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Abstract

The feasibility of microwave heating for high-speed
ironmaking aiming at CO, emission reduction and
energy conservation has been elucidated. Using
microwave heating, pig iron having low impurity
concentrations has been successfully produced from
the carbon composite pellets composed of the mixture
of magnetite and coal powders. It has been also found
that the microwave energy penetrates the pellets and
heat is uniformly generated in the pellets, which
suggests the possibility that the microwave heating
attains the high-speed ironmaking. Theoretical
calculations of the production cost and the carbon
consumption demonstrate that microwave heating has
a great advantage over blast furnace type process
both economically and environmentally.

1. Required Conditions for Ironmaking aiming at
CO, Emission Reduction and Energy Conservation

Currently, CO, emission reduction and energy
conservation are urgent tasks owing to the initiation of
Kyoto Protocol adopted for the prevention of global
warming. Since large fraction of CO, emission is
attributed to the blast furnace-type ironmaking in
Japan in spite of the fact that Japanese blast furnace
technology has been already advanced, new
ironmaking process should be invented based on
innovative theories and mechanisms. Nagata has
proposed on the basis of his investigations with
respect to “Tatara”, the Japanese traditional
ironmaking process producing pig iron and/or steel
bloom from iron sand and charcoal, that the
high-speed ironmaking carried out at Ilower
temperatures and higher oxygen partial pressures is
one of the solutions to cut down CO, emission and
energy  consumption. Ironmaking at lower
temperatures obviously reduces the amount of energy
required for heating materials. High-speed ironmaking
enables us to downsize a furnace, and downsizing a
furnace allows us to use raw materials with lower

strength because raw materials at the bottom of the
furnace only need to sustain smaller amount of upper
raw materials. As a consequence, not only low-grade
cokes having low strength but also waste woods and
plastics could be available for smaller furnaces. Higher
oxygen partial pressures prevent impurities such as
silicon and phosphorus from reduction and dissolution
into molten iron, allowing the hot metal pretreatment
process to be omitted and reducing the production
amount of slag. By omitting the hot metal pretreatment
process, it is possible to lower the temperature of hot
metal, resulting in the energy conservation. Nagata
has also suggested that to use the powdered iron ore
instead of lump ore is a key factor to attain this process
because the CO gas diffusion from the surface is more
promoted for iron ores with smaller grain size, i.e.,
having larger ratio of the surface area to the volume,
which leads to the rapid reduction and carburization. In
fact, “Tatara” furnace is operated at ca. 1623 K, which
is 200 K lower than a blast furnace and at the oxygen
partial pressure of ca. 1x10™"? atm (ca. 1x107° atm
for a blast furnace), and only takes about 40 minutes to
produce iron. The concentrations of silicon,
manganese and titanium in the pig iron and steel
bloom produced by “Tatara” furnace are trace, and the
phosphorus and sulfur contents in the same are lower
than those in the pig iron produced by a blast furnace.
Nagata et al. have in-situ observed the melting
micromechanism of iron carburized by graphite and
CO gas using high temperature microscope, and have
concluded that carburization in iron under high oxygen
partial pressures can be promoted by direct contact of
iron with carbon, which could be nonequilibrium
process."

The ways to reduce the CO, emission associated
with fossil fuels could be as follows; (i) to use electric
energy produced by electric sources such as wind
power, solar power and nuclear power as a heat
source, (ii) to adopt waste woods and plastics as a
carbon source for reduction and carburization, and (iii)
to increase the efficiency of carbon, i.e., the ratio of
CO;, partial pressure to the summation of CO and CO,
partial pressures in emission gas.

2. Importance of Rapid Heating and Problem of
Heat Transfer Control

As a fundamental research for the development of
high-speed ironmaking at lower temperatures and
higher oxygen partial pressures, Nagata et al? have
elucidated the mechanism of reduction, carburization



and melting of the carbon composite pellets composed
of the mixture of magnetite and coal powders. Carbon
composite pellets were dropped one by one from the
top of the furnace into a crucible placed in the uniform
temperature zone of the furnace kept at a desired
temperature and heated in a flow of argon gas. This
process corresponds to the rapid heating of pellet. It
took only 10 minutes to produce pig iron at a heating
temperature of 1623 K, which demonstrates that the
high-speed ironmaking at low temperatures has been
established in this system. It is also found that the
concentrations of phosphorus and sulfur are trace in
the produced pig iron. Monitoring of the oxygen partial
pressures in the center of pellet implies that the
oxygen partial pressure attains as high as about 1X
10" to 1x107"° atm, which is over that in equilibrium
with C/CO. Such a high oxygen partial pressure, which
possibly yields low impurities in the pig iron, is
considered to be relevant to the rapid heating of
pellets: Inside a pellet, the following reduction
reactions take place

Fes04(s) + CO(g) — 3FeO(s) + CO2(g) (1)

FeO(s) + CO(g) — Fe(s) + CO2(9) 2)
and theses reactions are coupled with the solution-loss
reaction of carbon;

C(s) + COz(g) — 2CO(g) 3)
Since the diffusion coefficient of CO is larger than that
of CO,, the ratio of CO,/CO in a pellet could become
higher as the heating rate of the pellet becomes
greater. Consequently, it is considered that the rapid
heating of iron ores is a key factor to attain the high
oxygen partial pressures. On the other hand,
temperature measurements in the center and surface
of pellet reveal that the temperature rise in the center
is moderate compared to that on the surface, and the
cross-sectional views of pellets show that the layer of
reduced iron is concentrically formed from surface to
center of pellet. These two observations mean that
heat transfer across the pellet controls the reduction
rate in the case of the rapid heating because both the
reduction reaction and the solution-loss reaction of
carbon are endothermic.

The aforementioned study implies that as long as
heat is externally supplied to pellets, it is difficult to
improve productivity because it takes longer time to
reduce pellets pilled up in multilayers owing to the heat
transfer controlling due to the endothermic reactions.
In order to overcome this problem, Nagata et al. have
focused on the microwave heating.

3. Feasibility of Microwave Heating for Pig-
Ironmaking Aiming at CO, Emission Reduction and
Energy Conservation

Microwaves are electromagnetic waves, the
frequency range of which is from 0.3 to 300 GHz
(corresponding to wavelengths ranging from 1 mm to 1
m). Materials that couple to microwave energy are
dielectric and contain dipoles. These dipoles align
themselves in the electric field and flip around in an
alternating electric field. Stored internal energy is lost
through friction (dielectric loss), thus heating the
materials. Microwave heating has a number of
advantages over more conventional heating
methods®": Microwave energy dissipates
instantaneously throughout the volume of the material
and heats it directly. Materials with high absorbency of
microwave energy are heated selectively. In fact,
magnetite and powdered carbon are excellent
absorbers of microwave energy, while it has been
reported that most gangue minerals are low absorbers.
Therefore, microwave is suited to the heating of the
carbon composite pellets.

Moreover, by useing microwave generated by
electricity due to electric sources such as wind power,
solar power and nuclear power as a heat source, it is
possible to reduce CO, emission associated with fossil
fuels. As described earlier, to use the powdered iron
ore instead of lump ore makes it possible to conduct
the high-speed ironmaking carried out at lower
temperatures and higher oxygen partial pressures.
However, if powdered iron ore is used as raw material,
high temperature gas currently used for blast furnace
cannot be employed as a heat source since powder
flies apart in the furnace. Microwave is appropriate for
heating the powdered iron ore.

3.1 Behavior of the Reduction and Carburization of
the Carbon Composite Pellets by means of
Microwave Heationg"’

Ishizaki et al. have observed the behavior of the
reduction and carburization of the carbon composite
pellets composed of the mixture of magnetite and coal
powders by means of microwave heating so as to
consider the feasibility of microwave heating for
high-speed ironmaking.

The output power of the microwave generator is
valuable from 0 to 5 kW at 2.45 GHz. In the center of
the chamber, one pellet or four pellets pilled up to be
tetrahedral were placed on an alumina dish or alumina
crucible and covered with an alumina heat insulator.



The samples were heated at the following four different
microwave power setting in a flow of nitrogen gas: (i)
The power was initially applied at 0.2 kW and
increased with a 2 minute interval to 0.7, 1, 1.5, 1.75
and 2 kW, and held at 2 kW until the end of the
experiment (see Fig.1 (a)), and the powers were kept
at constant values of (ii) 1, (iii) 2, and (iv) 3 kW from the
beginning of the experiment. During the experiment,
the temperature of the pellet surface was monitored
using a two-color pyrometer. When the temperature
reached 1350 °C, the power was switched off,
although the temperature never reached 1350 °C in
the case of a 1 kW power setting (power setting (ii)).
The sample was taken out from the chamber after it
was cooled down to the room temperature in a flow of
nitrogen gas. The reduced irons were subjected to the
X-ray florescence spectrometer (XRF) to measure the
concentrations of carbon, silicon, phosphorus, sulfur,
titanium, manganese and molybdenum.

The reaction products are pig iron pebbles and
powders composed of slag and residual carbon.

Fig.1 shows the temperature profiles of the samples
irradiated by microwave: Fig.1(b) shows the
temperature profiles of one pellet (20-ST-A) and four
pellets (20-ST-B) with 20 mm in diameter placed on an
alumina dish and heated by step-wise power setting.
Fig.1(c) shows the temperature profiles of one pellet
having 10 mm (10-ST-C), 15 mm (15-ST-C) and 20
mm (20-ST-C) in diameter placed on an alumina
crucible and heated by step-wise power setting. It can
be seen that the heating rates are almost identical
irrespective of the number and/or the diameter of
pellets. This implies that the microwave energy
penetrates the pellets and heat is uniformly generated
in the pellets. This is contrast to the conventional
heating methods such as electrical and air furnaces,
where heat is transferred from the surface to the center
of pellet. Fig.1(d) shows the temperature profiles of
one pellet with 20 mm in diameter placed on an
alumina crucible and heated by the constant power
supply of 1 kW (20-C1-C), 2 kW (20-C2-C) and 3 kW
(20-C3-C). It is found that the heating rates are greater
as the microwave power is larger.

Fig.2 shows the impurity concentrations in pig irons
produced by step-wise power supply (a) and constant
power supply (b). The impurity concentrations are
lower than those of pig iron produced by blast furnace.
It can be seen from Fig. 2(a) that the concentrations of
all impurities except for silicon are independent of the
size of pellets. On the other hand, the impurity

concentrations are lower as the microwave power is
larger, as shown in Fig.2(b). From the combination of
these two results and the temperature profiles in Fig.1,
it is concluded that the larger is the heating rate of
pellets, the smaller is the impurity concentrations in
produced pig iron. As described before, the rapid
heating rates could yield the high oxygen partial
pressures, and then the high oxygen partial pressures
could prevent impurities from reduction and dissolution
into molten iron.

Power, / kW

1400
1200|
1000
800
600|

uu 400

= 1400
¢ 1200
% 1000

Temperatu

600
400 L 1 ]

14001 )
1200 & 7
1000F .7 =

800} ——

. 1 =2
0 500 1000 1500
Time, ¢/ s

Fig.1 Step-wise microwave power setting (a), and
temperature profiles of the samples irradiated by
microwave (b), (c) and (d).
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3.2 Feasibility Studies from the Economical
Viewpoints

Feasibility of microwave heating for ironmaking is
elucidated from the economical viewpoint. Assumed
that the starting material is Fe;0,4 and products are iron
containing 3 mass% carbon at 1630 K and the
emission gas of CO—50 % CO, at 800 K. When the
efficienty of carbon, i.e., the ratio of CO, partial
pressure to the summation of CO and CO, partial
pressures in emission gas, is denoted by 1—n, the
reduction reaction can be described as follows,
1/3Fe304(s) + 2/{3(1-n/2)}C(s)
= Fe(I)+{2(1-n)}/{3(1-n/2)} CO,(g)+2n/{3(1-n/2)} CO(Q)

(4)
The summation of the standard enthalpy change of
this reaction at 298 K and that required for heating the
liquid iron and the emission gas up to 1630 K and 800
K, respectively, AH, is as foIIows,s)
AHy = 437255 — 247155(1-n)/(1-n/2) — 62777n/(1-n/2)
(J/mol) (5)
When n equals 0.5, AH, is 230634 J, which
corresponds to 4.133 X 10° kJ/t-HM or 1150 kWh/t-HM.
If the energy conversion efficiency from the electricity
to the microwaves is 64 %, the enthalpy required for
producing iron becomes 1797 kWh/t-HM. By assuming
that the nighttime electricity costs 7 yen/kWh, the
production cost for one ton of hot metal is ca. 12,600
yen, which is much cheaper than that by blast furnace
(ca. 20,000 yen/t-HM). In case of Fe,O; instead of
FesO,4, the cost can be calculated as ca. 13,340
yen/t-HM. Consequently, using microwaves as a heat
source has an advantage over the blast furnace from
the economical viewpoint.

With respect to the carbon consumption for the
process, the following estimation could be possilbe.
Since the standard enthalpy of formation of CO, is
394,762 J/mol,”) 198 kg of carbon is necessarily to
generate electric energy for producing 1 ton of hot
metal assuming that the energy conversion efficiency
from the electricity to the microwaves is 64 %.
Suppose that 40 % of the used electricity is associated
with fossil fuels, then 79 kg of carbon is required per 1
ton of hot metal. On the other hand, the carbon
consumptions for reduction and carburization are
calculated as 190 kg/t-HM and 30 kg/t-HM,
respectively. As a result, the total carbon consumption
is 344 kg/t-HM (363 kg/t-HM for Fe,O3), which is lower
than that for the blast furnace process. This result
possibly demonstrates that the microwave heating
makes a contribution to the CO, emission reduction.

4 Conclusions

The feasibility of microwave heating for ironmaking

aiming at CO, emission reduction and energy

conservation has been elucidated. The following
results were obtained.

(1) Pig iron can be successfully produced from the
carbon composite pellets composed of the mixture
of magnetite and coal powders by means of
microwave heating.

(2) Heating rates are almost identical irrespective of
the number and/or the diameter of pellets
irradiated by microwave. This implies that the
microwave energy penetrates the pellets and heat
is uniformly generated in the pellets.

(3) The impurity concentrations of pig iron produced
by microwave heating are lower than those by
blast furnace.

(4) The larger is the heating rate of pellets, the smaller
is the impurity concentrations in produced pig iron.
This might be because the rapid heating rates
yield the high oxygen partial pressures, and the
high oxygen partial pressures prevent gangue
minerals from reduction and dissolution into
molten iron.

(5) The production cost for one ton of hot metal using
microwave heating is calculated as ca. 12,600 yen,
which is much cheaper than that for blast furnace
(ca. 20,000 yen/t-HM).

(6) The carbon consumption for producing one ton of
hot metal is 344 kg/t-HM, which is lower that that
for the blast furnace process. This result possibly
demonstrates that the microwave heating makes a
contribution to the CO, emission reduction.
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Fig. 3. X-ray diffraction patterns of mill scale before experiments

(a) and the remaining powders after microwave heating (b).

3. Results

The temperature behavior as a function of time of the
microwave irradiation time is shown in Fig. 2. Temperature
increased linearly up to 1000°C in 8~11 min, and then it reached
1100°C in additional 2~3 min. The sample was kept at 1100°C
for 0~4 min.  All the reactions were finished in 15 min.  After
experiments, metallic iron droplets of 1~5 mm in dia. were easily
separated from the unreacted remaining powders. Non-metallic
inclusions (oxides or graphite) were not observed from the
SEM-EDX analysis of the cross section of the sample. Note
that metallic iron is produced as powders in the conventional
process, the microwave radiation seems to stimulate small
particles to be coagulated for some reasons such as surface
energy minimization and increase in the local temperature above
the melting temperature of the metallic iron obtained. The
reaction mechanism between mill scale and graphite powders
and self-assembling mechanism of metallic iron are as yet
unclear, and further study is required. From XRD analysis of
the remaining powders, they are identified as overloaded graphite
powders.(Fig. 3)  Consequently, metallic iron was fully
recovered from mill scales efficiently by carbothermic reduction

using microwave heating process.

Authors are grateful to Professor Kazuki Morita, the University
of Tokyo and Professor Jong-Heun Lee, Korea University, for

their kind help in experiments and valuable discussions.
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material before plastics molding. under several
conditions was carried out. Effect of temperature and

composition on dechlorination properties  was
discussed.

EXPERIMENTAL

Apparatus

Schematic diagram of experimental apparatus is
shown in Figure 1. The apparatus consisted of a glass
tubular reactor, microwave guide tubes and a
microwave generator. The microwave generator is low
ripple type (IMG-2501S: IDX Corporation). so that
irradiation intensity of microwave can be controlled
from 100 W to 1000 W. The diameter of the glass
tubular reactor is 28 mm and it has a distributor made
of porous glass on the internal wall of the glass tubular
reactor. The reactor is installed into the microwave
guide tube vertically. Carrier gas of nitrogen was
heated up to a given temperature using electric heater.
Temperatures of a sample and carrier gas in the tubular
reactor were measured by fiber-optic thermometers
(FL-2000; Anritsu-meter). Hydrogen chloride (HCI)
which was one of the decomposition products of PVC
was trapped in two gas-washing bottles.

Hn

1 fluidized bed
2 distributor
3 fiberoptic thermometer
(sample)
4 glass tube
microwave § insulation
6 heater
7 glass plate
! 8 wave guide tube
9 gas washing bottle
10 flow meter

[ —i—im
=

Fig. 1 Schematic diagram of experimental apparatus

Sample Material

Two kinds of Pellets of polyvinyl chloride
(PVC) were used as sample material. These are
industrial raw materials. PVC1 is flexible PVC for
electric insulating and PVC2 is rigid PVC for
architectural material. Both particle diameters are
about 3-5 mm. Results of proximate and ultimate
analysis are shown in Table 1. It was found that PVC1

and PVC2 contained high levels of ash and volatile
component,  respectively.  Therefore.  chlorine
accounted for about 22 wt% of PVCI1. while about 44
wt% of PVC2.

Tablel. Proximate and ultimate analysis of PVC Pellet

Item of analysis PVC1 PVC2
Moisture [wt®o] 0.15 0.08

Ash [wt%] 21.71 4.63
Volatile component [wt%] 65.85 80.93
Fixed carbon [wt%] 12.44 14.44
Higher heating value [kJ/kg] 18500 20500
C [wt%] 393 40.9

H [wt%0] 49 54

N [wt%) 0.01 0.03

O [wt%] 12.0 4.48

Cl [wt%] 221 442

Ca [wt%0] 36.0 25.7

Al [w%] 3.70 1.71

Mg [wt%] 2.63 437

Si [wt%0] 3.69 0.63

Thermogravimetric Analysis

To investigate thermal decomposition properties
of the PVC. thermogravimetric curves of the sample
were measured by using a thermogravimetric analyzer.
Nitrogen gas was used as a carrier gas and heating rate
was 2 K/min.

Microwave Irradiation

About 1.0 g of PVC pellets was mixed with glass
beads of 30.0 g (aperture; 90 pum over. 125 um under).
The mixture was filled on the distributor of the reactor.
The height of the bed was about 50 mm and the
fiber-optic thermometer was inserted in the bed. After
the reactor was installed in the microwave guide tube.
preheated carrier gas was flowed in the reactor. When
stable,
irradiation to the reactor began. After that. generator
output was controlled to hold the constant temperature
of the sample. Reaction temperature was set at desired
that within a range of temperature from 503 K to 543
K. Moreover. adjustable range of microwave output
was from 100 W to 1000 W. While experiments on.
was collected from the first
gas-washing bottle every 10 minutes. Concentration of

temperature of bed became microwave

solvent of 1 ml

chlorine ions in the solvents was measured by liquid
chromatography (LC-VP series: SHIMADZU). When
experiments irradiation.

were conducted without



outside of the reactor was heated up by hot air and
PVC would be pyrolyzed at same temperature as
microwave irradiation.

RESULTS AND DISCUSSION
Thermogravimetric analysis

Thermal decomposition properties of two kinds
PVC are shown in Figure 2. Here. vertical axis means
decomposition rate under dry ash-free basis (Xap) and
the value is defined by the following equation.
_be=Craexnl g,

[l—(xu +x, )]-w0

b P (n

100 g
90 | .
80 |
70 ’
60 [
50 |

Xdaf [Wt%)]

40 | .

30 s 8

20 [ [epvCHt
10

300 400 500 600 700 800 900
temperature [K]

Fig. 2 Thermogravimetric curves of PVC1 and PVC2

Both thermogravimetric curves were similar. At
first. these PVC were decomposed from about 500 K
to 600 K. After that. the next decomposition took place
from about 680 K to 770 K and the thermal
decomposition was almost completed. In the previous
work using a test reagent”’, a breaking of the slope is
observed around 520-530 K but there
phenomenon under this analysis. In general. it is

is no

consider that the first stage in the decomposition
between 500 K and 520 K will be dechlorination from
PVC with the formation of an intermediate compound
and the second stage between 520 K and 620 K would
be decomposition of volatiles what are relatively low
boiling temperature with the formation of an other
intermediate compound and dechlorination, when a
test reagent is used as a sample and heating rate is
relatively slow. On the other hand. the PVC pellets
include plasticizer and/or reformer and that would be
the main causes of the different tendency.

Dechlorination properties using microwave

Based on the previous work. dechlorination of
PVC with microwave irradiation was carried out under
less than 500 K. i.e. the condition where the thermal
decomposition did not take place.
dechlorination of PVC pellets was not observed under
the conditions. Therefore. microwave irradiation was
carried out under more than 500 K. Here, initial
temperature was set at 483 K and it took less than 10
min and 10-30 min to reach the preset temperature

However.

with microwave irradiation and without irradiation.
respectively.

100

[[—a—503K N.1503K
—=—523K N.1523K
N.1543K

90 | —e—543K

80 -
o0}
60:
50 +

40 +

dechlorination ratio[%)

30

2 +

0 50 100 150
irradiation time[min]

Fig. 3 Comparison of convection heating with
microwave irradiation for dechlorination ratio of
PVCl1

Properties of dechlorination under microwave
irradiation and non-irradiation (N.I.) are shown in
Figure 3. The difference of dechlorination ratio
between irradiation and non-irradiation was quite
noticeable at 523 K and 543 K but both results are
almost similar at 503 K. Unlike the results using a test
reagent. dechlorination reaction was not observed in
the some dozens of minutes following microwave
irradiation. especially under lower temperature
condition. On the contrary. initial reaction rate right
after start of dechlorination increased with increased
the temperature at

microwave irradiation and there was not so much of a

non-irradiation as well as
difference between irradiation and non-irradiation. For
microwave irradiation condition. definitive
dechlorination ratios at 503 K. 523 K and 543 K were
about 60 %. 80% and 85 %. respectively.

Effect of initial temperature on dechlorination



propertiecs is shown in Figure 4. When preset
temperature was less than 523 K. there was not so
much of effect of initial temperature. However.
dechlorination properties were quite different due to
initial temperature at preset temperature of 543 K. For
this case. changes in microwave output and the bed
temperature with time are shown in Figure 5. From
this figure. both properties of microwave output were
almost similar for 20 min. After that. however. the
output continued to increase under higher initial
temperature. while that was constant at around 120 W
under lower initial temperature. The results would
indicate that the intermediate compounds formed
during microwave irradiation could have different
electromagnetic properties due to initial temperature
and a relationship of heating rate to the results'” »
must be investigated.

—/— 503K (LT 423K) —a— 503K (IT. 483K)
— — 523K (IT. 423K) —=— 523K (LT, 483K)
— ~ 543K (LT 443k) —e— 543K (IT. 483K)

100

dechlorination ratio[%)]

0 50 100 150
iradiation time[min]

Fig. 4 Effect of initial temperature in bed on
dechlorination ratio of PVC1

& 543K (IT. 483K) - -
® 543K (IT.483K)

- 543K (LT. 443K)
543K (LT. 443K)

~ 1000
60 Fog—> s 1 00
as N ) e, & 3
_540:“’ SRR S A R Y : 800 =
3 ” * > 1 =
g 520 '} . ] 700 2
- R v 1600 3
£ 500 - 1 o
g | {500 3
a0 ¥ " 1 400 3
2 L ] 5
. ] E
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Fig. 5 Relationship between microwave output and
temperature profile in bed at 543 K
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Fig. 6 Effect of additives on dechlorination ratio
(initial temperature: 483 K)

The dechlorination properties of two kinds of
PVC pellets are shown in Figure 6. From this figure.
remarkable difference was not observed. Therefore.
there would not be so much of effect of plasticizer and
reformer on dechlorination properties under this
experimental condition.
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