coke and ICHB are relatively higher in the first
stage and slow down in the second stage. The main
reason could be that the concentration of carbon
monoxide in the gas phase is gradually increased,
since it is the reaction resultant of carbon reacted
with COs.

The PSR (WL = 20%, CO5/CO=1/1, 1100°C) of
conventional coke and ICHB and the relationship
between the PSR (WL = 20%, CO5/C0O=1/1, 1100°C)
and the PSR (WL = 20%, CO,, 1100°C) for coke and
ICHB are described in Fig. 5. It can be seen from
Fig. 5a that, with increasing the addition ratio of
iron ore, the PSR (WL = 20%, CO,/C0O=1/1, 1100°C)
of ICHB is visibly decreased from 85.24% to 73.65%,
but the values are still superior to that of conven-
tional coke (72.51%). Under the same experimental
conditions, the reaction amounts of ICHB clearly
exceed that of coke after the reaction was stopped at
a fixed weight loss ratio because of the high
reactivity of ICHB.
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Region C/% O /% Mg /% Al /%

Si /% S /% Ca/% Fe /% X /%

1 62.02 18.27 0.18 3.01 5.84 1.25 1.13 8.31 100.00
2 83.87 10.01 0.05 1.11 2.47 0.36 0.42 1.72 100.00

Fig. 3. SEM and EDS analyses of conventional coke and ICHB with the addition of 20% iron ore after gasification was stopped at the weight loss
of 20% under CO, atmosphere at 1100°C: (a) external region of coke, (b) internal region of coke, (c) external region of ICHB, and (d) internal

region of ICHB.
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Fig. 4. Relationship between the PSR (WL = 20%, CO,, 1100°C)
and the PSR (CO,, 1100°C, 2 h) of coke and ICHB.

Figure 5b gives the relationship between the PSR
(WL = 20%, CO,/CO=1/1, 1100°C) and the PSR
(WL = 20%, COy, 1100°C) for coke and ICHB. With
adding different ratios of iron ore, the PSR (WL =
20%, COo/CO=1/1, 1100°C) of ICHB always falls

behind the PSR (WL = 20%, CO,, 1100°C) of ICHB.
However, the post-reaction strengths of coke are
nearly equal under the two conditions. Additionally,
the linear relationship between the PSR (WL =
20%, CO5/C0O=1/1, 1100°C) and the PSR (WL =
20%, COq, 1100°C) of ICHB can be observed. The
above phenomena can be explained by the
microstructures of coke and ICHB after the reac-
tion, as shown in Fig. 6. It is clear from Fig. 6a and
b that, after the reaction under CO,/CO=1/1 atmo-
sphere, coke has more and larger pores compared
with that of coke reacted in COy atmosphere, and
the loose structure of coke is observed in the former
condition. Furthermore, the exterior of ICHB with
adding 15% iron ore is seriously eroded in the COy/
CO=1/1 atmosphere, while it is partly eroded in the
CO, atmosphere, as seen in Fig. 6¢c and d. Mean-
while, macropores are generated in the interior of
ICHB after reaction in the atmosphere of 50% COy
together with 50% CO, and fine pores are formed in
the interior of ICHB under CO, atmosphere, as seen
in Fig. 6e and f. Additionally, it is clear from
Figs. S2 and S3 that the reaction times for coke
and ICHB under the CO5/CO=1/1 atmosphere are
longer than those in the atmosphere of CO, when
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the weight loss ratio is approximately 20%,
although the former condition has a lower partial
pressure of CO,. Under these circumstances, the
internal structures of coke and ICHB can be easily
destroyed under the CO,/CO=1/1 atmosphere since
the gas has more time to diffuse into the inner parts.
Therefore, the PSR (WL =20%, CO,/CO0=1/1,
1100°C) has lower values.

Post-reaction Strength of ICHB at Different
Weight Loss Ratios

Figure 7 shows the strength of ICHB after the
gasification reaction at 1100°C was stopped at
different weight loss ratios. Clearly, with increasing
weight loss ratio, the post-reaction strength of ICHB
decreases regardless of the type of reaction gas used
in the experiment. Simultaneously, the post-reac-
tion strength of ICHB in the atmosphere of COy/
CO=1/1 is inferior to that of ICHB in the CO,
atmosphere, when the weight loss ratio is 10-
40 wt.%. Additionally, the post-reaction strengths
of ICHB under the above two conditions show a good
linear relationship, with a correlation coefficient of
about 0.995. Under these two conditions, the post-
reaction strength of ICHB shows relatively high
values compared with those of the NSC tests.
Therefore, there is strong potential for the practical
application of ICHB since it has sufficient post-
reaction strength in terms of the actual operating
conditions in BFs.

CONCLUSION

The metallurgical strength of ICHB and the
related mechanism were experimentally investi-
gated under different conditions. The following
conclusions can be drawn:

1. With increasing the addition ratio of iron ore
from 0% to 20%, the reactivity of ICHB clearly
increases from 46.74% to 69.54%, while the
strength of ICHB after the gasification reaction
(CO4, 1100°C, 2 h) decreases from 74.08% to
36.81%, according to the NSC method.

2. With the addition ratio of iron ore increasing
from 0% to 20%, the post-reaction strength of
ICHB (WL = 20%, CO5, 1100°C) is remarkably
decreased from 89.74% to 75.93%. Meanwhile,
the strength of ICHB after the reaction was
stopped at the weight loss of 20% at 1100°C in
atmosphere of COo/CO=1/1 distinctly decreases
from 85.24% to 73.65%. The values in the former
conditions are greater than those in the latter
conditions.

3. With increasing weight loss ratio, the post-
reaction strength of ICHB decreases regardless
of the reaction atmosphere. Additionally, the
strength of ICHB after the reaction under the
COy/CO=1/1 condition is lower than that of
ICHB in the CO5 atmosphere. At the same time,
the resultant strengths present a linear rela-

tionship, and the correlation index is approxi-
mately 0.995.
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