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In this article, a novel efficient and environmental reductive roasting-acid
leaching technique was proposed by a combined pretreatment of the micro-
wave heating and reduction of alkali lignin. Factors influencing the leaching of
manganese from manganese oxide ores were investigated, such as heating
modes (microwave heating and conventional heating), microwave roasting
parameters and acid leaching parameters. The results indicated that the
leaching ratio of manganese by microwave heating was significantly higher
than that by conventional heating under the same conditions. The reduction of
manganese oxide ores by microwave heating was completed at a roasting
temperature of 150�C and a roasting time of 5 min with the addition of 50%
alkali lignin with the reduction sequence of MnO2 fi Mn2O3 fi Mn3O4

fi MnO. A 97.43% leaching ratio of manganese was obtained from the roas-
ted ore, which was leached by a 1.5 mol/L concentration of sulfuric acid at a
50�C leaching temperature, 50 rpm stirring speed and a 10:1 liquid-to-solid
ratio for 5 min. Compared to the conventional reductive roasting-acid meth-
ods, the proposed technique was performed at a considerably lower tempera-
ture and shorter time, with higher reducing agent utilization ratio to
processing the different manganese oxide ores.

INTRODUCTION

Manganese ores are commonly used as a raw
material in many fields, such as the steel and iron
industry, food additive industry, agriculture, and
preparation of cells and fine chemicals.1,2 Among
them, the steel and iron industry is the biggest
consumer of manganese ores, and manganese for
steel production comprises 80% of total manganese
production.3,4 The world demand for manganese has
increased yearly because of the rapid development
of the steel and iron industry. Manganese in
manganese ores often occurs in MnCO3 and MnO2

in nature. Recently, much attention has been paid
to the processing and utilization of manganese oxide
ores due to the large consumption of manganese
carbonate ores.5–7 Since MnO2 is stable under direct
acidic and alkaline conditions, the key to man-
ganese oxide ore processing technology is to convert
insoluble Mn(IV) to soluble Mn(II) in manganese
oxide ore under the action of reducing agents,
followed by acid leaching extraction. The selection
of an efficient, economical and environmentally
friendly manganese oxide ore reduction technology
is a vital issue that needs to be urgently addressed
in the development of the manganese industry.

The common reducing agents used in the wet
reduction leaching process of manganese oxide ore
are pyrite, ferrous sulfate, sulfur dioxide, hydrogen
peroxide and organic solvents, etc., which have
achieved good manganese dissolution results.8–10 In
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addition, the extraction of molybdenum, copper,
cobalt, nickel and zinc from ores and concentrates
by the hydrometallurgical process has also been
applied.11,12 However, the wet reduction leaching
process is also restricted by high reaction cost,
energy consumption and severe pollution, which has
yet to be applied on a large scale. In contrast, the
reductive roasting-acid leaching process was proved
to be the most feasible technique to recover man-
ganese from manganese oxide ores, and the reduc-
ing agent played a critical role in the manganese
leaching performance because of the stability of
MnO2 in manganese oxide ores during the acid
leaching process.13,14

Reductive roasting using coal as reducing agent is
the most commonly reductive roasting technique in
treating manganese oxide ores.10 However, it often
takes a long time (4–8 h) to reduce MnO2 in
manganese oxide ores into MnO under a high-
temperature roasting condition (1000–1350�C),15–18

and the process often involves environmental pol-
lution and terrible working conditions. Moreover,
the investment and operating costs are far from
satisfactory. Therefore, developing a highly effi-
cient, clean and energy-conservative reductive
roasting-acid leaching technology for manganese
oxide ores is imperative for the sustainable devel-
opment of the manganese industry.

Recently, microwave heating indicated potential
feasibility to be an alternative heat mode in mineral
processing with the advantages of reducing energy
consumption, enhancing beneficiation results and
improving the work condition.19,20 For example,
recently, many published investigations have indi-
cated that microwave irradiation can be successfully
used as an efficient heating source for the pretreat-
ment processes of refractory iron ores, such as
hematite ores,21 laterite ores22,23 and goethite
ores.24 Mehdilo et al. compared the effects of
microwave irradiation and conventional heating on
the physicochemical properties of ilmenite and its
flotation behavior. The results indicated that a more
remarkable improvement in the recovery of TiO2

was achieved after pretreatment by microwave
irradiation than conventional heating.25 Besides,
the investigation by Li et al. indicated that micro-
wave heating was an effective pretreatment process
for recovering iron from red mud, in which a
combination of 6% Na2CO3, 6% Na2SO4 and three
times ore dosage of lignite was used as the roasting
additives, and the roasting conditions were fixed at
1050�C for 60 min. Under these conditions, an iron
concentrate with a 90.2% iron content and 95.0%
recovery ratio was obtained.26 Similar findings were
also revealed under microwave treatment during
the iron recovery process from red mud.27,28

Recently, Ye et al. applied the pretreatment of
microwave heating to the preparation of reduced
iron powder and the reduction roasting process of
pyrolusite, respectively. In their study of the reduc-
tion of iron ore concentrate for the preparation of

reduced iron powder, they found that microwave
heating technology can be successfully applied as an
effective and efficient route for processing iron ore
concentrate. A reduced iron powder with an iron
content of 98.56% and a metallization ratio of
99.25% could be obtained by fixing the roasting
temperature at 1150�C and a roasting time for
50 min through a hierarchical and homogeneous
addition of wood charcoal.29 As for the study on
pyrolusite, the results indicated that the reduction
of low-grade pyrolusite by microwave heating was
achieved at a roasting temperature of 800�C and a
roasting time of 40 min using coal as reducing
agent, and under these conditions, a 97.2% reduc-
tion ratio of pyrolusite was obtained.30 Obviously,
compared to the conventional reductive roasting
technique of manganese oxide ores, microwave
heating could reduce the roasting temperature to
some extent. However, the technique still required a
higher roasting temperature and a longer roasting
time and used coal as reducing agent, which would
inevitably cause problems to the ecological environ-
ment, and that is against the efficiency, economy
and growing environmental concerns. Recent stud-
ies found that biomass, such as wheat stalk,31 moso
bamboo,32 sawdust,33 cornstalk,34 bagasse35 and
straw,36 could be successfully used as an alternative
reducing agent to coal in the reductive roasting
process of manganese oxide ores characterized by a
remarkable energy conservation and environmental
improvement effect. Typically, the reduction of
MnO2 in manganese oxide ores using biomass as a
reducing agent by conventional heating could be
achieved at a roasting temperature of approxi-
mately 500�C for> 30 min.

Given that alkali lignin is a cheap and abundant
biomass waste from the pulp and paper industry, in
this study, a novel efficient and environmentally
friendly reductive roasting-acid leaching technique
of manganese oxide ores was proposed by a com-
bined pretreatment of the microwave heating and
reduction by alkali lignin. The effects of microwave
roasting parameters, heating modes, and acid
leaching parameters on the leaching ratio of man-
ganese were investigated. Furthermore, the roast-
ing behavior of manganese oxide ores was also
analyzed. The X-ray diffraction (XRD) and scanning
electron microscopy (SEM) studies of manganese
oxide ores before and after treatment were used to
verify further the feasibility of recovering man-
ganese from manganese oxide ores by the technique
proposed in this paper.

MATERIALS AND METHODS

Materials

The manganese oxide ore sample used in the
present work was collected from Guangxi Province
of China. Two other manganese oxide ore samples
from Gabon with Mn content of 45.62% and from
Xiangxi, China, with Mn content of 20.59% were
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also used as ore samples for comparative experi-
ments. All the ore samples were crushed and ground
to a particle size< 0.25 mm (+ 60 mesh) in a ball
grinder. The results of chemical analysis and X-ray
diffraction (XRD) of the ore samples are presented
in Table I and Fig. 1, respectively. Alkali lignin was
purchased from Shandong Tranlin Group, China
and used without further treatment. To facilitate
the understanding and analysis of the roasting
behavior by microwave heating, manganese oxide
reagent with Mn content of 56.42% was used as a
substitute for manganese oxide ores.

Experimental Procedures

Microwave roasting was conducted in a micro-
wave reaction apparatus (model MAS-II). The roast-
ing temperature was instantly controlled by varying
the microwave power automatically according to a
feedback control signal (the microwave power was
at most 600 W), and the temperature was measured
by an infrared temperature probe. The mixture of
ore (or manganese oxide reagent) and alkali lignin
was first put into a corundum crucible, which was
covered with a lid and then placed in the reaction
apparatus. In each test, 20 g of ore sample was
used. After roasting for a designated time, the
roasted ore was left inside the microwave reaction
apparatus and cooled to room temperature. Subse-
quently, the cooled roasted ore was ground to a
particle size< 0.25 mm (+ 60 mesh) and prepared
for leaching experiments.

Before leaching experiments, a round-bottomed
flask containing a specific concentration of sulfuric
acid was placed in advance in a water bath with a
pre-setting temperature. Then, 10 g of ground
roasted ores was transferred into the flask, and
the solution was stirred continuously for some time.
After completion of the leaching, the leaching
solution was filtered and the manganese in the
filtrate was measured by ammonium iron (II) sul-
fate titrimetric method according to the national
standards (GB/T 1506-2002). The leaching ratio of
manganese was calculated from this result.

Unless otherwise noted, the roasting experiments
including microwave roasting and conventional

roasting experiments were carried out at the weight
ratio of alkali lignin to ore of 70% and the roasting
temperature of 200�C for 10 min, and the leaching
experiments were conducted in a 2 mol/L sulfuric
acid solution at the leaching temperature of 50�C,
stirring speed of 300 rpm and the liquid-to-solid
ratio of 10:1 for 10 min. The flowchart of the
experiments refers to online supplementary mate-
rial (see online supplementary Fig. S1).

Analysis Methods

XRD results were recorded by a Theta Rotating
Anode X-ray Diffractometer using Cu Ka radiation
at 10�/min and a step size of 0.02 from 10� to 80�.
SEM images of all samples were obtained on a
scanning electron microscopy (model TESCAN
MIRA3 LMU/X-Max20/H1002). TOC (total organic
carbon) values of leached liquors were measured by
Shimadzu TOC-VCPH analyzer.

RESULTS AND DISCUSSIONS

Effects of Roasting Parameters and Heating
Modes on Leaching Ratio of Manganese

Effects of Weight Ratio of Alkali Lignin to Ore
and Heating Modes

Figure 2a shows the effect of the weight ratio of
alkali lignin to ore on the leaching ratio of man-
ganese by microwave heating. Obviously, the leach-
ing ratio of manganese by microwave heating
increased rapidly with an increase in the weight
ratio of alkali lignin to ore from 0% to 10%, and it
became slower when further increasing the dosage
of alkali lignin. At 70%, approximately 98.21%
leaching ratio of manganese was obtained. Then,
the tendency was gradually decreased when the
ratio was> 70%. Figure 2b shows the XRD results
of raw ore and roasted ores obtained by microwave
heating with the addition of different dosages of
alkali lignin. Figure 2b shows that many peaks of
MnO phase accompanied by a small amount of
Mn3O4 phase appeared in roasted ore by adding
70% alkali lignin while the peaks for MnO2 phase in
raw ore disappeared; however, the peaks of MnO
phase in roasted ore were gradually decreased on

Table I. Chemical analysis of manganese oxide ore samples

Contents/(%) Guangxi manganese oxide ore Xiangxi manganese oxide ore Gabon manganese oxide ore

Mn 27.78 20.59 45.62
Fe 4.20 11.49 2.75
SiO2 27.11 37.63 10.78
Al2O3 8.53 8.31 9.65
S 0.13 0.29 0.32
K2O 1.58 1.08 1.22
CaO 5.67 0.70 1.09
MgO 2.62 0.75 0.58
TiO2 0.32 0.27 0.22
BaO 0.20 0.14 0.27
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increasing the dosage of alkali lignin from 70% to
150%, whereas the peaks for Mn3O4 were enhanced,
meaning that the reductive effect of manganese

oxide ore at 70% was better than that at 150%,
which could be used to explain the decrease in the
manganese leaching ratio at a higher dosage of
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Fig. 1. X-ray diffraction pattern of manganese oxide ores from Guangxi (a), Xiangxi (b) and Gabon (c).
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Fig. 2. Effects of weight ratio of alkali lignin to ore and heating modes on leaching ratio of manganese (a); XRD results of raw ore and roasted
ores by microwave heating with addition of different dosages of alkali lignin (b).
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alkali lignin, shown in Fig. 2a. The reduction of
manganese oxide ores by biomass was mainly
attributed to the thermal degradation productions
of biomass, such as liquid, non-condensable gas and
solid, among which liquid was the primary reducing
agent during the reductive roasting process of
manganese oxide ores.37,38 Generally, biomass is
not a good microwave absorber, and alkali lignin is
one of them. Thus, in this article, the thermal
degradation of alkali lignin by microwave heating
can only be induced by mixing alkali lignin with
manganese oxide ore since manganese oxides in
ores are good microwave absorbers.39–41 According
to the results shown in Fig. 2b, Mn4+ in ore was
reduced into low valence states of Mn (MnO and
Mn3O4) during the microwave roasting with the
addition of a lower dosage of alkali lignin. However,
further increasing the dosage of alkali lignin
resulted in an oxidization of MnO, which might be
related to the different oxidation–reduction proper-
ties of liquids produced by the microwave pyrolysis
of alkali lignin. Investigations on pyrolysis of alkali
lignin have been conducted in many studies, and
phenolics, ketones and organic acids were the
common liquid products.42–44 Abubakar et al.
observed that the raw materials ratio had a signif-
icant influence on the compositions and yield of
thermally degradation productions of biomass.45

Therefore, at a higher dosage of alkali lignin, the
reduced MnO was likely to be oxidized to Mn3O4 by
abundant oxidizing liquids, similar to the reaction
process in the production of O2 from H2O2 using
MnO2 as catalyst, where the MnO2 is first reduced
and then oxidized by H2O2. The microwave pyroly-
sis mechanism of alkali lignin in the presence of
manganese oxide ores and its effects on the reduc-
tive process will be investigated in a future study.
According to the plot of leaching ratio of manganese
as a function of the dosage of alkali lignin by
microwave heating, the appropriate dosage range of
alkali lignin was 30�90%, where the leaching ratio
was> 90% (Fig. 2a). In addition, for comparison,
the leaching results of roasted ores treated by
conventional heating are also displayed in Fig. 2a,
which shows that, compared with conventional
heating, the microwave roasting of manganese
oxide ore brought out a higher leaching ratio of
manganese even in a lower dosage of alkali lignin,
and the leaching ratio by microwave heating at 70%
alkali lignin was 2.67 times higher than that by
conventional heating, implying that microwave
heating has a significant strengthening effect as a
clean and efficient way to roast manganese oxide
ore, which could be related to its unique heating
mechanism with the advantages of non-contact
heating, rapid heating, selective heating and volu-
metric heating.46–48

Effect of Roasting Temperature

Experiments were also performed at a roasting
temperature from 50�C to 250�C to investigate the
effect of roasting temperature on the leaching ratio
of manganese, and the results obtained are shown
in Fig. 3. As observed, the leaching ratio of man-
ganese increased from 51.45% to 98.49% as the
roasting temperature increased from 50�C to 150�C,
after which it remained almost unchanged. To
clearly observe the phase transformation of man-
ganese at different roasting temperatures during
the microwave heating process, manganese oxide
reagent was used as a substitute for manganese
oxide ore, and the XRD results of manganese oxide
and roasted manganese oxides were shown in
Fig. 3b, which shows that the peaks of MnO2 phase
disappeared at 50�C, and no other obvious new
peaks were observed, implying that the MnO2 phase
was transformed into an amorphous phase on
increasing the roasting temperature to 50�C that
could not be detected by XRD analysis. As the
temperature increased from 50�C to 100�C, some
new peaks belonging to MnO phase occurred, and
further increasing the temperature led to an
enhancement of these peaks. According to the
leaching curve shown in Fig. 3a, the maximum
leaching ratio, 98.49%, was achieved in the roasted
ore treated at a roasting temperature of 150�C. For
comparison, the conventional roasting-leaching
techniques for manganese oxide ores run at 1000–
1350�C for almost 4–8 h.11–13

Effect of Roasting Time

The effect of roasting time on the leaching ratio of
manganese was also studied, and the results are
shown in Fig. 4. It indicated that the roasting time
has little effect on the leaching ratio of manganese.
Thus, 5 min was found to be sufficient for the
reductive roasting of manganese oxide ore, and a
98.21% leaching ratio of manganese could be
achieved under the conditions, meaning that com-
pared to the conventional reductive roasting-acid
processes of manganese oxide ores, the proposed
technique could sharply shorten the roasting time
needed to reduce manganese oxide ores.

Effects of Leaching Parameters on Leaching
Ratio of Manganese

The effect of sulfuric acid concentration on the
leaching ratio of manganese is depicted in Fig. 5a.
The leaching ratio of manganese increased signifi-
cantly with an increase in the sulfuric acid concen-
tration ranging from 0 mol/L to 1.5 mol/L and then
stayed almost unchanged when the concentration
was> 1.5 mol/L, indicating that the acid leaching
process had nearly reached equilibrium, and the
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optimal concentration of sulfuric acid is at 1.5 mol/
L. The effect of leaching temperature on the leach-
ing ratio of manganese is shown in Fig. 5b. The
leaching temperature had a minimal effect on the
leaching ratio of manganese. When the leaching
temperature was> 50�C, the increase of man-
ganese leaching ratio was slow. Therefore, consid-
ering economic and other factors, the optimum
leaching temperature was chosen as 50�C. Figure 5c
presents the effect of liquid-to-solid ratio on the
leaching ratio of manganese. With increasing the
liquid-to-solid ratio, the leaching performance was
improved, especially in the lower liquid-to-solid
ratio range. By increasing the liquid-to-solid ratio
from 2/1 to 10/1, the leaching ratio of manganese
increased from 51.06% to 98.21%. When the liquid-
to-solid ratio was> 10/1, there was no significant
difference in the leaching ratio of manganese.
Considering the leaching cost, the optimum liquid-
to-solid ratio was 10/1. The effects of leaching time

and stirring speed on manganese leaching ratio are
given in Fig. 5d and e, respectively. Both the
leaching time and stirring speed had little influence
on the leaching ratio of manganese, and 5 min and
50 rpm were found to be sufficient for the leaching
of manganese during the acid leaching process.
Therefore, a leaching time of 5 min and a stirring
speed of 50 rpm were recommended in this study.

Full Flowsheet Test for the Reductive
Roasting-Acid Leaching of Manganese Oxide
Ore

According to the results mentioned above, micro-
wave reductive roasting-acid leaching process using
alkali lignin as reducing agent was carried out
under the following optimum conditions: 50%
dosage of alkali lignin, 150�C roasting temperature,
5 min roasting time, 1.5 mol/L sulfuric acid solu-
tion, 50�C leaching temperature, 50 rpm stirring
speed, 10:1 liquid-to-solid ratio and 5 min leaching
time. The analysis results of leached liquor are
listed in Table II. This process shows that a leached
liquor assaying 21.49 g/L Mn with a 97.43% leach-
ing ratio of manganese was obtained. Furthermore,
the leaching liquor contained lower values of metal
ion impurities and TOC, thereby reducing the load
of a downstream purification procedure.

To further observe the phase transformation and
microstructure variation of manganese oxide ore
during the proposed roasting-leaching process, the
raw ore, roasted ore and leached residue were
characterized by XRD and SEM analysis, respec-
tively, and the results are shown in Figs. 6 and 7,
respectively. From the XRD results shown in Fig. 6,
the major phases in raw ore were MnO2, SiO2 and
Al2SiO5, and after roasting process, MnO2 phases
were no longer observed. The main Mn mineral
phase was MnO, meaning that the reduction of
MnO2 in manganese oxide ores was completed at a
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microwave roasting temperature of 150�C and a
roasting time of 5 min using 50% alkali lignin as
reducing agent. Then, the MnO phases disappeared
in leached residue, indicating that MnO2 in raw ore
was reduced and then entirely leached by sulfuric
acid solution. Figure 7 shows the results of the SEM
analysis. It was evident that the original ore had a
smooth and dense structure, which is not conducive
to the reaction, and the surface of the ore sample
was rough and had many cracked holes after
roasting. Compared with the SEM images of roasted
ore by conventional heating using biomass as
reductant reported by Zhang et al.,30 significant
damage was observed for the microwave roasted
ore, which may be the reason why the manganese in
roasted ore obtained by microwave heating could be
extracted by a lower concentration of sulfuric acid
under a milder leaching condition (Fig. 5). Interest-
ingly, after the leaching process, the surface of ore
became smooth with porous embedded (see Fig. 7c),
further confirming the successful leaching of man-
ganese in roasted ore by acid leaching.

Roasting Behavior of Manganese Oxide

To clearly investigate the roasting behavior of
manganese oxide in manganese oxide ore under the
optimum conditions, the experiments were per-
formed on manganese oxide reagent, which was
used as a substitute for manganese oxide ore. First,
based on the leaching ratio of manganese, the
dosage of alkali lignin was optimized under the
optimum conditions (150�C roasting temperature,
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Table II. Analysis results of leached liquor under
optimum conditions

Element concentrate/(g/L)
TOC/(mg/

L)Mn Fe Al Si Ca Mg K

21.49 1.66 2.49 7.80 0.94 0.42 0.18 32.73
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5 min roasting time, 1.5 mol/L sulfuric acid solu-
tion, 50�C leaching temperature, 50 rpm stirring
speed, 10:1 liquid-to-solid ratio and 5 min leaching
time), and the results are shown in Fig. 8a. Fur-
thermore, the values of TOC of leached liquors were
also measured, providing an important reference
index for the optimization of alkali lignin dosage
(Fig. 8a). It was apparent that increasing the
weight ratio of alkali lignin to Mn in manganese
oxide from 0.18 to 0.42 dramatically increased the
leaching ratio of manganese from 6.66% to 68.53%
with a slight increase of the value of TOC. Further
increase of the dosage of alkali lignin to 1.06 caused
a continued and slower increase of the leaching
ratio of manganese, while for TOC, it was pretty
much constant, implying that the majority of alkali
lignin added participated in the reductive reaction
with manganese oxide, achieving an improvement
in the utilization ratio of alkali lignin. When further
increasing the dosage of alkali lignin from 1.06 to
3.54, no significant increase in the leaching ratio

was achieved, however, accompanied by a signifi-
cant increase in TOC in leached liquor from
186.38 mg/L to 1218.02 mg/L. Therefore, consider-
ing the cost and utilization ratio of alkali lignin, an
appropriate weight ratio of alkali lignin to Mn in
manganese oxide was recommended as 1.06. Fig-
ure 8b shows the roasting behavior of manganese
oxide during the roasting process under the opti-
mum roasting conditions. It was apparent that by
adding a 0.18 weight ratio of alkali lignin to Mn in
manganese oxide, peaks attributed to MnO2 phase
disappeared, while the phases of Mn2O3 and Mn3O4

were observed, meaning that MnO2 could be
reduced by alkali lignin. Further increasing the
dosage of alkali lignin resulted in the disappearance
of phases of Mn2O3 and Mn3O4 in sequence and the
appearance and enhancement of peaks of MnO
phase. In conclusion, Mn in manganese oxide was
reduced by alkali lignin in the microwave field in
the following sequence:
MnO2 fi Mn2O3 fi Mn3O4 fi MnO.

Fig. 7. SEM images of raw ore (a), roasted ore (b) and leaching residue (c).
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Reduction Efficiency of Other Manganese
Oxide Ores

To prove the technology proposed in this paper
can be applied to other types of manganese oxide
ores rather than Guangxi manganese oxide ore
particularly, two other manganese content samples
from different sources were tested to validate its
universality under optimum conditions, and the
results are shown in Fig. 9. From Fig. 9, the
optimum dosage of alkali lignin for Gabon ore
(60%) was 1.5 times higher than that for Xiangxi
ore (40%). The leaching ratios of manganese were
both > 96%, while for Guangxi ore (27.78%), the
optimum dosage was 50%, demonstrating a positive
correlation between the amount of alkali lignin and
the content of manganese in the ore sample. The
plots of the leaching ratio of manganese displayed a
parabola similar to those in Fig. 2. In conclusion,
the technology proposed in this paper was suit-
able for processing and utilization of different
grades of manganese oxide ores and not just for
the Guangxi manganese oxide ore sample.

CONCLUSION

A novel efficient and environmentally friendly
reductive roasting-acid leaching technology using
alkali lignin as reducing agent by microwave heat-
ing for recovering manganese from manganese
oxide ores was proposed in this paper. The results
indicated that manganese oxide ore can be reduced
by alkali lignin by microwave roasting at a weight
ratio of alkali lignin to ore 50% and a roasting
temperature 150�C for 5 min, and under these
roasting conditions, a leaching ratio of manganese
of 97.43% was obtained from manganese oxide ore
with Mn content of 27.78% using a sulfuric acid
concentration 1.5 mol/L, leaching temperature
50�C, stirring speed 50 rpm and liquid-to-solid ratio
of 10:1 for 5 min. Manganese oxide in manganese
oxide ore can be reduced to MnO in the following
sequence during microwave roasting process under

optimum conditions: MnO2 fi Mn2O3 fi Mn3O4

fi MnO. Moreover, the technology proposed in this
paper was also proven suitable for utilizing different
grades of manganese oxide ores and not just for
Guangxi manganese oxide ore sample. This pro-
posed method would potentially be a feasible route
for processing and utilization of manganese oxide
ores, which is also of great significance for offering a
feasible way to utilize alkali lignin, easing the
shortages of manganese and promoting the sustain-
able development of the steel and iron industry.
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