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Abstract. The scale generated in the hot rolling process is a high-grade iron source. Fine scales are separated in
a thickener and discharged as sludge in a slurry state, which makes them difficult to use. This study focused on
sludge recycling through carbothermic reduction using microwave heating. Microwave heating occurs when an
object absorbs microwaves. Compared with conductive heat transfer, microwave heating allows for internal
heating, which makes it effective for heating fine powders with low thermal conductivity. To achieve carbon
neutrality, the carbothermic reduction behavior was investigated using biomass-derived carbon. For the
experiments, industrial sludge, rice husk char as biomass and reagent-grade graphite were used. The sludge had a
composition of T. Fe = 64.1 wt.% and FeO = 36.2 wt.%. The biomass was obtained by pyrolyzing rice husks at
500 °C, containing 43.2 wt.% carbon with 47.7% SiO, as the main impurity. The biomass or graphite and sludge
were mixed in a molar ratio the carbon and oxygen content in the sludge matched C/O = 1. Microwave heating
was carried out with 2.45 GHz multimode irradiation with magnetron under a nitrogen atmosphere. The total
heating time was 20 min, with a maximum output intensity of 1050 W. The samples were heated from room
temperature to 1200 °C and then maintained at this temperature. After heating, the formation of metallic iron
was confirmed in both samples. During microwave heating, the sample using biomass took longer to stabilize at
1200 °C compared with graphite. It seems due to the SiO, in the biomass not absorbing microwaves. SEM-EDS
analysis of the reduced samples confirmed the presence of metallic iron and residual FeO in both samples.

Additionally, in the biomass sample, a large amount of silicate slag containing iron oxides was observed.
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1 Introduction

In recent years, research and development aimed at
achieving sustainable steelmaking has been actively
pursued in the steel industry [1]. One such approach is
carbon-neutral steel production, which involves the
utilization of hydrogen and non-fossil green energy sources
[2,3]. In addition, studies have been conducted on the reuse
of waste materials from existing processes [4,5] The present
study focuses on scale discharged from the hot rolling
process. Many steel products such as shape steel, steel
plates, and steel bars are industrially manufactured
through the hot rolling process. Steel materials are heated
in a furnace and then transported to the rolling mill in an
atmospheric environment. At that time, because the steel
reaches a high temperature, an oxide film (scale) is formed

* e-mail: ohno.ko-ichiro.084@m.kyushu-u.ac.jp

on the surface [6]. The removed scale is separated in a
settling tank: small particles float and large particles settle.
The settled scale is recovered, and the floated scale becomes
a sludge-like substance by adsorbing machine oil mixed
into the settling tank, and then it is transferred to the
thickener. The sludge is concentrated and discharged by a
scraping blade. The discharged sludge contains a lot of
moisture, so it is dried in the sun. In 1996, approximately
800,000 tons of sludge [7] were recovered from 107.9 million
tons of crude steel production in Japan [8]. Assuming it was
generated in the same proportion, based on the crude steel
production of 87 million tons in 2023 [9], it is calculated
that 690,000 tons of sludge were recovered. Since the scale
in the sludge is derived from steel materials, it contains few
impurities, and the T.Fe content is as high as 74.4 wt.% in
low-carbon rimmed steel scale [10]. Therefore, large-scale is
reused as an iron source in the production of sintered ore
[11]. On the other hand, sludge with oil and moisture
attached to the scale is difficult to reuse. The reasons
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Table 1. Chemical composition (mass%) of sludge and rice husk char.

Sludge Rice husk char
T.Fe FeyO4 FeO SiO, C Other T.C. SiOy K5O CaO MnO P C.W. Other
64.1 51.3 36.2 1.48 3.96 7.06 43.2 47.7 1.24 1.12 0.36 0.33 1.8 4.25

include the difficulty of powder compaction due to the
moisture contained in the sludge, and the possibility of
steam explosions occurring inside the furnace when
attempting to reuse it using an electric furnace. As a
method to enable reuse, removing moisture from sludge by
heating can be considered. Furthermore, since the sludge
contains carbon originating from machine oil adhering
during the descaling and recovery processes, it is expected
that reduction reactions will proceed during heating.
However, since sludge is a powder with particle size less
than 1 mm and has low thermal conductivity [12],
conventional external heating requires a long heating
time, resulting in large energy loss. Therefore, as an
alternative, a method of heating sludge using a technique
that does not rely on conductive heat transfer is expected.

The penetration depth of magnetite, which is contained
in hot rolling sludge and significantly affects microwave
absorption, is 80 micrometers [13]. Therefore, while it
cannot completely overcome conductive heat transfer, it
serves as a heating method where the influence of
conductive heat transfer between particles is relatively
small. Microwave heating can be used to rapidly raise the
temperature in a short time through internal heating.
Microwaves are a type of electromagnetic wave. Substances
that can be heated by microwaves include dielectrics,
magnetic materials, and non-magnetic metal powders. The
heating of these substances is caused by electric or
magnetic fields. The microwave absorption energy
P [W/m? is expressed by equation (1).

(1)

Here, E is the electric field (V/m), H is the magnetic field
(A/m), o is the electrical conductivity (S/m), fis the
frequency (Hz), &y is the vacuum permittivity (F/m), er" is
the imaginary part of the permittivity (-), g is the vacuum
permeability (H/m), and pr’ is the imaginary part of the
permeability (-) [14]. Equation (1) represents the sum of
dielectric loss, resistance-related loss of the material (Joule
loss), and magnetic loss, indicating that these three distinct
mechanisms contribute to microwave heating [15]. Micro-
wave heating enables selective heating, as the absorption of
microwaves varies by material. This selective absorption
allows for targeted and energy-efficient reactions [16,17].
When heating sludge with microwaves, it is considered
that adding carbon with high microwave absorption
efficiency externally can accelerate the rate of temperature
rise and promote reduction. L. M. da Silva et al. discussed
the carbon thermal reduction of a mixture of iron ore,
steelmaking mill scale, and coke fines using microwaves
[18]. Our research focuses on the carbon thermal reduction
of sludge, which has a smaller particle size than mill scale.

1
P = nfeoe, | E” + §GIEI2 + o, |HI.

By reducing iron oxide in the sludge to metallic iron
through the addition of carbon material, it becomes
possible to recycle it in a similar manner to scrap. At
that time, by using rice husk char (RHC)—currently used
as insulation material in steelmaking—as the carbon source
to be added, it is possible to reduce actual CO5 emissions.
RHC is biomass produced by incomplete combustion and
carbonization of rice husks. A huge quantity of rice husk
(ca. 3 million tonnes) is produced every year as agricultural
waste in Japan [19,20], and it contains approximately 40%
fixed carbon. Since it contains a high amount of SiO, and
has a low carbon content, it is considered unsuitable for use
as bioethanol or as a fuel [20]. Therefore, the use of RHC as
a reducing agent was considered by adding it to the sludge.
This study aimed to clarify the dehydration behavior of
sludge during microwave heating and to investigate the
moisture removal rate during microwave heating. In
addition, the study aimed to clarify the effect of adding
RHC during microwave heating of sludge by measuring
temperature changes and reflected waves during microwave
irradiation to investigate the heating characteristics, and to
examine the progress of reduction caused by the carbon
contained in the sludge and carbon added externally.

2 Materials and methods

In this study, sludge recovered from the hot rolling process
(supplied by Yamato Steel Co., Ltd.), RHC (supplied by
Yamato Steel Co., Ltd.), and graphite reagent (particle size
~ 75 pm, purity 99%, Kishida Chemical Co., Ltd.) were
prepared. Sludge contained iron oxide, moisture, and
rolling mill oil; it contains carbon. Sludge sieved to <1 mm
without drying was used as the wet sample, and the sample
dried at 120 °C in an air atmosphere for 24 hours using a
muffle furnace and then sieved to less than 1 mm was used
as the dry sample. The RHC was preliminarily processed by
grinding and sieved to a particle size of <75 pm. The
composition of the RHC and dry sample are shown in
Table 1. T.C. is an abbreviation for Total Carbon, which
includes both the volatile and solid carbon components
present in RHC. C.W. is an abbreviation for Combined
Water, representing the total water content in RHC.

An energy-dispersive X-ray fluorescence analyzer
(Malvern Panalytical, Netherlands) was used for composi-
tional analysis. A dry sample was measured and consider-
ing the carbon content in the sludge to achieve a C/O ratio
of 1 relative to the oxygen in the sample, charcoal was
added to prepare mixed samples. The weights of sludge and
graphite in the graphite mixed sample, and the weights of
sludge and RHC in RHC mixed samples are shown in
Table 2. Since RHC releases a large number of volatile
substances, considering safety during the experiment, tests
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Table 2. The weights of sludge and graphite in the graphite-mixed sample, and RHC in the rice husk-mixed sample.

Sludge(g) Carbon in sludge(g) Charcoal(g) Carbon in charcoal(g)
Graphite mixed sample 10.00 0.40 1.36
Rice husk char mixed sample 5.00 0.20 1.58 0.68
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Fig. 1. Schematic diagram of the sample arrangement in
microwave furnace.

were conducted using 5 g samples. The progress of
reduction by microwave heating was investigated for the
dry sample, the graphite mixed sample, and RHC mixed
sample. The apparatus used in this experiment is a
multimode cavity-type microwave furnace (Shikoku In-
strumentation Co., Ltd.) with a maximum output power of
1.5 kW at 2.45 GHz. This device sets the target
temperature and holding time, detects the temperature
of the heating target with a radiant heat meter, and
automatically performs appropriate microwave blocking
operations and output changes [20]. A detailed schematic
diagram of the sample arrangement method is shown in
Figure 1. The time-dependent change in the surface
temperature of the sample was measured using a two-
color thermometer (IR-FAQINN, Chino). To observe the
cross-section of the sample after heating, scanning electron
microscopy (SEM) and energy-dispersive X-ray spectros-
copy (EDS) were performed for elemental composition
analysis. SEM observation was conducted using a low-
vacuum high-sensitivity scanning electron microscope
(SU3500, Hitachi High-Tech), and elemental analysis
was performed using an energy-dispersive X-ray analyzer
(Apollo SDD, AMETEK). In Experiment 1, 10.0 g of wet
sample was filled into a crucible, N, was flowed at
1.0 NL/min, and microwave radiation was applied at a
maximum output of 800 W. Water removal was considered
complete when the sample temperature exceeded 330 °C,
which is the lower measurement limit of the two-color
thermometer. In Experiments 2—4, dry sample, graphite
mixed sample, and RHC mixed samples were filled into
crucibles, Ny was flown at 1 NL/min, and microwaves were
irradiated with a maximum output of 1050 W and a target
temperature of 1200 °C with the aim of melting metallic
iron and separating it from oxides. The microwave output
was regulated by PID control to maintain the set
temperature.
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Fig. 3. Temperature profiles and microwave absorption ratios of
experimental 2 (dry sample).

3 Results and discussion

In experiment 1, it was conducted using wet samples to
compare moisture removal by microwave heating and
conventional heating methods. When the sample was
heated to 120 °C in a muffle furnace, the weight change
stopped after 22 hours. Based on the weight reduction of
the sample, the moisture content of the sludge was 17.7%.
The weight change during dehydration by microwave
heating was 13.2% at 111 s, suggesting that 74.6% of the
total moisture was removed.

The weight change rate during dehydration by the
muffle furnace reached 13.0% after 250 min had elapsed
since placing the sample in the 120 °C furnace. This
suggests that microwave heating can heat powders and
remove moisture in a shorter time [21]. Next, the heating
characteristics of moisture-containing sludge were exam-
ined based on the microwave absorption ratio. The
microwave absorption ratio was derived using equation
(2) shown below.

Wre f

Tl ©

(Microwave absorptionratio) = 1 —
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XRD analysis of sample before and after microwave heating experiment 2 (dry samples).
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Fig. 5. Variations of temperature and microwave absorption ratios of experimental 3 (graphite mixed sample) and experimental

4 (RHC mixed sample).

Here, Wy, is the incident microwave energy (J/s), and W,
is the reflected microwave energy (J/s). Figure 2 shows the
microwave absorption ratio during microwave heating of
the wet sample. The microwave absorption ratio began to
decrease 50 s after heating started, and then increased
sharply just before the sample temperature reached 750 °C.
At temperatures below 330 °C, the substance that functions
as a good absorber of microwaves in the sludge is water
molecules, which absorb microwaves through dielectric loss
due to their polarity [22]. This suggests that the decrease in
microwave absorption ratio due to the reduction in water
molecules indicates that moisture removal began 50 s after
heating started. Furthermore, the increase in microwave
absorption ratio just before irradiation cessation is attribut-
ed to the properties of hematite, which becomes a good
microwave absorber due to the increase in dielectric constant
and conductivity around 400 °C [23].

In experiment 2, 10.0 g of dried sample was heated with
microwaves for 5 min to investigate the heating character-
istics of the sludge. The variations of sample temperature
and microwave absorption ratio during heating are shown
in Figure 3. The sample temperature exceeded 330 °C 42 s
after heating, then began to decline, reaching 1037 °C at
300s. During heating, temperature measurement was paused
for 5 s at the 100 s mark to check the sample condition. The
microwave absorption ratio reached a maximum of 0.78 at
42 s, when the temperature increase was confirmed, and
gradually decreased to 0.51 at 300 s. From these results, it is
considered that temperature and microwave absorption ratio
showed similar trends, and that the target temperature could
not be maintained because the proportion of microwave
energy absorbed by the sludge decreased over time.

The results of XRD analysis performed on the samples
before and after heating are shown in Figure 4. Based on
XRD analysis, it is considered that microwave heating of
the dried sample caused the carbon contained in the sludge
to act as a reducing agent, reducing hematite and
magnetite to wiistite. These findings suggest that the
failure to maintain the target temperature in the latter part
of heating was due to the reduction of hematite and
magnetite, which decreased the proportion of good
microwave absorbers in the sample and led to a decline
in microwave absorption ratio [21].

In experiment 3 and 4, the graphite mixed sample and
the RHC mixed sample were heated with microwaves for
20 min. Figure 5 shows the time-dependent changes in
temperature and microwave absorption ratio during
microwave heating of the mixed samples. In the mixed
samples, the temperature was maintained at 1200 °C and
the microwave absorption ratio was maintained at 0.8 or
higher. On the other hand, when comparing these results,
the graphite mixed sample reached 330 °C, and the time
required to stabilize at 1200 °C was shorter than that
required for the RHC mixed sample. Since SiO, has a
property of transmitting microwaves [24], it is presumed
that RHC, which contains high SiO; content, is less
susceptible to microwave heating than graphite. From
these results, it was found that, while the SiO5 content in
RHC tends to prolong the time required for temperature
increase, RHC can be expected to enhance microwave
absorption similarly to graphite.

Cross-sectional observations were made using SEM-
EDS on the heated samples. Figure 6a shows SEM images
of graphite mixed samples, and Figure 6b shows SEM
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(a) Experimental 3(graphite mixed sample)

(b)  Experimental 4(RHC mixed sample)

Fig. 6. SEM-EDS (15.0kV x 6.50 k) images of: (a) experimental 3 (graphite mixed sample); (b) experimental 4 (RHC mixed sample).

images of RHC mixed samples. Both samples showed that
metallic iron had been generated, as there were areas where
Fe and O peaks did not overlap in

either case. As another phase, the graphite mixed
sample contained what is thought to be FeO and SiO,,
while the RHC mixed sample contained a phase in which
Fe, Si, and O coexisted. This is due to the increased
proportion of SiO, resulting from the addition of RHC.
These findings indicate that, by mixing RHC and applying
microwave heating, the carbon in the RHC acts as a
reducing agent, enabling partial reduction of iron oxides in
the sludge to metallic iron.

4 Conclusion

This study investigated the dehydration and reduction
behavior of the sludge during microwave heating and the
effect of RHC addition. The main findings are as follows:

— Microwave heating of wet sludge raised the surface
temperature above 330 °C, resulting in 74.6% moisture
removal within 111 s.

— Heating the dry sludge at 1200 °C for 300 s reduced
hematite and magnetite to wiistite. The temperature and
microwave absorption peaked at 42 s and subsequently
declined, owing to the consumption of hematite, which is
a strong microwave absorber.

— In graphite-mixed samples heated at 1200 °C for 20 min,
temperature and absorption decreases were suppressed,
and metallic iron was partially formed. This is attributed
to graphite enhancing microwave absorption.

— RHC addition similarly maintained high absorption and
promoted partial reduction to metallic iron, demonstrat-
ing that the carbon in RHC functions effectively both as a
microwave absorber and a reducing agent.
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