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Abstract: Waste polymers composed of carbonaceous compounds can be converted into
gases and oils by pyrolysis. Although pyrolysis char is generated continuously in the
pyrolysis process, its high ash content limits its industrial application. In the present study,
the use of pyrolysis char with a high ash content as a reductant for the reduction reaction
of mill scale was investigated. The mill scale reduction behaviors were investigated by
modifying the mixing ratio of oxygen in the mill scale and fixed carbon in the pyrolysis char
at temperatures ranging from 1723 to 1873 K. The degree of reduction of molten iron oxide
in the mill scale was obtained by measuring the amounts of CO and CO2 gases generated
during the reduction reaction in an Ar gas atmosphere. The degree of reduction increased
with temperature and mixing ratio of the mill scale and pyrolysis char. In this study, the
maximum degrees of reduction of mill scale at 1873 K were 0.32 and 0.65 for C/O ratios
of 0.77 and 1.33, respectively. Based on a comparison of the rate constants for the overall
mill scale reduction reaction with the previous rate constants, the rate-determining step in
the present study was assumed to be the insufficient agitation effects owing to the limited
gas evolution of CO and CO2 caused by the low gases released during reduction resulting
from the low initial carbon concentration. In addition, the potential use of pyrolysis char
produced from the pyrolysis of waste materials composed of carbon compounds as an
alternative carbon source was investigated.

Keywords: mill scale; pyrolysis char; carbonaceous residues; reduction reaction; rate
constants

1. Introduction
High-quality steel scrap is necessary in the electric arc furnace process (from here,

referred to as EAF process) for producing high-quality steel products. The amount of end-
of-life steel scrap is likely to increase from the mid-2020s because global steel production
has increased significantly since the early 2000s. It is largely driven by growth in China [1].
The largest amount of steel scrap use is likely to be for low-quality scrap. It is expected to
increase by 380% between 2015 and 2050. [2]. Because the use of high-quality scrap has
increased in the basic oxygen furnace steelmaking process owing to the reduction in CO2

emissions, it is assumed that the deficiency of high-quality scrap becomes significant in the
EAF process.

For the EAF process, it is necessary to develop and reserve high-quality Fe resources
for the production of high-quality steel products. Mill scale is a byproduct of the iron
content generated during continuous casting and rolling processes [3]. The size of mill scale
is generally within 1–5 mm. It contains approximately 70% iron in the form of hematite
(Fe2O3), magnetite (Fe3O4), wustite (FeO), metallic iron (Fe), other non-ferrous materials,
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and alkaline impurities. The chemical composition of mill scale varies depending on the
quality and composition of the steel manufactured during its production [4,5]. Mill scale
contains complex oxide phases generated during steel processing. Its recycling process is
being developed continuously. The reduction reaction of mill scale consists of several steps:
mill scale → Fe2O3 → Fe3O4 → FeO → Fe. Depending on the reaction conditions, the steps
of the reduction reaction can be shortened [6]. One of the mill scale recycling methods is
the reduction of mill scale carbon composite briquettes. It has been investigated extensively
using various reducing agents [3,7–10]. In most research studies, the reduction behavior of
mill scale has been investigated in the solid state. Moreover, studies using waste carbon
resources have reported the reduction behavior of mill scale by using waste polymers and
waste tires [11].

One of the issues in ironmaking and steelmaking is the continuous research on the
utilization of unused carbonaceous materials as alternatives to fossil fuels such as coke.
The CO2 emissions during the reduction reaction of iron oxides can be reduced by using
biomass samples pretreated by torrefaction. Released volatiles of torrefied biomass samples
indicated reduction effects even at lower temperatures than graphite. The reduction
steps of “Fe2O3 → Fe3O4 → FeO → Fe” were observed in the low temperature range
of 300 to 400 ◦C [12]. In most studies on the use of alternative carbonaceous materials,
waste polymers (composed primarily of carbon and hydrogen) have demonstrated their
potential to partially replace coke as a carbon source in the EAF process. This, in turn, has
demonstrated the feasibility of reducing electricity and carbon usage [11,13,14]. Mixtures
of coke and waste plastics have been reported to enhance slag foaming during EAF [11].
With regard to the reduction reaction of FeO in slag with alternative carbon materials, it
has been reported that the use of appropriate amounts of plastics and waste tires improves
the reduction rate and decreases CO2 gas emissions. When coke and plastic were mixed
in an appropriate ratio, a reduction rate more than twice that of coke alone was observed.
In addition, when rubber was used, a faster reduction reaction rate than that of coke was
shown, while a slower reduction reaction rate was confirmed with biomass (palm char).
The difference in reduction reaction rate was attributed to the fixed carbon content and the
hydrogen mixed gas [13,14].

Meanwhile, carbon bond waste can be converted into gas and oil via pyrolysis. Ad-
ditionally, the oil and gas produced can be used as new energy sources for methanol
production. The synthesis of gas and oil generated from waste pyrolysis can be used for
methanol production. The global demand for methanol is likely to reach 180,000 metric tons
by 2024 and 500,000 metric tons by 2050 [15,16]. Solid residues are also produced during
the pyrolysis of various carbonaceous materials such as biomass, waste-life polymers, and
tires. These residues are called pyrolysis char (from here, referred to as pyrochar) and
mesoporous materials and have an average calorific value of 30 kJ/g [17]. In the case
of waste polymer pyrolysis, approximately 30–50% pyrochar is generated [18]. Pyrochar
with a low ash content (produced from the pyrolysis oil of waste tires) has a chemical
composition similar to that of carbon black. This makes it suitable for reinforcing tire
materials [19]. However, pyrochar with a high ash content is not suitable for reinforcing tire
materials. This is because the ash content decreases the surface activity of carbon black and
causes low dispersion and large agglomeration of carbon black in solvents [20]. Through
demineralization, the ash content in the pyrochar can be reduced. However, a reduction in
the carbon black structure and the formation of acidic surface groups are observed [19,20].
Although a large amount of alternative carbonaceous materials can be produced from the
generation of pyrolysis gas and oil, their high ash content limits their industrial application.

In this study, the feasibility of using high-ash-content pyrochar as a reducing agent
for mill scale material generated in the steelmaking process was investigated. The process
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of using pyrochar, which is difficult to use because of high content ash and without any
preprocessing, has been identified. The composition of the pyrochar obtained from the
industrial pyrolysis of waste polymer mixtures was measured by proximate and ultimate
analyses. The influence of pyrochar addition on the mill scale reduction behavior was
investigated from 1723 to 1873 K.

2. Experiments
In this study, the reduction behavior of mill scale pyrochar obtained from the industry

was investigated from 1723 K to 1873 K under an Ar atmosphere. Figure 1 shows a
schematic of the experimental setup incorporating a gas analyzer. First, the powders of
pyrochar and mill scale were crushed using a mortar and pestle and then sieved to below
500 µm. Then, the powders were mixed meticulously to a total amount of approximately
10 g. Table 1 presents the mixing ratios and molar ratios of the powder mixtures based on
the oxygen content of mill scale and the fixed carbon content of pyrochar (see Tables 2 and 3,
respectively). A detailed analysis of the compositions and phases of the mill scale and
pyrochar is presented in Section 3.1.
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Figure 1. Schematic diagram of experimental set-up.

The powder mixtures were pelletized to a diameter of 10 mm and charged in an
alumina crucible (35 × 45 mm). The furnace temperature was increased to the target
temperature at the rate of 6 K/min under an Ar flow of 0.001 m3/min. After the target
temperature was attained, the prepared mixture in the crucible was charged from the top
of the furnace. Immediately after covering the cap of the furnace with the gas outlet, the
O2 content in the emitted gas was analyzed by a potable gas analyzer (NOVA9K, MRU
Instruments, Neckarsulm, Germany). It reduced to below 0.03 vol% within approximately
10 s. The start time of the reduction reaction is defined as the point when the O2 content
in the emitted gas was below 0.03 vol%. The reaction was maintained for approximately
20 min.
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Table 1. Conditions for the reaction temperatures and the mixing ratios and the molar ratios of mill
scale and pyrochar.

Run NO. Temp. (K)
Mixing Ratio of Mass (Wt%) Molar Ratio of

Fixed Carbon (FC)/
Oxygen in Mill ScaleMill Scale Pyrochar

A
1723

80 20 0.77
B 70 30 1.33

C
1773

80 20 0.77
D 70 30 1.33

E
1823

80 20 0.77
F 70 30 1.33

G
1873

80 20 0.77
H 70 30 1.33

Table 2. Chemical compositions of mill scale using ICP and O/N analysis (unit: wt%).

Elements T.Fe T.O SiO2 CaO MnO MgO Al2O3

Conc. 66.6 24.3 4.5 3.2 1.6 0.2 0.9

Table 3. Composition of pyrochar (unit: wt%).

Method Proximate Analysis Ultimate Analysis

Contents Moisture Volatile Ash Fixed
carbon Carbon Sulfur

Conc. 1.0 6.9 35.5 56.5 54.3 0.1

The reduction behavior of mill scale was investigated by varying the pyrochar mixing
ratio. The samples were prepared at a ratio sufficient to reduce oxygen in mill scale based
on the fixed carbon content of the pyrochar. During the reduction reaction, the CO and CO2

in the released gas were analyzed using a gas analyzer to estimate the degree of reduction
in the mill scale. After completing the reduction reaction, the samples were removed from
the top of the furnace and quenched with water. The carbon and oxygen contents of the
metal phases separated from the meticulously collected samples were analyzed using a
C/S analyzer (CS-2000, ELTRA, Haan, Germany) and an O/N analyzer (ON-900, ELTRA,
Haan, Germany), respectively. The compositions and phases of the oxide phase from the
quenched samples were analyzed by using inductively coupled plasma optical emission
spectroscopy (ICP-OES; from here, referred to as ICP) analysis (Optima 5300 DV, Perkin
Elmer Ltd., Waltham, MA, USA) and XRD analysis (EMPYREAN, PANalytical, Malvern,
UK), respectively.

3. Results
3.1. Characterizations of Mill Scale and Pyrochar

Figures 2 and 3 show the mineralogical image and quantitative phase analysis of mill
scale observed using SEM and XRD, respectively. In Figure 2, various shapes of the crushed
mill scale powder are observed. As shown in Figure 3, the mill scale consisted of various
iron oxide phases such as FeO, Fe2O3, and Fe3O4. The FeO, Fe2O3, and Fe3O4 phases were
identified as 36.7%, 11.2%, and 52.1%, respectively, by using XRD Rietveld analysis. The
chemical composition of mill scale is presented in Table 2. The Fe, Si, Ca, Mn, Mg, and Al
contents were determined using ICP. The concentrations of the metallic elements except Fe
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are represented in oxide forms. The total oxygen content in the mill scale is represented as
the average value from more than five O/N analyses of the powder samples.
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Figure 3. Quantitative phase analysis of various iron oxides of mill scale by using XRD with Rietveld
analysis.

Figure 4 shows a mineralogical image of the pyrochar obtained using SEM-EDS. Table 4
presents the phase compositions of the pyrochar. The pyrochar was divided into two main
phases: phase 1 (composed of complex oxides) and phase 2 (had a high carbon content).
In addition, chlorine was detected in both the phases. It is likely to have originated from
the pyrolysis of waste plastics including PVC. Table 3 lists the composition of the pyrochar
obtained with proximate and ultimate analyses. As shown in this table, the pyrochar had
a high ash content of approximately 35%. Meanwhile, the content of fixed carbon in the
pyrochar was approximately 56% (similar to that of typical coal). The volatile matter and
moisture contents were similar to those for coke owing to the evaporation during pyrolysis.
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Figure 4. Mineralogical image of the pyrochar obtained by using SEM-EDS (A) 300× SEM image and
(B) 2000× SEM image.

Table 4. Phase compositions of pyrochar using SEM-EDS analysis (unit: wt%).

Elements C O Ca Ti Si Al Na Cl

No.1 52.7 10.1 16.0 13.6 1.5 1.2 1.4 3.5
No.2 97.8 - 1.0 - - - - 1.2

Table 5 and Figure 5 show the composition and phase analysis of the ash obtained
by heating the pyrochar at 1273 K for 6 h, using XRF and XRD, respectively. The ash
in the pyrochar had high CaO and Al2O3 contents and a low SiO2 content. An XRD
analysis revealed that the CaO in the ash did not form a slag phase and rather formed
CaCO3. In ferrous metallurgy, the slag basicity of CaO/SiO2 is an important factor for
the reduction of iron oxide [21]. Slag basicity is generally controlled by adding free CaO
obtained from CaCO3. Therefore, pyrochar can be considered a carbonaceous resource with
significantly low volatile matter and moisture contents and a high ash content (including a
high CaO content).
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Table 5. Composition of the ash obtained by heating pyrochar at 1273 K for 6 h, using XRF analysis
(unit: wt%).

Contents CaO Al2O3 TiO2 SiO2 FeO MgO

Conc. 31.9 29.2 17.0 10.4 4.7 1.6

3.2. Observation of Reduced Samples over Time

Figure 6 shows the variations in CO and CO2 concentrations in the generated gas
over the reaction time. The experiments were conducted at 1823 K for 20 min. The molar
ratios of the fixed carbon in pyrochar to the oxygen in mill scale (C/O ratios) of the mixture
were 0.77 and 1.33. As shown in Figure 6, the local maximum points of the CO and CO2

concentrations were observed as the holding time increased. The CO concentration for a
C/O ratio of 1.33 was higher than that for a C/O ratio of 0.77. This was notwithstanding
the insignificant differences in concentration variations of CO2 for both the ratios.
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1823 K.

Figure 7A–C show photographs of the reduced samples obtained at positions A, B,
and C in Figure 6, respectively. The reduced samples were obtained at approximately 75,
150, and 1200 s. In Figure 7A, at the start of the reduction reaction, the sample appears
to be a sintered oxide. It is identified as a mixture of FeO and Fe3O4 based on the XRD
analysis, as shown in Figure 8. It was verified that the Fe2O3 phase was reduced by the
reduction reaction with pyrochar, as revealed by the comparison of the phases in the raw
mill scales in Figure 3. This indicates that the direct reduction reaction between mill scale
and pyrochar started with the generation of CO in the released gas. In Figure 7B,C, the
metal phase is observed when the concentration of CO in the generated gas decreases after
attaining the local maximum point (Figure 6). This indicates that the reduction degree and
rate are related to the variations in the composition of CO in the generated gas.
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3.3. Concentration Variations of CO and CO2 in Released Gas During the Reduction Reaction at
Various Temperatures

Figure 9A–D show the concentration variations of CO and CO2 in the released gas at
1723 K, 1773 K, 1823 K, and 1873 K, respectively. As shown in Figure 9, the variation in CO2

concentration between the two mixtures with different molar ratios was not significant.
Moreover, the maximum CO gas generation increased with an increase in the C/O ratio
and temperature.
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The conditions for the reduction of the metal phase with slag separation are summa-
rized in Table 6. In the present study, the reduced metal phases with slag separation were
obtained at temperatures higher than 1823 and 1773 K when the molar ratios of C/O were
0.77 and 1.33, respectively. As shown in Figure 9, when the CO concentration in the released
gas was high, a reduced metal phase was generated. The carbon and oxygen contents
of the reduced metal phase are shown in Figure 10. These were less than approximately
0.02 and 0.20 wt%, respectively. When the C/O ratio and temperature were 0.77 and
1773 K, respectively, the oxygen content in the oxide phase without metal separation was
approximately 21 wt%. This is shown in Figure 10. At the C/O ratio of 1.33, the O content
in the metal phase decreased from 0.18 wt% to 0.02 wt% as the temperature increased from
1773 to 1823 K. This indicates that a reduced metal phase with low impurities from mill
scale can be obtained by increasing the mixing ratio of pyrochar and the temperature.
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Table 6. Conditions of the reduced metal phase with slag separation.

C/O Ratio 1723 1773 1823 1873

0.77 X X O O
1.33 X O O O

Energies 2025, 18, x FOR PEER REVIEW 10 of 18 
 

 

Table 6. Conditions of the reduced metal phase with slag separation. 

 

Figure 10. Contents of carbon and oxygen in the reduced metal phase obtained at the conditions 
described in Table 6. 

Table 7 lists the composition of the oxide phases with slag basicity (the ratio of basic 
oxides (CaO and MgO) to acidic oxides (SiO2 and Al2O3)) under all the experimental con-
ditions. As shown in Table 6, the oxide phases without the separation of the metal phase 
were obtained at temperatures below 1773 K and at 1723 K when the C/O ratios were 0.77 
and 1.33, respectively. Figure 11 shows the FetO (The FetO is assumed to represent FeO 
contents calculated from Fe contents obtained by ICP-OES analysis), SiO2, and Al2O3 con-
tents and slag basicity listed in Table 7. As shown in Figure 11A, the FetO content in the 
oxide phases decreased as the temperature and C/O ratio increased. Moreover, a signifi-
cant decrease in FetO content was observed at 1823 K. At a C/O ratio of 1.33, the FetO 
content decreased from approximately 78 to 25 wt% as the temperature increased. How-
ever, at 1873 K, the FetO content at the C/O ratio of 0.77 was 58 wt% (higher than that at 
the C/O ratio of 1.33). Therefore, the FetO content could be reduced conveniently as the 
temperature and C/O ratio increased (Table 6). 

Meanwhile, in Figure 11A, the slag basicity with a C/O ratio of 1.33 was marginally 
higher than that with a C/O ratio of 0.77. This was owing to the high CaO content in the 
pyrochar, although the slag basicity values were lower than unity. The lower slag basici-
ties were caused by an increase in the Al2O3 content in the oxide phases with the increase 
in temperature. Meanwhile, the SiO2 content did not vary significantly, as shown in Figure 
11B. Moreover, the Al2O3 content with a C/O ratio of 1.33 was higher than that with a C/O 
ratio of 0.77. This was owing to the high Al2O3 content in the pyrochar, as shown in Table 
5. In general, the degree of reduction of FetO in slags with high slag basicities increases 
because the content of basic oxides such as CaO can improve the activity coefficients of 
FetO in slag [22]. Therefore, in the present study, the reduction degree of FetO in mill scale 
was regulated by varying the temperature and mixing ratio of pyrochar without control-
ling the slag basicity. 

  

C/O Ratio 1723 1773 1823 1873 
0.77 X X O O 
1.33 X O O O 

Figure 10. Contents of carbon and oxygen in the reduced metal phase obtained at the conditions
described in Table 6.

Table 7 lists the composition of the oxide phases with slag basicity (the ratio of basic
oxides (CaO and MgO) to acidic oxides (SiO2 and Al2O3)) under all the experimental
conditions. As shown in Table 6, the oxide phases without the separation of the metal
phase were obtained at temperatures below 1773 K and at 1723 K when the C/O ratios were
0.77 and 1.33, respectively. Figure 11 shows the FetO (The FetO is assumed to represent
FeO contents calculated from Fe contents obtained by ICP-OES analysis), SiO2, and Al2O3

contents and slag basicity listed in Table 7. As shown in Figure 11A, the FetO content
in the oxide phases decreased as the temperature and C/O ratio increased. Moreover, a
significant decrease in FetO content was observed at 1823 K. At a C/O ratio of 1.33, the
FetO content decreased from approximately 78 to 25 wt% as the temperature increased.
However, at 1873 K, the FetO content at the C/O ratio of 0.77 was 58 wt% (higher than that
at the C/O ratio of 1.33). Therefore, the FetO content could be reduced conveniently as the
temperature and C/O ratio increased (Table 6).

Table 7. Compositions of the oxide phase with slag basicity under all the experimental conditions.

Temp. (K) C/O Ratio
Slag Composition (wt%) Slag Basicity

(C + M)/(S + A)FetO CaO SiO2 Al2O3 MgO TiO2

1723

0.77

76.01 7.79 5.77 9.29 0.66 0.48 0.52
1773 74.60 8.97 6.86 8.56 0.50 0.51 0.58
1823 52.78 10.10 7.68 27.75 0.78 0.92 0.29
1873 55.96 10.04 6.63 25.19 1.10 1.09 0.32

1723

1.33

74.54 9.06 3.46 10.50 1.11 1.34 0.65
1773 66.91 13.16 9.16 10.68 0.90 0.98 0.66
1823 33.57 14.74 10.52 37.99 1.46 1.71 0.30
1873 28.63 18.58 5.62 42.27 2.21 2.69 0.39
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Figure 11. Contents of FetO, SiO2, and Al2O3 in oxide phase and slag basicity obtained at the
conditions presented in Table 7. (A) The FetO content in the oxide phase and slag basicity and
(B) SiO2 and Al2O3 in the oxide phase.

Meanwhile, in Figure 11A, the slag basicity with a C/O ratio of 1.33 was marginally
higher than that with a C/O ratio of 0.77. This was owing to the high CaO content in
the pyrochar, although the slag basicity values were lower than unity. The lower slag
basicities were caused by an increase in the Al2O3 content in the oxide phases with the
increase in temperature. Meanwhile, the SiO2 content did not vary significantly, as shown
in Figure 11B. Moreover, the Al2O3 content with a C/O ratio of 1.33 was higher than
that with a C/O ratio of 0.77. This was owing to the high Al2O3 content in the pyrochar,
as shown in Table 5. In general, the degree of reduction of FetO in slags with high slag
basicities increases because the content of basic oxides such as CaO can improve the activity
coefficients of FetO in slag [22]. Therefore, in the present study, the reduction degree of
FetO in mill scale was regulated by varying the temperature and mixing ratio of pyrochar
without controlling the slag basicity.

4. Discussion
Based on the results shown in Figure 9, the degree of reduction of mill scale can be

obtained as follows. Equations (1) and (2) can be used to calculate the fluxes of CO and
CO2 in the released gas.

JCO =
273
298

× FAr ×
pctCO

22.4 × pctAr
× 1

A
(1)

JCO2 =
273
298

× FAr ×
pctCO2

22.4 × pctAr
× 1

A
(2)

JOti =
(

JCOti
+

(
JCO2ti

)
/2

)
(3)

In Equations (1) and (2), Ji, A, and FAr are the molar flux of i (mole-i/m2·s), reaction
area (m2), and flow rate of Ar (m3/s). FAr was assumed to be 0.00017 m3/s based on the
experimental conditions. A was assumed to be the reaction surface of mill scale. The
reaction areas for the C/O ratios of 0.77 and 1.33 were 0.00209 and 0.00183 m2, respectively,
and assumed to be spherical with a diameter of 500 µm.

Assuming that CO, CO2, and Ar gases behave ideally, the molar flux of oxygen reduced
in the mill scale can be calculated using calculation of JCO, JCO2, and Equation (3). From
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this equation, the variations in the number of moles of oxygen and degree of reduction can
be calculated using the following equations:(

∆Ot

∆t

)
= JOti

× A (4)

Rti = ∑
i

(
∆Ot

Oini.

)
(5)

In Equations (4) and (5), ∆Ot, Oini., and Rti are the variations in oxygen mole (mol/s),
the initial mole of oxygen in mill scales (mol), and the reduction degree (-), respectively.

Figure 12A,B show the influence of the temperature on the degree of reduction as a
function of the reaction time when the molar ratio of C/O is 0.77 and 1.33, respectively.
The degree of reduction remained constant after approximately 600 s and increased with
an increase in the temperature. The maximum reduction degrees at a temperature of
1873 K were 0.32 and 0.65 for C/O ratios of 0.77 and 1.33, respectively. At a temperature of
1823 K, the maximum reduction degrees were 0.18 and 0.25 for C/O ratios of 0.77 and 1.33,
respectively. Both reduction degree slope and maximum values of the reduction degree
increased with increases in the C/O ratio and temperature. However, at temperatures
below 1773 K, the difference in the degree of reduction owing to the C/O ratio was not
significant. The reduction reaction rate constant was determined from the slope of the
reduction degree over time, which showed an almost linear behavior.
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The overall reaction system between the FeO in mill scale and the solid carbon in
pyrochar is shown in Figure 13. The overall reaction between FeO and solid carbon is
represented by Equation (6). It includes two chemical reaction steps and a mass-transfer
step [23,24]. As shown in Figure 13, the overall reaction consisted of the reduction of
FeO in the gas film (Equation (9)), the Boudouard reaction between the gas film and
solid carbon in Equation (11), and the counter mass transfer in the gas film of CO and
CO2 [25–27]. Equation (7) shows the reduction rate in Equation (6) using the overall reaction
rate constant (kOV) and reaction area (A). In Equation (8), kOV is represented by the mass
transfer coefficients of CO and CO2 in the gas film (kgas) and the rate constants for the two
chemical reactions at the FeO/gas and gas/solid carbon interfaces (k7 and k8), respectively.

FeO(l) + C(s) = Fe(l) + CO(g) (6)
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−d(mol − O)t
dt

= kOV × A (7)

1
kOV

=
1
k7

+
1

kgas
+

1
k8

(8)

FeO(s) + CO(g) = Fe(s) + CO2(g) (9)

lnk7 = −7321.6
T

+ 2.9275 (10)

CO2(g) + C(s) = 2CO(g) (11)

lnk8−1 = −11700
T

− 0.4836 (12)

lnk8−2 = −12833
T

+ 7.0031 (13)
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The mass-transfer coefficients in the gas phase can be determined from Equation (14) [24].
In the case of the reaction between the gas phase and porous carbonaceous materials, the
mass transfer coefficients were calculated using the effective diffusivity (De), carbon density
(ρ), specific internal surface area (S), and intrinsic rate constant (ki) per unit of total pore
surface area.

kgas =

√
DeρSki

RT
(14)

The gas counter mass transfer coefficient for solid carbonaceous materials (for
the mass transfer of CO and CO2) has been reported to be in the range of
0.5 × 10−4–2.3 × 10−4 mol/cm2·s·atm at 1673 K [24]. Furthermore, CO-CO2 counter mass
transfer is known to have a significantly low temperature dependence (with an activation
energy of 8.37–12.55 kJ/mol) [23]. This indicates that the activation energy value of approx-
imately 300 kJ/mol determined in this study is significantly different from that of CO-CO2

counter mass transfer. The previous mass-transfer coefficient in the gas phase is larger
than the overall reaction rate constant calculated in this study (Figure 14). Therefore, it is
assumed that the overall reaction in this study was controlled by chemical reaction steps
rather than by mass transfer steps.
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previous rate constants of the Boudouard reaction [26,27].

Figure 14 compares each chemical reaction rate with the reaction rate constants used in
this study. The rate constants of the overall reaction for the C/O mole ratios of 0.77 and 1.33
were obtained by integrating Equation (7) using the slopes in Figure 12. In Equation (7),
A is considered as a reaction surface on mill scale. It was assumed to be 0.00209 and
0.00183 m2 for the C/O mole ratios of 0.77 and 1.33, respectively (Figure 12). To obtain the
relationship between the reaction rate constants and the temperature, the slope of the linear
section of the reduction degree curve was used (Figure 12). The relationship between the
temperature and rate constants was determined as follows:

lnkOV1 = −36691
T

+ 1.8662, f or (C/O = 0.77) (15)

lnkOV2 = −38166
T

+ 2.1572, f or (C/O = 1.33) (16)

The rate constants determined from Equation (10) are based on the work of Chen
et al. [25]. They investigated the reduction of iron ores using CO gas in a micro fluidized
bed reactor at temperatures ranging from 973 to 1123 K. The reduction degree of iron
ore particles with sizes of 100–150 µm was obtained by analyzing the gas compositions
of CO2 and CO in the released gas. The activation energy for reducing FexO to Fe is
approximately 60.9 kJ/mol. Furthermore, by extrapolating Equation (10), the reaction rate
constant determined at 1773 K was 500 times higher than the overall reaction rate constants
obtained in this study. This indicates that the reaction-limiting step of the overall process in
this study could not be determined using Equation (9).

In Figure 14, the reaction rate constants derived from Equations (12) and (13) are
based on Sain and Belton [26] and Frank and Kamenetski [27], respectively. By using
Equation (12), the rate constants for the decarburization of liquid iron by CO2 gas were
obtained. It was concluded that the reaction was controlled by the adsorption and disso-
ciation of CO2 gas. Equation (13) represents the rate constant of the Boudouard reaction.
It is determined using carbon electrodes. Both the reaction rate constants are higher than
those obtained in the present study. With these values, it was infeasible to determine the
mill scale reduction reaction rate stage using pyrochar.

Figure 15 compares the results of the present study with previous rate constants ob-
tained under various conditions [23,28,29]. To verify similar reaction rates, we extrapolated
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previously reported data and compared these with the reaction rate constants derived
in this study. Lee et al. [23] investigated the reduction of FeO in slag under carbon-
saturated conditions. The rate constants for the reduction of liquid iron oxide by dissolved
carbon in carbon-saturated molten iron were determined at temperatures ranging from
1673 to 1823 K. In Figure 15, the rate constants of the overall reaction are represented as
“FeO + C = Fe + CO”. Under the conditions of carbon saturation and a high carbon content
in molten iron, reaction rate constants higher than those in this study were reported.
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Figure 15. Comparison of rate constants in the present study with the previous rate constants obtained
from the reduction reaction of molten iron oxide under carbon-saturated conditions [23,28,29].

Sato et al. [28] measured the reaction rate of the reduction of liquid iron oxide using
solid carbon in Al2O3 and steel crucibles. In Figure 15, the rate constants of the overall
reaction are represented as “FeO + C = Fe + CO”. The reduction rates were calculated from
the amount of CO gas generated during the reduction reaction of liquid iron oxide. In
addition, they observed that the rate constants of the reduction of liquid iron oxide using
carbon in molten iron were higher than those obtained using solid carbon. The reaction rate
constants under carbon-saturated conditions reported in previous research [23,28] were
higher than those determined in this study.

Meanwhile, Min et al. [29] investigated the kinetic behavior of FeO reduction in
slag using solid carbon. The rate-determining step was determined based on the FeO
concentration of the slag. When the FeO content was less than 5 wt%, the mass transfer of
FeO in the slag was the rate-limiting step. When the FeO content was above approximately
30 wt%, the rate-limiting step could be determined by the chemical reaction at the interface
of the gas and solid carbon (Boudouard reaction). This was because the FeO mass transfer
in the slag increased with the agitation effects of gas evolution. When the FeO content
ranged from 5 to 30 wt%, the rate-limiting step was a mixed mechanism involving both
mass transfer of FeO and Boudouard reaction. As shown in Figure 15, the reaction rate
constants determined under low-FeO-content conditions were lower than those obtained
in this study. The activation energy of the reaction was measured to be 253.55 kJ/mol for
10 wt% FeO in the slag. This indicates that the rate-limiting step in the present study was
similar to that of the reduction reaction under low-FeO-content conditions.

Considering the activation energy obtained from the Arrhenius equation using
Equations (15) and (16), the difference in activation energy with varying amounts of added
pyrochar was not significant (approximately 305.06–317.31 kJ/mol). In this study, as the
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initial carbon concentration increased, the rate constants increased. Furthermore, the fre-
quency factor (intercept) of both the equations increased as the molar ratio of fixed carbon
to oxygen in iron oxide increased. In general, a large amount of CO gas can be generated
with a sufficient molar ratio of fixed carbon and oxygen in Fe oxide. The agitation effects
are governed by gas evolution [29].

However, as shown in Figure 9, the generation of CO gas decreased for approximately
600 s owing to the complete consumption of fixed carbon by the incomplete reduction
reaction of FeO in the mill-scale. As shown in Figure 12, the maximum reduction degree
at 1873 K was at most 0.65, when the FexO content was 28.63 wt% in the separated slag
phase (Table 7). This indicates that the FeO content in the slag phase was sufficient for
the reduction reaction between mill scale and pyrochar. Therefore, in this study, the rate-
determining step was assumed to be the insufficient agitation effect owing to the limited
gas evolution of CO and CO2 caused by the low amounts of gases released during reduction
resulting from the low initial carbon concentration.

5. Conclusions
To clarify the use of the pyrochar produced by the pyrolysis of waste polymers as

an alternative carbon source, the reduction behaviors of mill scale with varying pyrochar
mixing ratios were investigated at temperatures from 1723 to 1873 K. Moreover, the reduc-
tion degrees of mill scale were calculated by measuring the amounts of CO and CO2 gases
generated during the reduction reaction. The following results were obtained:

1. The carbon content of pyrochar was similar to that of typical coal ores (~56%). How-
ever, the volatile matter and moisture content were lower than those of coal ore.

2. When the concentration of CO in the generated gas decreased after attaining the local
maximum point owing to the reduction reaction of mill scale with pyrochar at 1823 K,
the metal phase was observed in the collected sample. The reduced metal phases with
slag separation were obtained at temperatures higher than 1823 and 1773 K when
the molar ratio of C/O was 0.77 and 1.33, respectively. The C and O contents of the
reduced metal phase were less than approximately 0.02 and 0.20 wt%, respectively.

3. The degree of reduction of FetO in mill scale was regulated by varying the temperature
and the mixing ratio of pyrochar without controlling the slag basicity. The content of
Al2O3 in the slag separated from the metal phase increased with an increase in the
mixing ratio of the pyrochar.

4. The CO concentration in the released gas and the degree of reduction increased as both
temperature and molar ratio of C/O increased. After approximately 600 s, the degree
of reduction remained constant. The maximum reduction degrees at a temperature of
1873 K were 0.32 and 0.65 for C/O ratios of 0.77 and 1.33, respectively.

In the present study, the rate-determining step was assumed to be the limited gas
evolution of CO and CO2 during the reduction reaction (caused by insufficient agitation
owing to the low initial carbon concentration). Furthermore, the reduction degree of iron
oxides in the mill scale was not higher because the FeO content in the slag phase was
high compared with previous results under carbon-saturated conditions. To improve the
reduction degree of mill scale, the influence of the mixing ratio and slag basicity on the
agitation effects by gas evolution during the reduction reaction between mill scale and
pyrochar would be investigated in the near future.
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