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With the growing industrialization, there is a constant increase in the world demand for steel, 
causing an increase on extraction of low-grade iron ores, which bear high levels of impurities. A feasible 
alternative is the use of residues from steel rolling processes (steelmaking mill scale) generated in the 
steel industry, which are composed of iron oxides consisting mainly of wustite (FeO), hematite (Fe2O3) 
and magnetite (Fe3O4). In line with the recycling of wastes, the application of heating by microwave 
energy in ironmaking processes consists in a promising new method developed in recent decades and 
is considered a cleaner technique. Therefore, this study aims to evaluate the self-reduction of mixtures 
composed of iron ore and steelmaking mill scale as iron source, together with coke fines as carbon 
source, heated using microwave energy. Through the rotational central composite design technique, it 
was possible to evaluate the best conditions for the use of steelmaking scale residue as well as the effect 
of the applied microwave energy power. The results indicated that the developed process has relevant 
utility with up to 41.48% of reduction obtained. The outcomes contribute to a better understanding of 
iron recovery from steelmaking residues in reduction processes using microwave energy for heating, 
providing significant insight for the development of new clean technologies.
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1. Introduction
An integrated steel mill can generate 500 to 700 kg of 

waste per ton of steel produced. Such residues can vary in 
composition and are generally recycled during the process 
itself, undergoing various types of treatment, so that they 
can be left in contact with the soil in a safe manner, to meet 
environmental regulatory standards. The impacts on the 
environment during the steelmaking process happen in the 
various stages of the process, from the transport, handling and 
preparation of the raw materials, through its transformation 
into final products, and the destination given to the various 
residues that result from these stages of production.

Therefore, pollution caused by steelmaking processes can 
be harmful to the air, water and soil. Air pollution occurs in 
the processing of ore (sintering), in the coke oven, in the blast 
furnace and, to a lesser extent, in the areas of manufacture 
of semi-finished products, due to the fuels and the process 
of burning in the furnaces. The pollutants emitted are in the 
form of small particles (dust) and in the form of gases, such 
as nitrogen oxide, sulfur oxide and carbon monoxide and 
dioxide. The main solid residues from the steelmaking process 

are basically classified into slag, powders and sludge from 
blast furnaces, in addition to scale from integrated steel mills.

The simple disposal of such residues can be considered 
a great waste, since these materials have a high economic 
value. Data from the Brazil Steel Institute pointed to the fact 
that, in 2003, the steel industry produced 13.5 million tons 
of wastes, with an average of 435 kg of residues per ton of 
steel produced. The increase in income generated through 
the recycling of these materials, has led companies to a new 
policy on the issue of environmental management. Thus, 
the reuse of residues from the steelmaking process, whether 
they are gaseous, liquid or solid, in addition to a concern 
for meeting the requirements of legislation that protects the 
environment, is also an economic issue.

An example is the residue called steelmaking mill 
scale, being a co-product from the oxidation of steel 
plates surface when subjected to a thermal gradient, to the 
corrosive atmosphere or to the simple action of time. In the 
steel industry, it basically comes from unit operations of 
continuous casting and rolling, whose average generation 
can easily exceed 1000 tons/month in integrated plants. Such 
residues are iron oxides consisting mainly of wustite (FeO), *e-mail: leonardouffsilva@gmail.com

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-9314-5457
https://orcid.org/0000-0001-8054-9236


Silva et al.2 Materials Research

hematite (Fe2O3) and magnetite (Fe3O4), which the disposal 
in waste yards must be carefully carried out, following the 
relevant environmental standards, since they can be classified 
as hazardous wastes (CLASS I, NBR 10004: 2004). With 
the reuse of this residue, it is possible to obtain an average 
composition of 63.8% FeO, 3.4% Fe2O3 and 32.0% Fe3O4, 
being extremely useful for ironmaking processes during 
steel production.

Still regarding the environmental impact, it is well-known 
that iron ore is the most extracted metallic mineral resource 
from the Earth’s crust and is the main raw material used in 
the steel industry. The demand for iron ore is increasing, 
and there is a need to enable deposits that, despite having 
a high iron content, also contain levels of impurities above 
market specifications (mainly phosphorus). According to the 
Management and Strategic Studies Center in its publication 
entitled “Steelmaking in Brazil 2010-2015”, there is an 
expectation that mined ore may have increasingly levels 
of phosphorus and alumina, which further supports the 
importance of the recycling of iron-rich wastes such as the 
steelmaking mill scale.

In line with the recycling of wastes, the application of 
heating by microwave energy in ironmaking processes consists 
in a promising new method developed in recent decades and 
is considered a clean technology. Microwave energy is a 
non-ionizing electromagnetic radiation with frequencies in 
the range 0.3-300 GHz, although the 2.45 GHz frequency 
being commonly used in industrial applications. The concept 
of microwave heating technology was firstly proposed in 
the mid-1960s1. In the middle and late 1980s, microwave 
heating technology was introduced into the fast preparation 
of materials and was used as an alternative heating method 
for the preparation of powder metal2. After the 1990s, the 
technology has developed rapidly in the fields of mineral 
processing, polymer, nano-organic synthesis and the preparation 
of special materials. Microwave energy is mainly different 
from conventional heating because it penetrates deeply into 
the volume and offers non-contact fast heating that can be 
applied to many different processes. Microwave heating 
technology has become a valuable technique for quickly 
preparing high-performance new materials and modifying 
conventional materials, based on the special energy transfer 
and conversion mechanism, as well as rapid heating and 
selective heating characteristics3-6.

Many works have reported on the heating properties of 
microwave energy for various materials and applicability 
to materials science and engineering. Guo et al.7 explored 
the microwave heating characteristics of fused ZrO2. They 
reported that fused ZrO2 was heated to 1475 ºC within 4 min. 
The finding denotes the feasibility of applying microwave 
heating on ZrO2 ceramics preparation.

Nightingale et al.8 investigated the microstructure change 
of Y2O3-doped ZrO2 ceramics. They highlighted that the 
microwave sintered sample had more dense microstructures 
compared to conventionally heated samples. A comparison 
between roasting by microwave energy and conventional 
roasting was presented by Rath et al.9 who found that the 
recovery levels obtained using both routes are almost the 
same, while microwave roasting offers the advantage of 
minimal formation of unwanted products such as wustite 

and fayalite. Ye at al. conducted microwave carbothermal 
reduction experiments of low-grade pyrolusite and obtained 
a reduction degree of 97.2% under shorter reduction time 
and lower processing temperature than that by traditional 
heating. According to Yeqing et al.10, by replacing conventional 
heating with microwave heating could effectively enhance 
the product yield of PSZ ceramic with advantages including 
strong penetration, non-ionization and green energy-saving. 
The unique heating mechanism of microwave heating 
promotes an effective reaction area and an increased reaction 
rate, further to result in the formation of a microstructure 
with small particle size and uniform distribution, which in 
turn improves the quality and performance of the products.

Therefore, this work proposes the evaluation of the reuse 
of steelmaking mill scale as a raw material to ironmaking 
processes, to be applied together with iron ore as iron source, 
and coke as carbon source in self-reducing mixtures, with 
microwave energy used as heating source. For this purpose, 
a statistical analysis was designed to quantify the influence 
of the experimental parameters, which include mass of 
steelmaking mill scale, microwave power applied and 
residence time of the mixture inside the oven.

2. Materials and Methods

2.1. Origin and preparation of the sample.
The iron ore used in this work originated in the northern 

and southeastern regions of Brazil. For the heating process of 
the samples, a microwave oven was used, applying several 
different power levels. In each test, a mass value of residue 
was used. Figure 1 shows the schematic flowchart used for 
sample preparation and processing for evaluating the reuse 
route for steel residues.

Figure 1. General flowchart for evaluating the reuse route for 
steel residues.
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2.2. Characterization of raw materials
Homogeneous self-reducing mixtures were produced 

from iron ore fines and coke and then mixed with steelmaking 
mill scale residue. The samples were analyzed using X-ray 
diffraction (equipment model D4 Endeavor, Bruker) and 
diffraction patterns were refined using the Rietveld method to 
identify the phases and chemical species that constitute them. 
The X-ray diffractometry technique using the Ritveld method 
is based on the simulation of an entire diffractometric profile 
based on structural parameters of the component phases, 
allowing quantitative information on the mineral phases to 
be extracted from the diffractograms. The Rietveld method 
takes into account the superposition of the peaks of all the 
phases present and the contributions of the background noise. 
Chemical analysis for coke was carried out by proximate 
analysis following the ASTM D3172-13. The results can be 
seen in Tables 1 and 2.

Hematite, Quartz and Goethite were the main phases 
identified through the X-ray diffraction method for iron 
ore, where the absence of apatitic and aluminum-silicate 
compounds was observed.

2.3. Experimental procedures and statistical 
analyzes of the reduction of mixtures of iron 
ore, coke and steelmaking mill scale.

A conventional microwave reactor with a power of 
700W emitting microwave radiation with a frequency of 
2450MHz was used to treat the self-reducing mixtures. 
In the conventional microwave reactor, microwaves are 
generated through an equipment called magnetron, whose 
output is located in the upper right corner of the equipment. 
Therefore, the sample was placed in the lower left part of the 
equipment, where it was observed to be the place where there 
is a higher incidence of microwave radiation. The interior 
of the reactor had dimensions of 260mm (height), 460mm 
(width) and 320.3mm (length). A schematic is presented 
in Figure 2.

The samples were inserted one at a time into the reactor 
using a ceramic crucible, thermally insulated with a refractory 
brick and were treated with different levels of time and 
microwave power under air atmosphere. When the sample 
residence time in the reactor was reached, the treatment was 
interrupted and the sample was then weighted.

For the evaluation of the process of carbothermal reduction 
of iron oxides using microwave energy, the central rotational 
composite design (DCCR) was used, by which it was possible 
to evaluate the influence of the independent variables time, 
power and percentage of residue in the degree of reduction 
of the sample inside the microwave oven. For this purpose, 
different samples were used, composed of fines of iron ore 
and coke with an average particle size of 53 µm, mixed with 
steelmaking mill scale.

Experimental planning based on statistical principles 
allows the maximum amount of useful information to be 
extracted from the system under study, making a minimum 
number of experiments and constituting one among several 
techniques available to scientists and engineers to improve 
systems, processes and products. These techniques are 
powerful tools, with which several specific objectives can 
be achieved.

Table 3 shows the values ​​used in the factorial design 
within each experimental coefficient interval and also within 
the levels (-1.68; +1.68), and outside these levels.

The values shown in Table 3 were stipulated considering 
the average between the upper and lower axial values.

With the degree of final experimental reduction unknown, 
the degree of reduction of the samples was then determined 
based on the dissociation of oxygen bound to Iron atoms, 
using Equation 1, as follows:

( )4
7 t vol

O
R f f W

W
= − 	  (1)

Where OW  is the mass of oxygen present in the iron oxides 
contained in the ore, tf  is the percentage loss of total 
mass of the sample after the test and volf  is the mass of 
volatile materials lost during the test time considered. To 
estimate the mass of volatiles lost during the tests, initially 
thermogravimetric tests were performed for the coke fines 
separately, covering all points of the experimental design 
and additional points, in order to obtain a profile of degree of 
reduction as a function of time reaction and microwave power.

Figure 2. Microwave emitter reactor with sample location.

Table 1. Mineralogical composition of the iron ore sample (% by 
mass fraction).

Mineral Chemical Formula %Weight
Hematite (Fe2O3) 82.0
Kaolinite [Al2Si2O5(OH)4.] 1.8

Quartz (SiO2) 9.5
Gibbsite [Al(OH)3] 0.3
Goethite [FeO(OH)] 3.7

Magnetite (Fe3O4) 0.9
Maghemite (Fe2O3, γ-Fe2O3) 1.8

Table 2. Composition of the coke sample (% by mass fraction).

Component Mass Fraction (%)
Fixed Carbon 88.44

Volatile Matter 0.50
Ashes 11.06
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3. Results and Discussion

3.1. Degree of reduction of iron ore particles 
and steelmaking mill scale using microwave 
energy.

Table  4 lists the interactions between independent 
properties to be analyzed in this study in the form of an 
experimental design composed of 15 tests as well as the 
resultant degrees of reduction obtained for each experiment.

Figure 3 shows the profile of the degree of reduction 
of the mixture of coke, iron ore and scale according to the 
scale mass, power and contact time of the mixture with 
microwave energy.

It was observed that the test with the greatest reduction 
was the one with 6 minutes of contact with microwave energy, 
16g of steelmaking mill scale and 350W of power applied.

Haque et al.11 presented a review on the application of 
microwaves in the field of mineral engineering, where he 
stated that the rapid heating of ore particles that occurred 
through the application of microwave energy in ores with 
a transparent matrix generates thermal stress of sufficient 
magnitude to create micro-cracks along the grain boundaries 
of minerals. This type of micro-cracks has a high potential 
to improve the efficiency of iron ore reduction processes.

Figure  4 presents a micrograph of iron ore particles 
exhibiting micro-cracks after the application of microwave 
energy.

According to Ohmran et al.13, microwave pretreatment 
generates intergranular fractures between gangue (fluorapatite 
and chamosite) and oolitic hematite. These intergranular 
fractures improve the release of iron ore. According to 

Table 4. Specific description of the tests performed and the results of the reduction tests obtained through factorial design of experiments 
using the central rotational composite design (DCCR).

Test Time Steelmaking Mill Scale 
(g) Power (Watts) Reduction (%)

1 4 6 210 8,66
2 8 6 210 9,74
3 4 14 210 11,98
4 8 14 210 12,35
5 4 6 490 35,84
6 8 6 490 25,99
7 4 14 490 30,35
8 8 14 490 33,01
9 2 10 350 27,75
10 10 10 350 22,14
11 6 2 350 37,38
12 6 16 350 41,48
13 6 10 70 5,2
14 6 10 700 36,33
15 6 10 350 14,11

Table 3. Variables and levels used in factorial planning.

Variables -1,68 -1 0 +1 +1,68
Time (min) 2 4 6 8 10

Steelmaking Mill Scale (g) 2 6 10 14 16
Power (Watts) 70 210 350 490 700

Figure 4. Micrograph of iron ore particles after application of 
microwave energy. (appud Silva et al)12

Figure 3. Degree of reduction of the mixture of coke, iron ore and 
steel mill scale as a function of the scale mass, power and time of 
contact with microwave energy.
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Jones et al.14, fractures in the ore particles occur across the 
grain boundary between absorbent and transparent species. 
Thus, such fractures can generate an increase in the release 
of iron oxide from iron ore particles, thus improving the rate 
of iron oxides reduction in iron ore particles.

In line with the previous statement, Yu and Qi15 studied 
the mechanism of reduction of ore fines containing oolitic 
hematite. The temperature for the reduction experiments 
was maintained at 800-900°C. They concluded that the CO 
gas diffuses and is adsorbed onto the surface of the hematite 
particles, producing magnetite and carbon dioxide. It was 
established that the Fe2+ ion and electrons are generated in 
the outer layer and enter the Fe2O3 matrix through empty 
positions, and thus, the magnetite is generated through the 
construction of a network. A similar reaction occurs until 
the inner layer of hematite turns into magnetite. Magnetite 
formation was observed in around 30-60s of heating.

3.2. Degree of reduction of the mixtures as a 
function of the variation in steelmaking 
mill scale mass and time of contact with 
microwave energy.

Figure 5 shows the contour plot of the degree of reduction 
of the self-reducing mixtures as a function of the variation 
in steelmaking mill scale mass and time of contact with 
microwave energy.

It was possible to observe that higher values of the degree 
of reduction occur for intermediate times and higher amounts 
of steelmaking mill scale. It was also possible to observe 
that for short reaction times and small values ​​of steelmaking 
mill scale, high values ​​of degree of reduction occur. This fact 
can be confirmed by Hake et al.11 who stated that the rapid 
heating of the ore particles occurs through the application of 
microwave energy in ores with a transparent matrix where 
it generates thermal stress of sufficient magnitude to create 
microcracks along the grain boundaries of the minerals.

Hayashi et al.16 concluded that the hematite ore is heated 
with greater difficulty by microwaves. It was also found that 
the rate of reduction of hematite powder with graphite as a 
reductant is faster when compared to magnetite powders. 
Kashimura et al.17 used microwave energy for the carbothermal 
reduction of magnetite. They found that the magnetic field 
produced by microwaves generates a temperature that quickly 
heats the center of the sample, however the mixed mode E-H 
resulted in higher temperatures. In addition, the microwave 
magnetic field resulted in lower FeO content and higher 
α-Fe compared to the mixed E-H mode. Thus, it was clear 
that the collective effect of the microwave magnetic field 
and thermal energy increases the deoxidation of iron ore 
and the microwaves act as a catalyst at high temperatures.

3.3. Degree of reduction of the mixtures as a 
function of the variation in power and time 
of contact with microwave energy.

Figure  6 shows the contour plot of the degree of 
reduction of the self-reducing mixtures as a function of the 
variation of the applied power and the time of contact with 
the microwave energy.

The results indicated that higher values ​​of the degree 
of reduction of the self-reducing samples were obtained 
for high microwave power levels regardless of reaction 
time. In line with the increase in the degree of iron oxides 
reduction obtained, Agarwal et al.18 compared the red mud 
carbothermal reduction when applying conventional and 
microwave heating techniques. They found that the microwave 
route provided a significant improvement in the degree of 
iron reduction at lower levels of time and coal amount, as 
well as faster reduction rate, cleaner processing and savings 
when compared to conventional roasting.

3.4. Degree of reduction of the mixtures as a 
function of the mass variation of steelmaking 
scale and applied microwave power.

Figure 7 shows the profile of reduction of the self-reduction 
mixtures as a function of the variation in steelmaking scale 
mass and microwave power applied.

It can be observed that higher values ​​of the degree of 
reduction for the self-reducing mixtures were obtained for 
higher power levels ​​at any microwave reaction time applied 
to the particles. This fact is supported by Samouhos et al. 

Figure 5. Contour plot of the degree of reduction as a function of 
the mass variation of the steelmaking mill scale and contact time of 
the mixture of ore, coke and scale with microwave energy.

Figure 6. Contour plot of the degree of reduction as a function of the 
variation of the applied power and the contact time of the mixture 
of ore, coke and scale with microwave energy.
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201319 who applied microwave energy to reduce iron from 
an alternative source of hematite like red mud using lignite 
with 30.15%wt fixed carbon as reductant. The dielectric 
constants were measured, and it was found that, as a result 
of the reduction in hematite, the imaginary permissiveness 
(ε”) increased and, therefore, microwave absorption also 
increased during the process of roasting for reduction. In line 
with the previous statement, Yeqing et al.19 stated that the 
microwave heating process depends on the dielectric loss 
of each component of the sample. Thus, the technique can 
achieve the effect of selective heating. Microwaves can 
penetrate the material and generate heat through its whole 
volume, i.e., regardless of the heat conduction process, and 
therefore the whole material can be heated quickly. Also, 
the microwave will not be lost in the metal resonant cavity, 
which effectively reduces the energy loss and improves the 
energy utilization rate. Then the material properties can 
be improved, the internal stress caused by uneven heating 
can be reduced, and the cracks can be effectively avoided. 
Especially for the materials with poor thermal conductivity, 
the effect is more obvious.

According Yeqing et al.19, under the action of the microwave 
electromagnetic field, ceramic materials will produce a series 
of dielectric polarization, such as electronic polarization, 
atomic polarization, dipole turn polarization and interface 
polarization. In another study6, Ba0.5Sr0.5Co0.8Fe0.2O3- δ 
(BSCF) cathode layer for fuel cells was prepared by a method 
based on microwave heating. It was observed that the duration 
of microwave-based reduction is approximately 40% shorter 
compared to the conventional route. In accordance with the 
previous statement, Rayapudi et al.20 used microwave-based 
reduction roasting followed by magnetic roasting separation 
of iron ore (32% Fe) and reached the considerable degree of 
57.19% Fe and 17.82% of iron recovery in ideal conditions, 
power at 540W, 7% coal and 3 min of roasting time. 
Similarly, microwave-assisted carbothermic reduction of a 
jasper hematite iron ore (approx..37% Fe) was investigated. 
Still, Rayapudi et al.20 showed that through a statistically 
optimized condition of 720 W power, 9% coal and 8 min of 
roasting time resulted in approximately 61.6% Fe and 73.4% 
of iron recovery. In addition to the superior iron values, 
ferrite formation was observed due to the rapid melting 

of the coal-ore mixture under experimental conditions of 
900W of power, 12% of coal and 8 min of roasting time 
with a magnetic saturation of about 153 emu/g. Likewise, 
gas-based fluidized magnetization roasting was carried out 
by Jianwen et al.21 using CO as a reducing gas and N2 gas 
as a fluidizing fluid to treat iron ore residues (33.19% Fe). 
Meeting the need for additional energy application and 
the advantages of microwave energy application the gas-
based reduction roasting was adopted by Zhao et al.22 who 
studied the synergistic effect of 3 gas-based reducers such 
as CO, H2 and water-gas (CO + H2) on low-grade siderite 
fines. It was found that the water-gas mixture improved 
the magnetization roasting, reducing the activation energy 
of the process and, therefore, accelerating the reaction. 
Zhao et al.23 also revealed the ideal condition obtained from 
the method mentioned above, which consisted of preheating 
at 550°C. Wu et al.24,25 reported the phase transformation of 
the iron present in the limonite ore sample by microwave 
treatment with the addition of alkaline lignin. The iron oxides 
present in the limonitic sample can be reduced to magnetic 
iron oxides, including γ-Fe2O3 and Fe3O4 in the following 
sequence: FeOOH / α-Fe2O3➔ γ-Fe2O3➔Fe3O4 with the 
addition of alkaline lignin below 5%. The study of magnetic 
properties using sample magnetometer vibration (VSM) 
described that an iron concentrate comprising 88.72% 
magnetic iron oxides with a maximum magnetic saturation 
of 41.393 emu/g is achievable by microwave treatment at a 
temperature of 200°C and a power of 600W with 5% alkaline 
lignin for a roasting time of 30 min. Sunil et al.26 explored the 
microwave reduction response of a sample of slime iron ore, 
containing 56.1% Fe using four different types of reducers, 
namely coconut shell, goat dung, cow dung and coal. Among 
them, coconut shell was considered promising, leading 
to an iron concentrate of 64.3% Fe with a total recovery 
of Fe of 97%. Most studies related to microwave-based 
reduction have dealt with a minimum amount of sample 
and high-grade reducers such as graphite or coal. However, 
Roy et al.27 made similar studies for two low-grade iron ore 
samples on a scale of about 500g and used a low-grade coal 
sample as the reducer. It has been established that magnetite 
ores respond much better to reduction by microwave-assisted 
roasting compared to goethetic ore, having precisely the same 
iron content. They found that a mixture of goethite-rich ore 
with titanium-magnetite ore in a 60:40 weight ratio, when 
subjected to microwave energy and magnetic separation, can 
result in a 61.57% Fe concentrate with a recovery of Fe of 
64.47%. However, intensive research in big scale and the 
use of low-grade coals as a reducer is essential to understand 
the commercial viability of the microwave process.

4. CONCLUSION
In order to evaluate the profile of the reduction of 

iron oxides contained in the iron ore and steelmaking mill 
scale, as well as the advantages inherent to the process of 
heating by microwave energy, a statistical modeling was 
elaborated, evaluating the best conditions for the reduction 
of self-reducing mixtures containing coke as reducing agent. 
Thus, the following conclusions were drawn:

•	 Through the values demonstrated by the statistical 
evaluation it was possible to conclude that higher 

Figure 7. Contour plot of the degree of reduction as a function of 
the steelmaking mill scale mass variation and the time of contact 
of the mixture with microwave energy.
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values of reduction of iron oxide contained in 
mixtures of iron ore, steelmaking mill scale and 
coke, heated by microwave energy were found 
for higher amounts of steelmaking mill scale and 
intermediary microwave power levels. The test 
with the greatest degree of reduction (41.48%) was 
obtained with 6 minutes of contact with microwave 
energy, 16g of steelmaking mill scale and 350 Watts 
of microwave energy applied.

•	 Through the values demonstrated by the iron 
reduction rate, it is possible to conclude that the 
fractures generated by the heating of the particles 
are beneficial for the reduction of the iron oxides 
of the particles.

•	 Through the values shown for the reduction of iron 
oxides in the iron ore particles using steel mill scale 
as an additional source of iron, it was possible to 
conclude that under the applied conditions it is 
beneficial to increase the steel mill scale content 
in the mixture of iron ore and coke using high 
levels of microwave power. However, a non-
linearity between the degree of reduction and the 
independent variables was observed, with a lower 
efficiency being observed for intermediary levels 
of steel mill scale applied.
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