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Most of the manganese resources in China have existed in the form of low-grade pyrolusite
which is not utilized efficiently because of the high energy consumption and environmental
pollution during the reduction process. Applying microwave heating to minerals reduction
endows improved production efficiency and reduced production costs. In the present
work, rapid preparation of manganese monoxide (MnO) was attempted through reducing
low-grade pyrolusite with coal reducing agent by microwave heating, with the samples
characterized by XRD, scanning electron microscopy, XPS as well as TG/DSC. The
influences of the reduction reaction parameters on the reduction process of Mn in
pyrolusite were comprehensively studied. The results indicated that higher
temperatures and longer holding times facilitated the reduction roasting of pyrolusite,
and manganese monoxide can be fabricated with a reduction ratio of 97.7% obtained at
650°C for 50 min. The mechanism of the gradual transformation of MnO2 to MnO from the
macroscopic to the molecular level was also revealed in the order of MnO2 → Mn2O3 →
Mn3O4 → MnO. Compared to traditional roasting, the proposed microwave-enhanced
roasting process benefits from the superior kinetic conditions provided by the synergy
between microwave enhancement and compact pellets, and thus reduced the roasting
temperature and roasting time.

Keywords: microwave assisted heating, low grade pyrolusite, manganese monoxide, reduction mechanism,
pretreatment

INTRODUCTION

Manganese resource as a significant strategicmineral has wide industrial applications in themanufacture of
iron and steel, battery, coatings, aluminum alloy, catalyst, aerospace, etc. (Yu, 1979; Pagnanelli et al., 2004;
Li, 2008; Mei et al., 2011; Nayl et al., 2011). China is a major consumer of manganese resources. However,
the high-grade manganese ore in China accounts for only 5% of the total available resources. A large
number of low-grade pyrolusite inChina is waiting to be utilized and processed efficiently (Tian et al., 2010;
Zhang et al., 2013; Li et al., 2015). Meanwhile, the sustainable production of manganese products is
seriously restricted by large consumption. Additionally, the high energy consumption and environmental
pollution render the comprehensive utilization of pyrolusite with a grade of 20–35%using the conventional
heating process is unsucessful (Su et al., 2010; Feng et al., 2013; Yang et al., 2013). Thus, the development of
an environmental-friendly alternative technology for pretreatment of low-grade pyrolusite is in urgent
demand.
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Over the past several decades, using microwave energy as a
heat method in metallurgical applications and processes has
become increasingly more frequent (Li et al., 2019a; Zhang
et al., 2019; Kang et al., 2020; Lin et al., 2020). Microwave
heating has the unique advantages of selective heating,
enhanced kinetics, rapid extraction, energy saving,
environmental protection, and pollution-free (Hua et al., 1998;
Omran et al., 2017; Li et al., 2019b; Zhang et al., 2019; Omran
et al., 2020). Under sufficient intensity of microwave energy
density, the in-situ energy conversion method enables rapid
accumulation of energy in the material micro-areas and makes
it preferentially heat the valuable minerals rather than the gangue
in the ore by utilizing the difference of electromagnetic properties

for minerals and gangue (Chen et al., 2012; Li et al., 2017a; Li
et al., 2019b). Moreover, microwave energy is a green and
environmental-friendly heating method with the characteristics
of pollution-free, high energy utilization, easy to control (Chen
et al., 2015; Omran et al., 2019; Chen et al., 2020). The advantages
of microwave heating can be utilized to improve manganese
manufacturing efficiency and achieve the purpose of saving
energy and reducing production costs.

Recently, some efforts have been made on studied laboratory
experiments about the conventional and microwave
carbothermal reduction of low-grade pyrolusite; such
information is urgently required if microwaves are to be used
as an energy source for industrial application systems. Ye et al. (Li

FIGURE 1 | XRD (A) and SEM patterns (B) of low-grade pyrolusite.

FIGURE 2 | Flow chart of microwave carbothermal reduction of low-grade pyrolusite.
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et al., 2020) have investigated the application of microwave
heating on the reaction kinetics and solid surface topography
of carbothermal reduction of pyrolusite ore achieved a maximum
reduction ratio of low-grade pyrolusite of 97.2% at 800°C for
40 min without Fe2+ produced. At the same time, the reduction
temperature was still too high. Although microwave heating has
apparent advantages, it is difficult to apply in industrial
production, especially in the pyrometallurgical process (Chen
et al., 2007; Luo and Liang, 2012). Most microwave carbothermal
reduction studies focused on the pure mineral phases. A few
studies have been reported on the microwave reduction of
complex low-grade minerals, especially low-grade pyrolusite
(Fan et al., 2013; Ye et al., 2018a; Xiong et al., 2018). Hua
et al. (1998) studied the influence of the application of
microwave energy on the decomposition of MnO2, and results
indicated that MnO2 was decomposed through two steps: MnO2

→Mn2O3 →Mn3O4, wherein the energy transfer through the
product layer was controlling the 1st step, and the chemical
kinetics controlled the 2nd step; and also highlighted applying
microwave heating to replace conventional heating rendered the
significantly enhanced decomposition rate and the reduced
energy consumption.

In this work, microwave-assisted reduction of complex low-grade
pyrolusite was analyzed, using X-ray photoelectron spectroscopy
(XRF), also known as clarification of the chemical analysis on the
surface of the sample, X-ray diffraction (XRD), as known as
identification of compounds with differing crystalline structures,
even though they have the same chemical composition, scanning

electron microscopy (SEM), can be used to provide information
about size and morphology of the sample, all with extremely high
spatial resolution, and obtain a qualitative and quantitative elemental
analysis, thermogravimetry (TG) and differential scanning
calorimetry (DSC), as well known as understanding the thermal
behavior of materials that are exposed to temperature increase. A
typical mechanism of microwave-assisted reduction of pyrolusite was
also analytically deduced. This research can provide a theoretical basis
for promoting the industrialization of microwave pre-treatment of
low-grade minerals.

EXPERIMENTAL

Materials
In the present study, the as-received pyrolusite samples were received
fromGuangxi province, P.R. China, and the reduction agent was coal.
Themainmanganese oxides in the pyrolusite ore mainly consisted of
manganese oxides, including 42.2% of MnO2, 3.1% of Mn2O3, and
1.2% ofMnO, and other components such as SiO2, Fe2O3, Al2O3, and
MgO. The coal contained 78.72% of C, 8.93% of volatiles, and 11.67%
of ash. The median particle diameters (D50) of low-grade pyrolusite
and coal powders were 23.416 and 22.760 µm, respectively. The XRD
pattern and microstructure of the pyrolusite were presented in
Figure 1. The result reveals that the dominant mineral phases in
pyrolusite were SiO2, MnO2, (Fe, Mn)2SiO4, which were agreed with
the titrimetric analysis results. SEM image indicated that the surface
structures of low-grade pyrolusite had a tighter and smoother surface
morphology; therefore, it can be predicted that the reduction behavior
of the as-received pyrolusite would be difficult to process with the bad
kinetics condition (Salem and Jamshidi, 2012; Chubukov et al., 2016;
Gunnewiek and Kiminami, 2017).

Characterization
The crystalline phases of the as-received pyrolusite sample and the
products were investigated by XRD (D/Max 2,200, Rigaku, Japan).
The XRD patterns were recorded at the voltage of 20–40 kA, anode
current of 15mA–25mA, 2θ from 5° to 100°, and a scanning rate of
0.25°/min. The morphological characteristics of the as-received
samples were examined using SEM (Nova Nano SEM 450, FEI,
United States). The Thermo gravimetric-Differential scanning
calorimetry (TG/DSC) analysis for the pyrolusite-coal mixture was
studied using a thermal gravimetric analyzer (STA 409, NETZSCH,
Germany) with a heating rate of 5°C/min in an argon-protected
environment. The particle size distributions and the volume average
of the particle diameter of the as-received pyrolusite and coal powder
were determined by a Laser Particle Sizer commercially available
from Chengdu Jingxin Powder Analyse Instrument Co., Ltd., China
(JL-1177). The surface elemental compositions of the samples were
examined by XPS (Kratos Axis Ultra DLD, Thermo Fisher Scientific)
using a monochromatic Al KαX-ray (1,486.6 eV) source, operated at
6 mA and 12 kV, with the survey scans performed at a step size of
0.1 eV.

Instrumentation
A microwave heating reactor was used in the reduction
experiment. The microwave reactor consisted mainly of a

FIGURE 3 | TG-DTG-DSC curves of low-grade pyrolusite with 10% coal.
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computer control system, microwave reactor, vacuum pump,
motor, rotation, flowmeter, gas generator, barometer, infrared
thermocouple, and insulating brick, with a power ranging
from 0 to 3 kW and a frequency of 2.45 GHz. The temperature
was measured using an infrared thermocouple, with infrared
radiation passed through the insulating brick and down to the
sample’s surface. A vacuum pump extracted the off-gas
vapours from the microwave heating experiments. The
mass change of the samples during experiments was
tracked by the weight measurement system connected to
the sample.

Procedure
The experimental flow-process diagram for the microwave assistant
reduction process was exhibited in Figure 2. The as-received
pyrolusite was homogenously mixed with coal powder at a mass
ratio of 1.2, with 20.0 g of pyrolusite and 2.4 g of coal powder. This
ratio can ensure the complete reduction of Mn4+ andMn3+ to Mn2+.

Then, 1.5 ml of distilled water and 0.4 g of methylcellulose were
added to the pyrolusite-coalmixture as the organic binder. Afterward,
the mixture was pressed into spheroidal pellets using pellets makers.
The pellet diameter of the pellets was approximately 30mm,
weighing around 23 g. The pellet was prepared to make the
reduction effect of coal powder more efficient, mainly rendering
the gas can have better contact with low-grade pyrolusite and react
with it, produced by the thermal decomposition behavior of coal
powder, mainly carbon monoxide (CO). Before the reduction
experiments, the pellets were dried at 110°C for 12 h.

The reactor was evacuated and then filled with nitrogen lasting
for 10 min to provide an inert atmosphere before the test. The
carbothermal reduction experiments were conducted at various
temperatures regimes. After the experiments, the sample was
transferred to an airtight container for cooling at room
temperature. After grinding the residue, the manganese
monoxide powder was prepared.

The reduction ratio of pyrolusite ore is calculated as the
following information,

FIGURE 4 | XRD and SEM patterns of the microwave treated pyrolusite, (A) XRD for the pyrolusite treated at 450°C for 10 min; (B) SEM, 700,00×; (C) XRD for the
pyrolusite treated at 650°C for 50 min; (D) SEM, 700,00×.
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η � M2

M1
(1)

where η is the reduction ratio of the as-received pyrolusite;M1 is
the mass of Mn4+ before the experiment, M2 is the mass of
reduced Mn4+ after the experiment.

RESULTS AND DISCUSSION

Thermogravimetric Characteristics of the
Pyrolusite-Coal Mixture
The reduction behavior of pyrolusite-coal mixture was studied by
the TG-DTG-DSC techniques (25–1,000°C), with a heating rate
of 5°C/min under an argon atmosphere (Ar), and the results were
shown in Figure 3.

The TG-DTG-DSC curves showed three distinct mass loss
regimes, which were attributed to different reaction behavior
during three stages of the reduction process of the pyrolusite-coal
mixture. The 1st stage corresponds to the temperatures below 368°C,
wherein the mass decreased by 2.89%, which could be ascribed to the
evaporation and release of water and volatiles in the pyrolusite-coal
mixture. The 2nd stage corresponded to the temperature range of
368–716°C, associated with mass decreased by 6.14%. This weight
loss was attributed to the reduction reactions of
2MnO2+C=Mn2O3+CO (g) and 3Mn2O3+C = 2Mn3O4+CO (g).
Both of the mentioned two stages are associated with endothermic
reactions. During the 3rd stage (716–1000°C), the mass decreased by
6.98%, attributed to the reduction reaction of Mn3O4+C = 3MnO +
CO (g). The third stage reaction was exothermic.

FIGURE 5 | XPS spectra of low-grade pyrolusite before and after
microwave heating (A) and the best fit of Mn2p in raw pyrolusite (B); the best fit
of Mn2p in microwave treated pyrolusite at 450°C for 10 min (C); the best fit of
Mn2p in microwave treated pyrolusite at 650°C for 50 min (D).

FIGURE 5 | (Continued).
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Phase Composition and Microstructure
The morphology and crystal structure of the microwave-treated
samples were investigated by XRD analysis and SEM analysis, and
the results are shown in Figure 4, respectively. Figures 4A,B
displayed the XRD patterns and SEM images for the pyrolusite
treated at 450°C for 10 min, Figures 4C,D showed the XRD and
SEM patterns for the pyrolusite treated at 650°C for 50 min.

Compared the pyrolusite treated at 450°C for 10 min with raw
pyrolusite, combined with Figures 1, 4, it can be concluded that
after microwave heating, the fine and smooth surface morphology
of the raw material was replaced by an irregular surface with
numerous pits, holes, and cracks, as shown in Figure 4B, which
was because of the characteristics of unique selective heating and
enhanced reaction kinetics under microwave heating. With the
significant difference in dielectric properties of mineral

components, large thermal stresses would occur between
different mineral phases, resulting in cracks and irregular pits
(Ye et al., 2018b; Ye et al., 2018c; Li et al., 2019c). TheMnO2 phase
endows excellent microwave absorbing properties and discharge
between particles; therefore, the heating efficiency of the MnO2

phase was higher than components that have weak microwave-
absorbing properties, which even exceeded the set temperature by
more than slight dozen degrees Celsius. Consequently, melted
granules were observed in Figure 4A. The XRD pattern
supported these findings. A comparison with the observations
in Figure 1 indicated that new phases were detected in the
microwave-treated sample, which was due to the
transformation behavior of MnO2 into MnO (JCPDS: 07-
0230) and Mn3O4 (JCPDS: 18-0803). Moreover, the strongest
preferential orientation of (111), (200), and (220) plane of the
peak intensity of MnO phase was appeared at 2θ values of 34.910°,
40.547°, and 58.722°, respectively. However, the peaks of MnO
andMn3O4 were weak, caused by the transformation process that
occurred at a relatively low temperature and without prolonged
heat treatment.

The XRD pattern of the sample after further microwave
treatment was shown in Figure 4C, and the corresponding
SEM patterns are shown in Figure 4D, treated at 650°C for
50 min. From Figure 4D, the molten granules grew further and

TABLE 1 | Surface species of low-grade pyrolusite before and after microwave
heating.

Species Mn2+ (%) Mn3+ (%) Mn4+ (%)

b 0 19.32 80.68
c 18.7 49.79 34.5
d 90.15 9.85 0

TABLE 2 | Experimental results of traditional heating on manganese reduction ratio.

Experimental parameters Methods and conditions References

T/°C 700 750 800 850 900 traditional heating; coal as reducing agent; more:mcoal = 10:1.0; holding time: 30 min Ye et al. (2014)
ƞMn (%) 57.14 71.53 80.39 88.99 95.81

FIGURE 6 | Mechanism diagram of microwave carbothermal reduction of low-grade pyrolusite.
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became interconnected and stacked. Because of the loss of oxygen
during pyrolusite reduction and the release of gas from the
pyrolusite-coal mixture, the whole surface of the pyrolusite
sample became loose and porous (Ren et al., 2015; Li et al.,
2017b). The peaks in the XRD pattern were smooth, indicating
the improvement in the crystalline structure of the MnO phase.
With the increasing heating time and reduction temperature, the
intensity of the MnO peaks increased significantly. Meanwhile,
the MnO2 peaks disappeared, resulting from the complete
reduction of MnO2. Moreover, attributed to the decomposition
behavior of (Mn, Fe)2SiO4 phase, traces of Mn2SiO4 and Fe3O4

phases were detected.

Chemical Composition Analysis by XPS
Characterization
The chemical composition and surface electronic state of the as-
received sample and the microwave-treated samples were
presented in Figure 5. In Figure 5A, A, B, and C were the
Mn spectra of the as-received sample, the sample treated by
microwave irradiation at 450°C for 10 min, and the sample heated
by microwave energy at 650°C for 50 min, respectively. The
binding energies (BEs) of Mn 2p1/2 and Mn 2p3/2 were 653.68
and 641.88 eV, respectively. The characteristic satellite peak of
Mn2+ appeared, hence, the presence of MnO in the microwave-
treated samples can be confirmed. The characteristic satellite peak
became obvious with the increase of duration time and reduction
temperature, implying that more Mn2+ was produced.

Figures 5B–D presented the XPS spectra of MnOx, where the
three Mn species, Mn2+, Mn3+, and Mn4+ coexisted during the
microwave-enhanced carbothermal reduction process. The Mn
2p spectra were deconvolved into the three components at BEs of
640.34, 641.31, and 642.82 eV, assigned to Mn2+, Mn3+, and
Mn4+, respectively. The species of the surface elements of the
raw material and the microwave-treated samples were calculated
by a quantitative analysis method and were summarised in
Table 1. The bulk of the Mn species in the raw material was
Mn4+. By contrast, after microwave treatment, the Mn species
were mainly Mn2+. Therefore, it can be concluded that Mn4+ was
mostly reduced to Mn2+ by microwave heating at 650°C for
50 min.

According to chemical titration analysis, the reduction ratio
was 33% at 450°C for 10 min, which the low reduction ratio was
ascribed to the terrible thermodynamic conditions caused by the
low reduction temperature. However, a much higher reduction
ratio reached 97.7%, achieved at 650°C within a heating time of
50 min. This result was higher than that from the fitted XPS
spectra. The XPS analysis of the sample surface indicated that
despite the antioxidant treatment, a small portion of MnO was
oxidized to high-valence MnOx, wherein MnO is easily oxidized
at high temperatures.

Moreover, referred to the previous work studied by Ye et al. (Li
et al., 2020), effects of heating technologies (conventional or
microwave) on manganese reduction ratio for carbothermal
reduced low-grade pyrolusite were comparatively investigated,
and the experimental results of conventional heating on
manganese reduction ratio were provided in Table 2. A

reduction ratio of 97.7% was achieved at 650°C for 50 min
with a more/mcoal of 10:1.2 by microwave heating, while a
reduction ratio reached 95.81 at 900°C for 30 min with a more/
mcoal of 10:1.0 by conventional heating. Therefore, it can be
summarised that replacing conventional heating with microwave
heating to process low-grade pyrolusite renders excellent
advantages, including a decrease in reduction temperature
required and an increase in reduction efficiency, even with
environmental-friendly, low energy consumption and high
working efficiency.

Mechanism of Carbothermal Reduction
A concise diagram of the mechanism of microwave
carbothermal reduction of pyrolusite from the macroscopic
to the molecular level was presented in Figure 6. Compared to
the original material with the smooth and fine surface, SEM
images of samples before and after microwave treatment
showed that the specimen became rough and porous
(Figure 5). The advantages of microwave heating
characteristics are rapid and selective heating. Based on the
distinguished microwave-absorbing properties of MnO2

phase, the MnO2 phase was heated to a higher
temperature, while gangue components such as SiO2 were
difficult to heat, forming a large temperature gradient and
causing thermal stress at the interface, further to open the
inclusions and produce structural cracks (Li et al., 2019c; He
et al., 2019). Therefore, the temperature gradient increased
the specific surface area of the particles, meanwhile providing
kinetic conditions suitable for gaseous diffusion and
accelerating the reduction reaction.

The mechanism of pyrolusite reduction by microwave heating
can be summarised as follows: when the temperature rose to the
reaction temperature, pyrolusite (MnO2) and coal (C) underwent
direct solid-phase reduction, with MnOx and CO produced. The
reductive CO reacted with nearby MnO2 or MnOx to generate
CO2. The generated CO2 reached the external environment
through the porous product layers and gas film in turn. After
diffusion in the external environment, the CO2 reached the
carbon surface, and CO began to form by the boudouard
reaction of carbon (gasification of carbon). Followed by the
CO arrived at the chemical reaction interface through the gas
film layer and porous product layer in turn. Then CO and MnOx

underwent the indirect reduction reaction to form CO2, which
the cycle continued until the completion of the reaction (Li et al.,
2021).

CONCLUSION

Results from the experiment data, manganese monoxide can be
obtained from low-grade pyrolusite by using microwave-
enhanced carbothermal reduction roasting. The influences of
the reduction reaction parameters on the reduction process of
Mn in pyrolusite were comprehensively studied, and the
following sequence can summarise the reduction
transformation: MnO2 → Mn2O3 → Mn3O4 → MnO. Higher
temperatures and longer holding times facilitated the reduction
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roasting of pyrolusite. Roasted the sample at 650°C for 50 min, a
reduction ratio of 97.7% was obtained, and the iron oxides were
mostly converted to Fe3O4. The mechanism of microwave
carbothermal reduction of pyrolusite from the macroscopic to
the molecular level was presented, and the mechanism of gradual
conversion of MnO2 to MnO was also revealed. Compared to
traditional roasting, the proposed microwave-enhanced roasting
process can be applied to reduce the roasting temperature and
roasting time, which can be attributed to superior kinetic
conditions provided by synergy between microwave
enhancement and compact pellets.
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