TTT

1 Introduction
CO,
3800 t
2500t 950t 350t
(
etc.) 10
1500°C TTTdiagram — CCTdiagram =—
Melting poin Melting  point
&) )
—
E Crystal =
& phase 5
o
5 5
= =
2
1 i <
\ priass
Amor phous phase Amor phous phase
Time Time
TTT Fig.]  Schematic of TTT and CCT diagram.
TTT
TTT (Time- Temperature- Transformation : ) CCT (Continuous- Cooling-
Transformation : ) Fig.1

1 2



(TTT CCT

)
TTT CCT
TTT CCT D)
TTT CCT TTT CCT
2. Experiment
2-1. Experimental Technique
Hot Thermocouple Technique Hot Thermocouple

Technique  Single Hot Thermocouple Technique (SHTT) Double Hot Thermocouple Technique (DHTT) 2

D SHTT SHTT
(
DHTT
SHTT
TTT
XRD SEM EDS

Table 1 Chemical compositions of BF, LD and mold
2-2. Sample

slag.
(BF) BF dag LD dag Mold slag
T (LD) CaOC/87;;§99 CaOC/87;;M CaOC/Si()Z.?Sl
(Mold)
S0, |3352 [[sio, [2225 [[sio, |3356
AlLO, [1377 |[[A1,0, [837 ALO, [844
Table 1 MgO 6.28 MgO 12.59 Na 12.65
1.28 1.8 083  [Feo, |037 |[Fe0, |1021 |[Fe0, 188
MnO 0.27 MnO 547 F 7.56
2-3. Experimental Apparatus
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3. Results and Discussion
3-1. TTT diagram
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1. INTRODUCTION

In Japanese steel making industry, about 37 millions ton per year of slag is discharged as a by-product of iron
and steel making, which has the high temperature about 1800 K when it is discharged. Therefore, the sensible heat
of slag can be expected as the valuable source of energy. At present, most of slag is used as a raw material for
cement and a roadbed material, while the large sensible heat of slag is hardly recovered. Recently, studies on the
methane steam reforming reaction using the sensible heat of slag were carried out by some researchers
[1][2][3][4]. Concerning to the problem of CO, emission, the recovery of the sensible heat from slag as hydrogen
using the natural gas (CH4) will be effective way for the actual process development, because the slag discharging
process is a batch one and it is difficult to use for a continuous process such as an electric generation. The
objective of this study is to develop the process of effective utilization of the sensible heat of molten slag and to
clarify the heat efficiency for the methane decomposition using the slag. In this paper, CHs gas was directly
injected to the surface of slag and into the molten slag, then the rate of decomposition of methane, CH,=C+2H,

was measured.

2. EXPERIMENTAL
2.1 Apparatus MFC —by-pass
o .

Fig.1 shows a schematics of the experimental

apparatus. Flow rates of methane (>99.9%) and argon

(>99.9999%) gases were controlled by mass flow
| nduction

] E/coil

controller (MFC). A given gas mixture was introduced

@)
into the reaction tube through the alumina lance Nozz| O

. T OO
(i.d.=4.0mm, 0.d.=6.0mm). The gases generated by Gr aph|te o Oo° O_gl/la(_)lten
decomposition reaction of methane (Eq.(1)) were CI ucible © L © TC 9
quantified by quadrupole mass spectrometer (QMS). Fig. 1 Schematics of experimental apparatus.

CH,=C+2H, (AH=76 kJ/mol) (1)

In the course of heating of slag, reaction gas of CH4-Ar mixture was flowed through the by-pass (Fig. 1) and the
composition was analyzed by QMS. A Graphite nozzle was attached to the tip of the alumina lance to prevent
from the reaction with slag (i.d.=4.mm, o.d.=5mm). The sample of slag in a graphite crucible was heated by

induction furnace to a desired temperature. The temperature was measured by B-type thermocouple (T.C.).
2.2 Experimental Procedure

The slag of blast furnace (water quenched) was used in this study; composition of the slag was shown in Table
1. About 74.5g of the slag were put into the crucible (Fig.2 (a)), when the depth of slag was 3cm from the bottom
of the crucible.
Table 1. Composition of the slag sample
Compound CaO SiO, | ALOs; | MgO FeO MnO
wt% 4299 | 3352 | 13.77 | 6.28 | 0.37 | 0.27




The heated under

atmosphere, whose flow rate was 500 Nem®/min. The

sample was argon

slag
temperature of slag sample was stabilized at a given
temperature then 50%CH4-Ar mixture was introduced
into the reaction tube. The total flow rate of reaction
gas was 1000 Nem®/min, and was blowing into the

crucible. In the preliminary experiment, there were

Surface area:

101.86 em?® |:>

|]. e Mozzle ——

. [Ta Graphite
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Depth= 9.0 ¢m

Surface area:
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[Ll[!':: Lil.=3.3 em J

=

two kinds of experiments. One was experiment

without slag (only graphite crucible) (Fig.2(a)), and ( Molten Elﬂg
a

(b)

the other was experiment with slag (Fig.2(b). In these
Fig.2 The schematics of crucible in preliminary

experiments, in which the gas mixture was blown
to the bottom of crucible (a) and to the surface of
the molten slag (b) without bubbling.

experiments, the reaction gas was just blowing into
crucible. From these experiments, it can be clarified
the rate of decomposition of CH4 at the surface of
crucible and slag. In the case of bubbling experiment, the tip of the lance was inserted into the molten slag by
2.0cm. Although the shape of tip of the lance greatly affects the property of bubbling, various shape of lance was
used in this study. However, in this paper, we adopted the simple nozzle having single nozzle to the downward.
After the reaction, the gas mixture was changed to by-pass again, and argon gas was flowed in the reaction tube

during cooling down.
3. RESULTSAND DISCUSSION

Fig. 3 and Fig. 4 show the result of gas analysis by QMS and the temperature profile when the gas mixture was
introduced into the reaction tube without the slag sample. The reaction temperature was 1790K in Fig. 3, and
1470K in Fig. 4. At 500s, the reaction gas was changed to the reaction tube from the by-pass. It took about 200s to
be stable flow. The initial gas composition of the produced gas included much argon existing in the tube before
reaction start. The time for substituting the all argon gas to the reaction gas was about 200s. After 700s, the flow
rate of H; increased linearly, and the value was closed to 100%, CH, showed the complete decomposition reaction
(CH4 — C +2Hy)
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Fig. 3 Result of experiment at 1790 K without slag. Fig. 4 Result of experiment at 1470 K without slag.
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Fig. 5 Result of experiment at 1794 K with 74.383g of slag

Since the accuracy of analysis on H; is less than Ar, it could
be said that the decomposition reaction at 1790K was 100%.
On the other hand, at 1470K, the fraction of decomposition
was 55.1% ((500-224.5)/500) at the end of experiment. In the
case of low temperature, flow rate of CH4 gradually increased
and H, decreased from beginning of reaction except the
period of gas exchanging (500-520s), which meant that the
reaction efficiency decreased in lower temperature
experiment. These reasons will be (1) decrease of reaction

temperature because of endothermic reaction (127K in Fig. 3,

86K in Fig. 4, Ref.Fig.7), (2) change of surface property of
crucible during experiment (dense carbon layer will be
formed at higher temperature, which will affect to the heat
conductivity).

Fig.5 and Fig.6 show the results of experiment with 74.4g
of slag in the crucible, and the reaction temperatures were
1794K and 1478K, respectively. In Fig. 5, decomposition
reaction was almost 100% and maximum temperature
decrease was 121K (Fig. 7), which was less than that
without slag. In Fig.6, the fraction of decomposition was
41.3% ((500-293.6)/500), which was smaller than that

without slag. It is considered that as the surface area of
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experiment temperature.

reaction crucible is smaller than that without slag, the inherent reaction will be large (detail was mentioned in

other paper). The temperature decrease was 58K, which was related to the low reaction rate and effect of heat

capacity of slag.

Fig.8 shows the fraction of decomposition for each experiment temperature. The decomposition reaction was

assumed that the complete decomposition temperature will be 1630K for the no-slag and 500cm’/min(STP)

experiment (dotted line in Fig.8). The reason for lower decomposition fraction near the complete reaction degree

at high temperature will be the decrease of efficiency of the reaction.



The fraction of decomposition of experiment with slag was relatively low, because the surface area comparing
to the no slag experiment was about 30%. However, the fraction of decomposition was about 27%. Moreover, the
difference between no slag and with slag decreased in the high temperature range over the melting point of slag
(>1700K). It could be concluded that the effect of the existence of (molten) slag will accelerate the CHy

decomposition. The detail is discussed in the following section.

3.1 Kinetic analysis

The reaction rate of decomposition of CHs can be

50 T T T T
described as Eq.(2). \1G0288.039-0.10789T
rZAk(CgH4_CgH4 ) . 0
where r is the reaction rate (mol/s) , K is the rate constant, E
A is the surface area of reaction, and CgH4 and i sl 1
e . . ~
CCH 4 arz: the methane concentratl(.)r.ls (.)f the reactlo.n gas CED CH4= C+2H2
(mol/cm”) and the one at equilibrium, respectively. B.100 L i
Cly,and C&,, can be defined by Eq.(3) and Eq.(4),
respectively. 150 ) ) . ,
co _ Pt 4 3) 0 500 1000 1500 2000 2500
4T R.T Temperature (K)
Cé&is = Pei 4 @) Fig.9 Change of dG° of the decomposition
R-T reaction of CHy.
PS4, can be obtained by Eq.(5). T R —
2 I
AG’ =-RT In @ (%) 100¢ ]
Pet 4 [
80t without slag .

where P3,, and BS, are the partial pressure of

methane and hydrogen in equilibrium, respectively, R is with slag

K' (cm3/s)
S

N
o
———

the gas constant and T is the temperature of experiment.

Fig.9 shows the change of dG° of CH,; decomposition 20
reaction (CH;=C-+2H,). dG° in Eq.(5) was obtained using I

0_ PRI [N TR TN T SR N SN SN SN S [N TR T SO S SN SO S n_
Eq.(6), in which the regression of thermodynamic 1200 1300 1400 1500 1600 170C
Temperature (K)

data[4] was carried out by authors.

dG° =88.039-0.10789T kJ/mol (6)

At the beginning of kinetic analysis, as the surface area of reaction is not clear, reaction constant k and surface

Fig.10 Apparent rate constant k’ for methane

area A were assumed as a apparent rate constant, K'.

k'= A-k (7
Then Eq.(2) can be rewritten as Eq.(8).
r= k'(CgH4_CgH4 ®)

The apparent rate constant k' was obtained using Eq.(7) and showed in Fig.10. When reaction temperature was
over 1550K, the change of the rate constant K decreased, because the decomposition reaction was closed to be

complete.



4, Conclusion

To clarify possibility of a hydrogen production from a natural gas (CHs) and the heat efficiency of the
decomposition reaction of CH,4 using molten slag, some preliminary experiments were carried out. Hydrogen
evolution was confirmed during experiment. The complete decomposition was obtained above 1600K in the

present experimental condition.
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