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ABSTRACT: In this work, coal gasification in molten blast furnace (BF) slag was performed at atmospheric pressure in a molten
bath reactor in the temperature range from 1573 to 1773 K. The effects of coal samples and coal granularities on the gasification
reaction rate, carbon conversion, and gas composition were studied, and the kinetic mechanism function was calculated. The results
show that the method using coal gasification to recover sensible heat of molten BF slag is possible and effective. The coal gasification
using molten BF slag as a carrier has wide adaptability on coal granularities and coal samples. It is effective to gasify lean coal. In this
study, the gasification reaction rate of Shennan (SN) coal that represents lean coals is high and almost equal to that of Datong (DT)
and Fuxin (FX) coals. The carbon conversion of all types of coal can become 0.99. Under the action of molten slag, the tar and
hydrocarbon decompose fully; the content of other hydrocarbons in synthesis gas is almost zero. The reaction rates using different
coal granularities increase in the order of 0.177 < 0.125 < 0.147 mm, but the difference is little. The calorific capacity of synthesis gas
under different conditions is almost equal and can become 10 000 kJ/m3. Themechanism functions are different before and after the
carbon conversion rate of 0.5. The mechanism function is shown as follows:

f ðaÞ ¼ 3ð1� aÞ½�lnð1� aÞ�2=3 a e 0:5

2ð1� aÞ½�lnð1� aÞ�1=2 a > 0:5

(

1. INTRODUCTION

Molten blast furnace (BF) slag is the byproduct of iron-making
at the high-temperature range from 1723 to 1923 K, and a large
amount of sensible heat remains. BF slag mainly consists of SiO2,
Al2O3, CaO, FeO, and MgO. The energy of molten BF slag is
about 2�3% of comprehensive energy consumption per ton of
steel, and the sensible heat is currently emitted into the atmo-
sphere without any recovery. Many researchers1�10 studied this
problem and proposed several methods to recover the energy of
molten BF slag. The energy of slag when it becomes solid can be
recovered bymostmethods, but the sensible heat of slag when it is
liquid cannot be recovered efficiently. For this problem, Yu and
Li11 proposed a newmethod to recover the sensible heat of liquid
slag. This method is coal gasification using molten BF slag as a
heat carrier.

The conventional gas�solid coal gasification has a series of
drawbacks for both the plant and the environment. Of major
concern for the plant operation is ash generation and its disposal,
fouling by unburned coal. Environmental problems arise from
gaseous polluting emissions containing gaseous sulfurous com-
pounds, heavy hydrocarbons, and particulate. The molten bath
gasification processes have been proposed for their potential to
overcome these disadvantages.12 Otherwise, the composition of
BF slag can catalyze coal gasification, which can increase the
gasification reaction rate. CaO in slag can absorb the sulfide and
carbon dioxide. The liquid slag provides heat for coal gasification,
which makes the calorific value of syngas higher. It is an envi-
ronmentally friendly and high-energy-efficient technology.

Accordingly, the purpose of this work is to study the adapt-
ability of coal gasification in molten BF slag on coal samples and
granularity and investigate the composition of generated com-
bustion gas and the effects of coal samples and granularity on the
carbon conversion and reaction rate.

2. EXPERIMENTAL SECTION

2.1. Raw Materials. In the present series of experiments, four
different types of coal, Datong (DT) coal, Fuxin (FX) coal, Shennan
(SN) coal, and coke and a BF slag sample, were used. The proximate
analyses of the coal samples in the gasification are summarized in Table 1.
The granularities of coal samples are 0.177, 0.147, and 0.125 mm. The
chemical compositions of BF slag are 41.21 mass % CaO, 34.38 mass %
SiO2, 11.05 mass % Al2O3, 8.22 mass % MgO, 0.35 mass % TiO2, and
some minor constituents of iron.
2.2. Apparatus and Procedure. The experiments were con-

ducted in a tube-type setup. Figure 1 shows the schematic diagram of the
experimental apparatus of coal gasification in molten BF slag. The re-
actor was made of a high-purity alumina tube, whose bottom was closed.
The inner diameter of the reactor was 30 mm. The reactor was vertically
placed in an electric furnace (about 12 kW), whose temperature could be
measured by a S-type thermocouple. About 10 kg of BF slag was set at
the bottom of the reactor. Another alumina tube, whose inner diameter
was 5 mm, was inserted into the slag; it coal particles and gasification
agent can be introduced into the molten slag pool. The gasification agent
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came from the gas cylinder, and it was the carrier gas of coal particles
from the screw feeder. The screw feeder can be controlled by the con-
troller, which can change the feeding rate from 2 to 15 g/s. First, the slag
was heated to the desired temperature. After holding for 40 min and the
temperature of the reactor reaching a constant, the coal particles and
gasification agent were introduced into the molten slag pool at constant
conditions of the ratio of CO2/coal and atmosphere pressure. Then, the
gasification of coal immediately took place.

For each experiment, the synthesis gas was analyzed by a gas analyzer
and was measured by a gas flowmeter. The gas analyses were conducted
for the gas species of H2, CO, CO2, and CH4. The carbon conversion
rate is calculated by the following equation:

ηC ¼ V1f1 þ V2f2 þ ::: þ Vifi þ ::: þ Vnfn
Cm

ð1Þ

whereVi is the volumeof the content i, fi is the carbon in the content i, and
Cm is the carbon in the coal sample.

3. RESULTS AND DISCUSSION

3.1. Effect of Coal Samples on Coal Gasification in Molten
BF Slag.As mentioned earlier, four types of coal were used in the
present investigation to study the effect of different types of coal on
coal gasification in molten BF slag. Figure 2 presents the change of
carbon conversion rateswith time at the same gasification condition.
Panels a and b of Figure 2 show the changed carbon conver-

sion with time for all four types of coal particles, whose diameters
are 0.125 and 0.147 mm, respectively. It may be noted from
Figure 2 that the carbon conversion rate increases with increasing
time; the carbon conversion rate of DT coal is highest, whereas
that of coke is at a minimum. For Figure 2a, in which the coal
particle diameter is 0.125 mm, the time needed for 100% carbon

conversion of DT coal, FX coal, and SN coal is the same and
shorter than that of coke. When the carbon conversion rate is
below 0.8, the carbon conversion rate for different coal samples
increases in the order of SN coal < FX coal < DT coal. However,
when the carbon conversion rate is higher than 0.8, the carbon
conversion rates of the three types of coal are same. For
Figure 2b, in which the coal particle diameter is 0.147 mm,
the times needed for 100% carbon conversion of four types of
coal char are all different. There are many reasons for this
phenomenon. From Table 1, we known that DT coal repre-
sented high-quality coal, FX coal represented medium-rank
coals, and SN coal represented lean coals. We can see that the
time needed for 100% carbon conversion increases with an
increasing ash content. We inferred that the diffusion is the
main bottleneck for the coal gasification in molten BF slag.
Besides, the reason that the carbon conversion rate of coke is at
a minimum is that the pyrolysis condition reduces its activity.
The detailed description of the effect of the pyrolysis condition
on gasification was studied by Liu et al.13 and Chen et al.14

Figure 3 presents the change of the coal gasification reaction
rate with time. It may be noted from Figure 3 that the coal
gasification reaction rate increases first and then decreases with
time. The peak value of the reaction rate of coke is lowest, and
those of other types of coal are almost equal. The reason that the
reaction rate of coke is at a minimum is as mentioned earlier.
The time reaction rate of SN coal reaching a peak value is
longest, and the time reaction rate of coke reaching a peak value
is shortest. The time reaction rate of FX coal reaching a peak
value is longer than that of DT coal. This is because the more the
ash content, the more difficult the diffusion. The reason that the
peak value of the reaction rate of SN coal is highest is that the ash
fusion of SN coal is low and the diffusion is easier than others.

Table 1. Proximate Analysis of the Raw Coal and Char

proximate analysis (%) fusion point (K)

moisture ash

volatile

matter

fixed

carbon Tdef Them Tflow

coke 0.07 12.5 1.59 85.84 >1773 >1773 >1773

DT coal 9.05 14.15 38.38 38.42 1498 1578 1653

FX coal 6.59 34.41 26.05 32.95 1673 1723 1773

SN coal 2.30 58.47 26.38 12.85

Figure 1. Schematic diagram of the experimental apparatus.

Figure 2. Carbon conversion changed with time for different types of
coal: (a) 0.125 mm and (b) 0.147 mm.

Figure 3. Coal gasification reaction rate changed with time for different
types of coal.
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Figure 4 presents the change of synthesis gas composition with
time for different types of coal. It is found that the H2 content in
synthesis gas using different types of coal increases in the order
of DT coal < FX coal < SN coal and that the CO content in
synthesis gas using different types of coal increases in the order
of DT coal ≈ SN coal < FX coal. This is because the ratio of
volatile matter/fixed carbon of SN coal is highest. In the
gasification process, molten BF slag is the heat resource of coal
gasification as the heat carrier; the volatile matter does not need
combustion to provide the heat of gasification.
Figure 5 presents the change of the calorific value of synthesis

gas with time for different types of coal. It is found that the calorific
value of synthesis gas of DT coal and SN coal are almost equal and
that of FX coal is lower. However, for all of them, the difference of
the calorific value of gases is little.
From that, it is found that the gasification character of lean

coals is good. The adaptability of coal gasification in molten BF
slag on coal samples is wide.
3.2. Effect of the Coal Granularity on Coal Gasification in

Molten BF Slag. The effect of coal granularity on the carbon
conversion rate is shown in Figure 6. It is seen that there is little
difference in the carbon conversion rate for different granula-
rities. The time that the gasification reaction started for different
granularities increases in the order of 0.125 < 0.147≈ 0.177 mm.
However, the time needed for 100% carbon conversion increases
in the order of 0.177 < 0.125 < 0.147 mm. Figure 7 shows the
change of the coal gasification reaction rate with time for different
granularities. It is noted from Figure 3 that the coal gasification
reaction rate increases first and then decreases with time. It is
found that the peak value of the reaction rate using different coal
granularities increase in the order of 0.177 < 0.125 < 0.147 mm.

There are several reasons. First, in the process, the diffusion is the
main bottleneck of gasification. The diffusion of large coal
granularity is more difficult than that when the diameter is small.
Therefore, when the coal granularity diameter is 0.177 mm, the
gasification reaction rate is the lowest. Second, the longer the
resident time in the molten bath, the higher the gasification
reaction rate. For the two reasons, the gasification reaction rate of
the coal particle whose diameter is 0.147 mm is the highest.
Figure 8 shows the change of the gas composition with time. It

is found that the H2 content in synthesis gas using different coal
granularities increases in the order of 0.125 < 0.147 < 0.177 mm
and that the CO content in synthesis gas using different coal
granularities is almost the same. This is because the resident time
of large coal granularity in the molten bath is longer and their

Figure 4. Gas composition changed with time for different types of coal.

Figure 5. Calorific value of gas changed with time for different types
of coal.

Figure 6. Carbon conversion changed with time for different granu-
larities.

Figure 7. Coal gasification reaction rate changed with time for different
granularities.

Figure 8. Gas composition changed with time for different granu-
larities.
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pyrolysis is enough and concentrated. The change of the calorific
value with time for different granularities is shown in Figure 9.
It is found that the calorific values of synthesis gas with different
granularities are almost equal. Therefore, the effect of coal gran-
ularities on the gasification reaction in molten BF slag is little.
This gasification method has a strong adaptability to the coal
granularities.

4. REACTION MECHANISM FUNCTION

The kinetic equation in the heterogeneous phase system is
shown as eq 2.

da
dt

¼ A expð�E=RTÞf ðaÞ ð2Þ

Sharp define that

GðaÞ ¼
Z a

0
da=f ðaÞ ¼

Z t

0
A expð�E=RTÞdt ¼ kt

¼ GðaÞa¼ 0:5

GðaÞa¼ 1:0

t
t0:5

� �
ð3Þ

where A is the pre-exponential factor, R is the gas constant
(8.314 J mol�1 K�1), E is the activation energy, and a is the
carbon conversion rate.

From the comparison of the experimental and theoretical
values, the reaction mechanism function will be found. Many
researchers15,16 use this method to obtain the reaction mechan-
ism and proof that the method is correct. The solid�gas reaction
equations are shown in Table 2.

Figure 10 shows the comparison of the experimental and
theoretical values of different kinetic mechanism functions for
different coal samples and coal granularities. It is found that,
when the carbon conversion rate is lower than 0.5, the experi-
mental values almost equal the theoretical values of A3, and
when the carbon conversion rate is higher than 0.5, the
experiment values almost equal the theoretical values of A2.
Therefore, it can be obtained that the kinetic mechanism fun-
ction of coal gasification in molten BF slag is shown as follows:

f ðaÞ ¼ 3ð1� aÞ½�lnð1� aÞ�2=3 a e 0:5

2ð1� aÞ½�lnð1� aÞ�1=2 a > 0:5

(
ð4Þ

5. CONCLUSION

Coal gasification in molten BF slag was performed at atmo-
spheric pressure in a molten bath reactor at the temperature from
1573 to 1773 K. The effect of coal samples and coal granularities
on the gasification reaction rate, carbon conversion, and gas
composition was studied. The results are summarized as follows:
(1) The reaction rate of SN coal that represented clunker coals
was high and almost equal to the reaction rates of DT and FX
coals. TheH2 content in synthesis gas using different types of coal
increases in the order of DT coal < FX coal < SN coal, and the CO
content in synthesis gas using different types of coal increases in
the order of DT coal ≈ SN coal < FX coal. The gasification with
time increases with increasing the ash content. For this method,
coal gasification in molten BF slag has wide adaptability on coal
samples. It is especially good for clunker coals. (2) The peak value
of reaction rates using different coal granularities increases in the
order of 0.177 < 0.125 < 0.147 mm. The H2 content of synthesis
gas using different coal granularities increases in the order of
0.125 < 0.147 < 0.177mm, and theCO content in synthesis gas using
different coal granularities increases in the order of 0.125≈ 0.147
≈ 0.177 mm. However, the difference is little, and all of their
calorific values are almost equal. Therefore, this method has wide
adaptability on coal granularities. (3) The kinetic mechanism

Figure 9. Calorific value changed with time for different granularities.

Table 2. Common Kinetic Mechanism Function

function f(a) G(a)

D1(a) 1/2a�1 a2

D2(a) [�ln(1 � a)]�1 (1 � a)ln(1 � a) + a

D3(a) 3/2(1 � a)2/3[1 � (1 � a)]1/3]�1 [1 � (1 � a)]1/3]2

D4(a) 3/2[(1 � a)�1/3 � 1]�1 (1 � 2/3a) � (1 � a)2/3

F1(a) 1 � a �ln(1 � a)

R2(a) 2(1 � a)1/2 1 � (1 � a)1/2

R3(a) 3(1 � a)2/3 1 � (1 � a)1/3

A2(a) 2(1 � a)[�ln(1 � a)]1/2 [�ln(1 � a)]1/2

A3(a) 3(1 � a)[�ln(1 � a)]2/3 [�ln(1 � a)]1/3

Figure 10. Comparison of the experimental and theoretical values of
different kinetic mechanism functions for different coal samples and
coal granularities: (a) DT coal, 0.125 mm; (b) DT coal, 0.147 mm;
(c) DT coal, 0.177 mm; and (d) FX coal, 0.125 mm.
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function was calculated. The mechanism function was shown as
follows:

f ðaÞ ¼ 3ð1� aÞ½�lnð1� aÞ�2=3 a e 0:5

2ð1� aÞ½�lnð1� aÞ�1=2 a > 0:5

(
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