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In this work, a novel method for extraction of manganese from low-grade
pyrolusite by a sawdust pyrolysis reduction roasting-acid leaching process was
explored. The reduction roasting was studied systematically, and the mecha-
nism was also explored by thermodynamic and phase change analysis. Results
indicate that sawdust was rapidly pyrolyzed at 250–450�C to generate a large
amount of reducing gases such as CO, CH4, and H2, which gradually reduced
MnO2 in low-grade pyrolusite to MnO. The reduction process of MnO2 was
identified as MnO2 fi Mn2O3 fi Mn3O4 fi MnO. It was proved that MnO2 of
low-grade pyrolusite could be reduced effectively to MnO at lower temperature
and shorter duration time by sawdust pyrolysis. Meanwhile, the optimum
leaching efficiency of 99.45% for manganese could be attained when sawdust
dosage was 11% of the mass of low-grade pyrolusite, the roasting temperature
was 500�C, and the roasting time was 25 min.

INTRODUCTION

Renewable energy, as a feasible substitute for
fossil fuels and a means to reduce the harmful
effects of fossil fuel combustion emissions, has
become more and more popular.1 Among many
renewable energy sources such as solar energy,
wind energy, hydropower, biomass energy, and
biofuels, biomass energy is the oldest known energy
source in the world and the only carbon source
produced by non-fossil fuels.2,3 Biomass-based
renewable energy is clean and safe, which is
conducive to protecting the environment, energy
security, and economy. The main environmental
benefit provided by biomass energy utilization is
recycling CO2 emitted from biomass combustion by
reintroducing it into the photosynthesis cycle, with-
out causing net greenhouse gas emissions.4 It is

generally accepted that biomass is regarded as the
only carbon-containing resource that can partially
replace fossil fuels.5,6 Biomass can be converted into
tristate fuels and chemicals through thermochemi-
cal processes including pyrolysis, direct combustion,
solidification, liquefaction, and gasification means,
among which pyrolysis has received increasing
attention, since the process conditions may be
optimized to produce high energy density pyrolytic
oils in addition to derived charcoal and gas.7

Among the reported technologies of biomass uti-
lization, biomass pyrolysis technology has attracted
extensive attention in the field of mineral reduction,
mainly using renewable biomass to replace tradi-
tional coal reducing agents to further reduce valu-
able metals in minerals.8 For example, Yue et al.9

studied the thermal reduction desorption of cad-
mium in contaminated soil by biomass pyrolysis,
and the results showed that when the mixture of
biomass and contaminated soil was pyrolyzed at
about 550�C, the gases in the biomass pyrolysis
products (such as CO and hydrocarbon gases) could(Received December 2, 2021; accepted February 8, 2022;
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chemically reduce Cd(II) to volatile Cd0; Huang
et al.10 explored the process of direct reduction of
high-phosphorus oolitic hematite by biomass pyrol-
ysis, and determined that when the mass ratio of
iron ore to biomass was 1:0.6, the reduction tem-
perature was 1100�C, and the reduction time was 55
min, the metallization ratio of hematite reached
over 99%. The sulfur, nitrogen content, and ash
content of biomass energy are lower than coal, and
the hydrogen content of biomass energy is
higher.11,12 Compared with traditional coal reduc-
tant, biomass pyrolysis reduction can effectively
reduce the emissions of acid gases (NOx and SOx)
and greenhouse gases.13,14 Moreover, in the tradi-
tional carbon reduction process, heat is transferred
from the outside to the inside, which cannot effec-
tively supplement the heat consumed by the reac-
tion. Therefore, the temperature in the center of the
particle is lower than the outside temperature,
forming a ‘‘cold center’’ phenomenon, which reduces
the metal reduction efficiency.11 However, when
biomass is used as the reducing agent, during the
reduction process the reducing gas generated by
pyrolysis of biomass reacts with minerals, and the
reduction efficiency of this process is better.

Manganese (Mn) is the fourth most commonly
used metal on the earth, and is widely used in iron
and steel metallurgy, the chemical industry, elec-
tronics, batteries, and other manufacturing indus-
tries.15–17 Manganese is usually produced by
electrodeposition of manganese from sulfate solu-
tion.18 Manganese ores in nature are mainly
rhodochrosite and pyrolusite, and their main com-
ponents are MnCO3 and MnO2, respectively.19

However, 93.6% of manganese ore reserves in China
are low-grade pyrolusite (Mn%< 30%). At present,
with the development of industry, the demand for
manganese alloy is increasing and import pressure
is increasing.12 Therefore, in order to alleviate the
current import pressure and ensure the sustainable
production of manganese products, the efficient
leaching and utilization of low-grade pyrolusite
has attracted extensive attention.

Pyrolusite is stable under acidic or alkaline
conditions, but manganese can be extracted by acid
under reducing conditions due to the formation of
acid-soluble manganese oxides.20 Generally,
extracting manganese from pyrolusite includes
pyrometallurgical reduction roasting and hydromet-
allurgical reduction leaching.21,22 The hydrometal-
lurgical reduction method has a series of problems
such as low efficiency, low extraction efficiency, and
large consumption of reducing agent, which obvi-
ously is not suitable for extracting manganese from
low-grade pyrolusite. Based on the observation that
biomass can be pyrolyzed into laevoglucose, uronic
acid, acetic acid, wood vinegar, and other low-
molecular-weight organic compounds at 250–
300�C,23,24 we previously presented an article about
reductive leaching of manganese from low-grade
pyrolusite ore in sulfuric acid solution using

pyrolysis-pretreated sawdust as a reductant.25

Although this process can replace traditional coal
as a reducing agent to extract manganese from low-
grade pyrolusite, there are some shortcomings such
as the large amounts of sawdust and sulfuric acid
required, and a high leaching temperature. The
roasting reduction can be achieved using coal-based
reductant,26,27 pyrite,28,29 other reducing sub-
stances, or gases such as sulfur30 or carbon monox-
ide31 at high temperature. These reduction methods
have some disadvantages, such as high energy
consumption, poor operating conditions, and serious
environmental pollution.32 In recent years, a large
number of studies have shown that biomass such as
corn stalks, walnut shells, cassava, sugar cane,
banyan leaves and tea as reducing agents can
reduce MnO2 in pyrolusite.11,33–38 The reason that
biomass can be used as reductant of pyrolusite is
that biomass will be rapidly pyrolyzed to produce
carbon monoxide (CO), methane (CH4), hydrogen
(H2), and biochar (C) with strong reducibility in the
process of roasting in the absence of oxygen.39–41

Hence, considering the defects of a low utilization
ratio of sawdust and the large consumption of
sulfuric acid in previous work, and that sawdust,
as a clean energy source, can be pyrolyzed to
produce a large amount of reducing gas at a low
temperature, this study investigated the extraction
of manganese from low-grade pyrolusite by a saw-
dust pyrolysis reduction roasting-acid leaching pro-
cess. That is, firstly, sawdust and low-grade
pyrolusite are mixed and roasted together, and
manganese dioxide (MnO2) in the low-grade pyro-
lusite is reduced to manganous oxide (MnO), and
then sulfuric acid leaching is carried out. The effects
of sawdust dosage, roasting temperature, and roast-
ing time on manganese leaching efficiency were
systematically investigated by orthogonal experi-
ments and single factor conditional experiments. At
the same time, thermogravimetric analysis (TG),
derivative thermogravimetry (DTG) and x-ray
diffraction (XRD) were used to study the chemical
reaction behavior and phase structure change of
manganese during the reduction process. Moreover,
based on the analysis of the pyrolysis characteristics
of sawdust, the thermodynamic characteristics of
reduction roasting, the quality index and the phase
change of roasted products, and the mechanism for
recovering manganese from low-grade pyrolusite by
a sawdust pyrolysis reduction roasting-acid leach-
ing process is put forward. This research not only
realizes the utilization of waste sawdust, but also
recovers manganese from low-grade pyrolusite,
reducing energy consumption and bringing good
economic benefits.

MATERIALS AND METHODS

Materials

In this study, low-grade pyrolusite was provided
by a mining company in Hunan Province, China.
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The low-grade pyrolusite samples were ground to
below 0.074 mm and dried at 85�C for 90 min, and
were characterized by x-ray fluorescence (XRF:
Axios, PANalytical B.V., Almelo, the Netherlands)
under the following conditions: non-attenuating 4-
kW x-ray tube, 60-kW solid-state generator power,
and 160-mA current; and x-ray diffraction (XRD:
Smartlab, Rigaku Corporation, Tokyo, Japan) at a
scan range of 5� to 90� 2h at a rate of 5� min�1. The
results are shown in Table I and Fig. 1, respectively.
According to Fig. 1, low-grade pyrolusite is mainly
composed of manganese dioxide (MnO2), quartz
(SiO2), and a small amount of manganous-manganic
oxide (Mn3O4). As shown by XRF results in Table I,
low-grade pyrolusite mainly contains 28.42% man-
ganese (Mn), 18.44% silicon (Si), 5.78% iron (Fe) and
4.57% aluminum (Al) as well as a small amount of
magnesium (Mg), calcium (Ca), phosphorus (P) and
sulfur (S). The sawdust used in the experiment
came from a furniture factory in Beijing, and its
particle size was less than 5 mm. The chemical
element contents of the sawdust was tested with an
element analyzer (Vario MACRO cube). Chemical
element analysis indicated that the sawdust was
composed of 44.07% carbon (C), 36.87% oxygen (O),
5.26% hydrogen (H), 1.18% nitrogen (N) and 0.09%
sulfur (S). The elemental analysis of the sawdust
was provided by the Advanced Analysis and Mea-
surement Center of the Institute of Process Engi-
neering, Chinese Academy of Sciences (Beijing,
China).

Experimental Procedures

Figure 2 shows a schematic diagram of the exper-
imental device. It mainly includes roasting equip-
ment and a leaching device. In this study, sawdust, a
type of biomass, was used as the reducing agent to
roast with low-grade pyrite in an oxygen-free envi-
ronment. Manganese dioxide (MnO2) in low-grade
pyrolusite was reduced to manganous oxide (MnO) by
reducing substances generated in the sawdust pyrol-
ysis process, so manganese was extracted by sulfuric
acid leaching. The detailed experimental procedure is
as follows. Firstly, low-grade pyrolusite and sawdust
were mixed evenly according to a certain mass ratio
(the mass of sawdust accounts for 6–13% of that of
low-grade pyrolusite) and put into a porcelain boat;
the porcelain boat was put into a tube furnace. Then,
N2 was introduced into the tube furnace to remove
the oxidizing atmosphere. In the whole experiment,
the temperature in the tube furnace was raised to a
predetermined temperature (350–500�C) at a heat-
ing rate of 30�C min�1, and maintained at this
temperature for a period of time (10–35 min). After
roasting, the roasted product was taken out after it
had cooled to room temperature. The roasting slag
obtained under different roasting conditions was
characterized by x-ray diffractometry at a scan range
of 5� to 90� 2h at a rate of 5� min�1. Finally, a certain
amount of roasting slag was leached for 120 min with
1.5 mol/l H2SO4 solution at 80�C and a liquid-solid
mass ratio of 10:1. The leaching residue was dried
and weighed, and then ground to below 0.074 mm. A
0.2-g sample, finely ground, was completely dissolved
in mixed acid (20 ml sulfuric acid, 5 ml nitric acid, 0.5
ml hydrofluoric acid) and diluted to 100 ml. The
concentration of manganese in solution was deter-
mined by inductively coupled plasma emission spec-
trometry (ICP-OES: iCAP 6300, Thermo Scientific).
According to the concentration of manganese in the
solution, the content of manganese in the leaching
residue was determined. Similarly, manganese con-
tent in roasted slag was determined by this method.
Based on the principle of conservation of mass, the
leaching efficiency of manganese was calculated by
the following Eq. 1:

E %ð Þ ¼ 1 �m1w1

m0w0

� �
� 100% ð1Þ

where E is the leaching efficiency of manganese; m0

and m1 are the mass of roasting slag and leaching
residue participating in the leaching reaction,

Table I. Chemical composition of low-grade pyrolusite

Element Mn Si Fe Al Mg Ca P S

Content/% 28.42 18.44 5.78 4.57 0.83 0.35 0.09 0.03
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Fig. 1. XRD pattern of low-grade pyrolusite.
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respectively; and w0 and w1 refer to the manganese
concentration in roasting slag and leaching residue,
respectively.

RESULTS AND DISCUSSION

Pyrolysis Characteristics of Sawdust

The thermogravimetric analysis of sawdust
(METTLER TOLEDO, Switzerland) was performed
under protective gas at a 100 ml/min flow rate.
Figure 3 is the thermogravimetric analysis curve of
sawdust. According to the thermogravimetric curve
of sawdust pyrolysis, pyrolysis of sawdust can be
divided into three stages: the first stage (0–250�C) is
mainly the loss stage of free water and bound water
in sawdust. The TG curve drops rapidly, and a peak

is observed on the DTG curve at 0–100�C, which is
due to the rapid evaporation of free water in
sawdust in this temperature range. The bound
water in sawdust is constantly lost at temperatures
of 100–250�C, with the TG curve slowly decreas-
ing.12 The second stage (250–450�C) is the main
stage of sawdust pyrolysis, during which the saw-
dust structure changes. The TG curve drops rapidly,
and a very sharp trough is observed on the DTG
curve. The structural components of sawdust, cel-
lulose, hemicellulose, and lignin undergo corre-
sponding pyrolysis reactions at their corresponding
pyrolysis temperature ranges, producing a large
number of small molecular gases.11,42,43 The volatile
gas components produced by pyrolysis of sawdust at
350�C are analyzed by a gas chromatograph-mass

Fig. 2. Schematic diagram of experimental device: (a) roasting device, (b) leaching device. 1 Nitrogen cylinder, 2 rotameter, 3 quartz tube, 4 tube
furnace, 5 porcelain boat, 6 condensing device, 7 tail gas collection device, 8 hotplate stirrer, 9 stirrer, 10 temperature sensor.

Fig. 3. TG and DTG curves of sawdust.
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spectrometer (GC-MS: Thermo Fisher Trace1300-
ISQ) to calculate the relative contents of CO, CO2,
CH4, and H2. The analysis results show that it
mainly includes 26.42% carbon monoxide (CO),
65.74% carbon dioxide (CO2), 6.78% methane
(CH4), and 0.74% hydrogen (H2). It is precisely
because sawdust generates a large amount of
reducing gas during pyrolysis that manganese
dioxide can be reduced to manganous oxide. The
third stage (> 450�C) is the carbonization stage of
sawdust,44 and the TG and DTG curves gradually
tend to flatten out.

Thermodynamic Characteristics Analysis

The gases generated by sawdust pyrolysis under
oxygen-free conditions are mainly composed of
carbon dioxide (CO2), carbon monoxide (CO),
methane (CH4), and hydrogen (H2). CO2 is mainly
generated by the initial cleavage of uronic acid in
hemicellulose and the decomposition of carboxyl in
lignin; CO mainly comes from the pyrolysis of
carbonyl and ether bonds in sawdust; CH4 is the
guaiacol-based type and the p-propyl type struc-
tural unit methoxyl group in lignin; during pyrol-
ysis, H2 is produced by the alkane cracking reaction
and the aromatic condensation reaction.11 Figure 4
shows the Gibbs free-energy diagram of the reac-
tions of three reducing gas products (CO, CH4, H2)
and biochar (C) with MnO2 at different reaction
temperatures during the pyrolysis of sawdust. From
Fig. 4, it can be clearly seen that the Gibbs free-
energy of reducing MnO2 by four reducing sub-
stances is less than zero and decreases with the
increase of temperature, which indicates that the
increase of temperature is beneficial to the reduc-
tion of MnO2. Combined with the thermogravimet-
ric curve of sawdust, it can be seen that the
reducing gases (CO, CH4, H2) and biochar (C) are
produced by pyrolysis of sawdust at 300�C to 500�C.
In this temperature range, these reducing sub-
stances undergo redox reactions with MnO2 in low-
grade pyrolusite. Therefore, from the point of view
of chemical thermodynamics, it is also proved that
the simultaneous reduction of pyrolusite by sawdust
pyrolysis is feasible.

Orthogonal Experiments

Based on the design principle of the Box-Behnken
central combined test, the effects of three factors on
the leaching efficiency of manganese were analyzed
that included proportion of sawdust mass (6–13%)
(A), roasting temperature (350–600�C) (B) and
roasting time (10–35 min) (C), and the results are
shown in Table II.

Using the experimental data in Table II, the
multiple regression fitting of manganese leaching
efficiency was carried out by using Design Expert 12
software, and the model is shown in Eq. 2. Accord-
ing to the results of variance analysis, the regres-
sion equation is statistically significant (P value<

0.0001). The regression equation shows that pro-
portion of sawdust mass, roasting temperature, and
roasting time all have significant influence on
manganese leaching efficiency, and the descending
order of influence is proportion of sawdust mass,
roasting temperature, and roasting time. Response
surface analysis (RSM) is shown in Fig. 5.

Y ¼ 95:62 þ 5:80Aþ 5:65Bþ 3:23Cþ 0:1250AB

þ 0:6225ACþ 1:94BC� 4:82A2 � 3:87B2

� 3:67C2

ð2Þ

Effect of Mass Ratio of Sawdust to Pyrolusite

In order to further optimize the influencing
factors of manganese leaching efficiency, single
factor experiments were conducted to investigate
the effects of proportion of sawdust mass, roasting
temperature, and roasting time on manganese
leaching efficiency.

Under the conditions of roasting temperature of
500�C and roasting time of 30 min, the influence of
sawdust dosage on manganese leaching efficiency
was investigated. After roasting, the roasted prod-
ucts were leached with 1.5 mol/l sulfuric acid
solution at 80�C for 120 min. The leaching efficiency
of manganese was used to evaluate the influence of
sawdust dosage. The experimental results are
shown in Fig. 6.

From the experimental results in Fig. 6, it is
obvious that the dosage of sawdust has a great
influence on manganese leaching efficiency. With
the increase of sawdust dosage, the leaching
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Fig. 4. Relationships between DG-T for main reactions of pyrolusite
reduced by sawdust pyrolysis.

Ju, Feng, Li, and Zhong1982



efficiency of manganese increased continuously.
When the mass of sawdust was 6% of that of low-
grade pyrolusite, the leaching efficiency of man-
ganese was only 85.97%; when the dosage of
sawdust increased to 11% of pyrolusite mass, the
leaching efficiency of manganese increased by
12.45% to 98.42%. However, a phenomenon was
found that the leaching efficiency of manganese
remained basically unchanged when the sawdust
dosage was further increased after 11%. Therefore,
it was determined that the optimum dosage of
sawdust was 11% of the low-grade pyrolusite.

In order to explore the phase transformation of
low-grade pyrolusite with different sawdust
dosages, the roasting products generated under
different sawdust dosages were characterized by
XRD, and the results are shown in Fig. 7. By
comparing the XRD pattern of roasting product
obtained with a sawdust mass ratio of 6% with the
XRD pattern of low-grade pyrolusite (black line) in
Fig. 7, it can be clearly seen that when the mass of

Table II. Design and results of the orthogonal experiments

No. A (%) B (�C) C (min) Leaching efficiency of Mn (%)

1 6 350 22.5 75.32
2 13 350 22.5 86.37
3 6 600 22.5 87.03
4 13 600 22.5 98.58
5 6 475 10 77.08
6 13 475 10 87.73
7 6 475 35 85.09
8 13 475 35 98.23
9 9.5 350 10 82.87
10 9.5 600 10 89.65
11 9.5 350 35 82.64
12 9.5 600 35 97.17
13 9.5 475 22.5 95.65
14 9.5 475 22.5 95.48
15 9.5 475 22.5 95.77
16 9.5 475 22.5 95.59
17 9.5 475 22.5 95.62

Fig. 5. Response surface of the influence of various factors on the manganese leaching efficiency. A, proportion of sawdust mass; B, roasting
temperature; C, roasting time.
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Fig. 6. Effect of sawdust dosage on manganese leaching ratio.
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sawdust accounted for 6% of the mass of low-grade
pyrolusite, the MnO2 diffraction peak completely
disappeared, while obvious diffraction peaks of
Mn2O3 and Mn3O4, and a small amount of MnO
diffraction peak were observed, which indicates that
MnO2 in low-grade pyrolusite was mainly reduced
to Mn2O3 and Mn3O4 due to the lack of reducing
gas. When the proportion of sawdust to low-grade
pyrolusite was increased from 6% to 8%, the diffrac-
tion peaks of Mn2O3 and Mn3O4 in the roasting
product were obviously reduced, while the diffrac-
tion peaks of MnO were further increased. It is
precisely because of the increase of MnO phase in
the roasting product that the leaching ratio of
manganese was increased. Although the types of
diffraction peaks of XRD patterns of roasting prod-
ucts with sawdust mass accounting for 10% and
11% of low-grade pyrolusite mass, respectively,
were basically the same, when sawdust mass
accounts for 11% of low-grade pyrolusite mass, the
diffraction peaks of MnO were more obvious. The
leaching ratio of manganese reached 98.42% with a

sawdust dose of 11% of that of low-grade pyrolusite,
because the MnO2 in low-grade pyrolusite was
basically completely reduced to MnO, which was
effectively leached by dilute sulfuric acid.

Effect of Roasting Temperature

Based on the above results, the influence of
roasting temperature on manganese leaching effi-
ciency was studied under the conditions of sawdust
dosage accounting for 11% of low-grade pyrolusite
mass and roasting time of 30 min. After roasting,
the roasted products were leached with 1.5 mol/l
sulfuric acid solution at 80�C for 120 min. The
experimental results are shown in Fig. 8.

It can be seen from Fig. 8 that with the increase of
roasting temperature, the leaching efficiency of
manganese was continuously improved. The roast-
ing temperature was continuously raised from
350�C to 500�C, and the leaching efficiency of
manganese continuously increased from 84.14% to
98.39%. After 500�C, the leaching efficiency of
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manganese did not obviously increase with an
increase of roasting temperature. However, an
increase of temperature would increase the energy
consumption, so the final optimal roasting temper-
ature was chosen to be 500�C.

The XRD patterns of roasting products at differ-
ent roasting temperatures are shown in Fig. 9.
Comparing the XRD pattern of low-grade pyrolusite
with the XRD pattern of the product roasted at
350�C for 30 min with a sawdust dose of 11% of the
low-grade pyrolusite, the XRD pattern of the roast-
ing product obtained at 350�C showed mainly the
diffraction peaks of Mn2O3, Mn3O4, and SiO2, which
shows that the reducing substances produced by
sawdust pyrolysis at this temperature could reduce
MnO2 in low-grade pyrolusite to Mn2O3 and Mn3O4.
When the roasting temperature was raised to
400�C, the diffraction peak of Mn2O3 basically
disappeared, while a small amount of MnO diffrac-
tion peak was observed. According to the results of
thermogravimetric analysis of sawdust (Fig. 3), the
temperature range of rapid pyrolysis of sawdust is
between 350�C and 400�C, so more reducing sub-
stances are generated. At the same amount of
sawdust and roasting time, the number and inten-
sity of diffraction peaks of MnO in roasting product
increased when the roasting temperature was
raised to 450�C, compared with that when the
roasting temperature was 400�C. However, at this
roasting temperature, the diffraction peak of Mn3O4

can still be obviously observed. From the XRD
pattern of the roasting product at 500�C in Fig. 9, it
can be seen that only diffraction peaks of MnO and
SiO2 can be observed in the roasting product, which
shows that the process of simultaneous reduction of
low-grade pyrolusite by sawdust pyrolysis has been
basically completed. Although the diffraction peak
of MnO was more obvious at 550�C, the leaching
efficiency of manganese was basically the same as
that at 500�C.

Effect of Roasting Time

In order to study the best technological conditions
for simultaneous reduction of low-grade pyrolusite
by sawdust pyrolysis, the effects of roasting times of
10 min, 15 min, 20 min, 25 min, 30 min, and 35 min
on manganese leaching efficiency were investigated
under the conditions of sawdust dosage of 11% of
low-grade pyrolusite mass and roasting tempera-
ture of 500�C. The leaching conditions of roasted
products were sulfuric acid concentration of 1.5 mol/
l, leaching temperature of 80�C and leaching time of
120 min. The experimental results are shown in
Fig. 10.

It can be seen from Fig. 10 that the rate of
simultaneous reduction of low-grade pyrolusite by
sawdust pyrolysis was fast, and the leaching effi-
ciency of manganese was 87.68% when the roasting
time was only 10 min. With the prolongation of
roasting time, the leaching efficiency of manganese
increased rapidly. When the roasting time was
increased to 25 min, the leaching efficiency of
manganese reached 98.45%. However, if the roast-
ing time was further prolonged after 25 min, the
leaching efficiency of manganese remained rela-
tively stable, but the energy consumption was
increased. Therefore, according to the experimental
results, the final optimum roasting time of 25 min
was selected.

Based on the analysis of the above single-factor
experiments, the final reduction roasting conditions
were as follows: the sawdust dosage is 11% of the
mass of low-grade pyrolusite, the roasting temper-
ature is 500�C, and the roasting time is 25 min.
Under these conditions, the leaching efficiency of
manganese is kept above 98% with 1.5 mol/l sulfuric
acid solution as the leaching agent.

Analysis of Reaction Mechanism

Based on the analysis of the pyrolysis character-
istics of sawdust, the thermodynamic characteris-
tics of reduction roasting, the quality index, and the
phase change of roasted products, the mechanism
for recovering manganese from low-grade pyrolusite
by the sawdust pyrolysis reduction roasting-acid
leaching process was put forward. The mechanism
diagram is shown in Fig. 11.

Under medium and low temperature conditions,
sawdust is pyrolyzed into biomass carbon (C),
carbon dioxide (CO2), carbon monoxide (CO),
methane (CH4), hydrogen (H2), water vapor (H2O),
etc., among which biomass carbon (C), carbon
monoxide (CO), methane (CH4), and hydrogen (H2)
are used as reducing substances. The whole pyrol-
ysis process of sawdust can be regarded as the
linear superposition of the pyrolysis processes of
cellulose, hemicellulose, and lignin. The pyrolysis
products of cellulose and hemicellulose are mainly
volatile substances, and lignin is mainly decom-
posed into biomass carbon. As shown in Fig. 11, the
mechanism of synchronous reduction of low-grade
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pyrolusite by sawdust pyrolysis can be divided into
two components: biomass pyrolysis and low-grade
pyrolusite reduction; that is, biomass pyrolysis first
produces reducing components, and then the man-
ganese dioxide (MnO2) in low-grade pyrolusite
reacts with reducing components, which mainly
include fixed carbon (C), carbon monoxide (CO),
methane (CH4), and hydrogen (H2). The reduction
process of manganese dioxide (MnO2) in low-grade
pyrolusite is divided into three steps. First, the
reducing substance generated by the pyrolysis of
sawdust reduces MnO2 to Mn2O3, then Mn2O3 is
gradually reduced to Mn3O4, and finally the reduc-
ing substance reduces Mn3O4 to MnO. When MnO2

in low-grade pyrolusite is completely reduced to
MnO, manganese can be extracted by sulfuric acid
leaching. Compared with traditional anthracite
reduction, biomass reduction has the characteristics
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of fast reduction rate, low reduction temperature,
and low energy consumption, which is conducive to
improving energy efficiency and working conditions.

CONCLUSION

In this work, a method for extraction of man-
ganese from low-grade pyrolusite by a sawdust
pyrolysis reduction roasting-acid leaching process
was explored. Compared with traditional coal as the
reducing agent, the biomass reduction process has
lower energy consumption and higher efficiency.
The reduction process of low-grade pyrolusite by
sawdust can not only maximize the utilization of
biomass energy and save the consumption of tradi-
tional coal resources, but also achieve efficient
extraction of manganese. Sawdust is rapidly pyr-
olyzed at 250–450�C to generate a large amount of
reducing gases such as carbon monoxide (CO),
methane (CH4), hydrogen (H2) and biochar (C),
and these reducing substances gradually reduce
manganese dioxide (MnO2) in low-grade pyrolusite
to manganous oxide (MnO). The reduction process
of MnO2 is identified as MnO2 fi Mn2O3 fi
Mn3O4 fi MnO. Under the conditions that the

sawdust dosage was 11% of the mass of low-grade

pyrolusite, the roasting temperature was 500�C,
and the roasting time was 25 min, the leaching
efficiency of manganese reached 98.45% with 1.5
mol/l sulfuric acid solution as the leaching agent.
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