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Research on the novel technology of fluidized roasting reduction of samples of
low-grade pyrolusite using biogas residual as reductant has been conducted.
According to the response surface design and the analysis of results, orthog-
onal experiments have been conducted on the major factors, and the effects on
the manganese reduction efficiency have been studied. The maximum man-
ganese reduction efficiency could be optimized to nearly 100%, when the mass
ratio of biogas residual to pyrolusite was 0.16:1, the dosage of sulfuric acid was
1.6 times that of the stoichiometric amount, the roasting temperature was
680�C, and the roasting time was 70 min. The results in terms of manganese
reduction efficiency of the actual experiments were close to those anticipated
by modeling the experiments, indicating that the optimum conditions had a
high reliability. Other low-grade pyrolusites such as Guangxi pyrolusite
(China), Hunan pyrolusite (China), and Guizhou pyrolusite (China) were
tested and all these materials responded well, giving nearly 100% manganese
reduction efficiency.

INTRODUCTION

Manganese is a key strategic resource that plays
important roles in many fields, such as ferrous
metallurgy, nonferrous metal production, battery
production, and fine chemicals.1,2 With the ever-
increasing demand for manganese material and the
shortage of high-grade ores, exploitation and utili-
zation of low-grade manganese ores become impor-
tant.3 Manganese is found in the form of MnO2 in
pyrolusite. As manganese dioxide ores are stable in
acidic or alkali oxidizing conditions, the extraction
for manganese from pyrolusite must be carried out
under reducting conditions to obtain acid-soluble
manganese oxide.4 There are two kinds of reducting
technologies for pyrolusite at present: high-tem-
perature reduction and hydrometallurgical reduc-
tion. Roasting reduction can be carried out in a
reverberatory furnace, a rotary kiln, or a fixed bed
using CO5 or H2

6,7 gas as the reducting medium or
organic materials as the reductants such as coal,8

cornstalk,9 or sawdust10 at high temperature.
The approach has a number of disadvantages: high
energy consumption, long roasting time, poor or

insufficient heat and mass transfer, and easy sin-
tering. The hydrometallurgical reduction proceeds
mainly with the following reductants: reductive
minerals, including pyrite,11 sphalerite,12 and
galena13; organic reductive materials, including
molasses,2,14 methyl alcohol,15,16 sawdust,17 corn-
stalk,18 and oxalic acid4; and inorganic reductants,
including sodium sulfite,19 iron powder,20 ferrous
sulfate,21 hydrogen peroxide,22–24 and sulfur diox-
ide.25–27

Biogas residual is one of the main wastes of the
anaerobic digestion in a biogas production project,
which consists of some undecomposed raw materials
and new microorganisms. It could be divided into
three parts28,29: organic material and humic acid,30

playing important roles in soil improvement; ele-
ments such as nitrogen, phosphorus, and potas-
sium, meeting the growth demand of crops; and not
thoroughly decomposed raw materials, fertilizers
for farmland use to proceed with fermentation.
Currently, biogas residual is mainly used in agri-
culture29 such as fertilization,31,32 nutrition soil and
culture medium preparation, and in chemical engi-
neering such as the adsorbent of Cr6+,33 Pb2+,34 and
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direct red 12B35 coloring agent in wastewater. As
straw is one of the leading woody types of fiber
biomass resource, application research on its
anaerobic digestion is continuing to develop. Previ-
ous studies29 showed that anaerobic digestion had
no effect on lignin in woody fiber composition, but it
made the relative content of hemicellulose reduce
and the relative content of cellulose increase. It is
noted that cellulose can be hydrolyzed into the
reductive glucose under the acidic condition, which
has a positive significance for the resource utiliza-
tion of biogas residual.

In this study, a novel technology based on fluid-
ized roasting reduction of low-grade pyrolusite
using biogas residual as reductant, was examined.
This eco-friendly technology not only can solve the
above noted environmental issues resulting from
biogas residual30 but also can realize the sustain-
able development of ecological environment in the
most effective way and expand its scope to achieve
high value-added utilization.

MATERIALS AND METHODS

Materials

The sample of low-grade pyrolusite was obtained
from Yunnan, China. The ore sample was crushed
and ground into powder with particle sizes of less
than 0.147 mm. The chemical multielemental anal-
ysis (as listed in Table I) showed that the pyrolusite
used contained 21.43% Mn, 36.36% SiO2, and 8.11%
Fe2O3. Powder x-ray diffraction (XRD) (Fig. 1)
showed that manganese was mainly in the form of
manganese dioxide in pyrolusite, and the main gan-
gue minerals included quartz and feldspar.

Biogas residual is the waste of the anaerobic
digestion of woody fiber biomass, such as straw. It
was prepared to the required particle size of less
than 0.1 mm by pulverizing, ceramic milling, and
screening. The main composition is shown in
Table II, containing fiber for immediate use, crude
fiber, mineral substance, and ash. The fiber com-
position is about 55.12%, which is considered rela-
tively high.

Experimental Equipment

Figure 2 illustrates the experimental arrange-
ment used for the tests. It consisted of the fluidized
bed reactor, resistance furnace, and a flow rotame-
ter. All the chemicals were of analytical grade and
used without further purification.

Experimental Procedure

For each test, 10 g of pyrolusite and the required
amount of biogas residual was mixed thoroughly
according to the mass ratio of biogas residual to
pyrolusite. The required amount of sulfuric acid with
a concentration of 40 wt.% was then added. The
mixture was blended uniformly and made into pellets
with a diameter less than 0.147 mm. After the pellets
were added into the quartz fluidized bed reactor, the
roasting reduction was started at a required temper-
ature for a given period of time. After this time, the
process was stopped and then the roasted product was
transferred into a small leaching tank containing
200 mL of water. The solution was stirred continu-
ously until all the manganese sulfate was leached
from the roasted product. After the sample was fil-
trated and dried, the manganese in the filtrate was
analyzed to calculate the manganese leaching effi-
ciency. It is noted that this corresponds to the man-
ganese reduction efficiency since manganese dioxide
is not dissolved by sulfuric acid. The manganese
reduction efficiency can be calculated as follows:

g ¼ Vb
ma
� 100%

where g is the manganese reduction efficiency
(wt.%), V is the volume of the filtrate (mL), b is the
manganese content in filtrate (g/mL), m is the mass
of raw pyrolusite (g), and a is the manganese con-
tent in raw pyrolusite (wt.%).

The reduction of manganese dioxide in pyrolusite
using biogas residual as reductant is mainly
achieved by the reductive glucose into which the

Fig. 1. XRD image of low-grade pyrolusite.

Table I. Chemical Multielemental Analysis of Low-Grade Pyrolusite (wt.%)

Mn SiO2 Fe2O3 Al2O3 CaO Na2O MgO S P

21.43 36.36 8.11 7.79 5.31 2.79 1.93 0.2 0.02
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cellulose of biogas residual is hydrolyzed under
acidic condition. The main related chemical reac-
tions are shown as follows:

n C6H10O5ð Þ þ nH2SO4 ! n C6H11O5ð ÞHSO4

n C6H11O5ð ÞHSO4 þ nH2O! n C6H12O6ð Þ þ nH2SO4

MnO2þn C6H12O6ð ÞþH2SO4!MnSO4þCO2þH2O

RESULTS AND DISCUSSION

Single-Variable Experiments

Effect of Mass Ratio of Biogas Residual to Pyrolusite
on Manganese Reduction Efficiency

In order to evaluate the effect of the mass ratio of
biogas residual to pyrolusite, a series of experiments
was carried out by varying the mass ratio from
0.05:1 to 0.4:1, while fixing the dosage of sulfuric
acid at 1.5 times that of the stoichiometric amount,
the roasting temperature at 600�C, and the roasting
time at 80 min. From Fig. 3, it can be seen that the
manganese reduction efficiency increased with the
increase of the mass ratio when the mass ratio was
below 0.2:1. The reason for this is probably due to
the fact that the concentration of reductive glucose
increases with the increase of the mass ratio, con-
tributing to the increase of the manganese reduc-
tion efficiency. When the mass ratio was 0.2:1, the
manganese reduction efficiency reached a maxi-
mum value of about 97.31%. Further increase in the
mass ratio resulted in sharp decrease in the man-
ganese reduction efficiency. Therefore, the optimum

mass ratio of biogas residual to pyrolusite was con-
sidered as 0.2:1.

Effect of Dosage of Sulfuric Acid on Manganese
Reduction Efficiency

The effect of the sulfuric acid dosage (a factor
times that of the stoichiometric amount) on the
manganese reduction efficiency from 0.5 to 2.5 is
presented in Fig. 4, while fixing the mass ratio of
biogas residual to pyrolusite at 0.2:1, the roasting
temperature at 600�C, and the roasting time at
80 min. From Fig. 4, it is seen that the manganese
reduction efficiency increased with the increase of

1 air pump  2 air inlet  3 rotameter  4 resistance furnace  5 fluidized bed reactor 

6 gas outlet  7 electronic thermo-controllers for transformers  8 gas collector 

Fig. 2. Schematic diagram of fluidized bed roasting reactor.

Fig. 3. Effect of mass ratio of biogas residual to pyrolusite on
manganese reduction efficiency.

Table II. Composition of Biogas Residual (wt.%)

Fiber for Immediate Use Crude Fiber Mineral Substance Ash

21.63 33.49 1.57 43.31

Fig. 4. Effect of dosage of sulfuric acid on manganese reduction
efficiency.
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the dosage of sulfuric acid. This is mainly because
the increase in the dosage of sulfuric acid con-
tributes to intensifying and catalyzing the hydro-
lysis of cellulose in biogas residual into reductive
glucose, improving the reductive capacity of the
reaction system. When the dosage of sulfuric acid
was above 1.5, no improvement of the manganese
reduction efficiency could be observed. Therefore,
the optimum dosage of sulfuric acid was consid-
ered as 1.5 times that of the stoichiometric
amount.

Effect of Roasting Temperature on Manganese
Reduction Efficiency

The fluidized roasting reduction experiments at
different roasting temperature from 400�C to 800�C
were carried out while fixing the mass ratio of bio-
gas residual to pyrolusite at 0.2:1, the dosage of
sulfuric acid at 1.5 times that of the stoichiometric
amount, and the roasting time at 80 min (Fig. 5).
The results indicated that the manganese reduction
efficiency increased as the roasting temperature
was initially increased. When the roasting temper-
ature was 600�C, the manganese reduction effi-
ciency increased only slightly with further increase

of the roasting temperature. Hence, the optimum
roasting temperature was considered as 600�C.

Effect of Roasting Time on Manganese
Reduction Efficiency

The manganese reduction efficiency also depended
on the roasting time (Fig. 6). The experiment was
carried out with fixing the mass ratio of biogas
residual to pyrolusite at 0.2:1, the dosage of sulfuric
acid at 1.5 times that of the stoichiometric amount,
and the roasting temperature at 600�C. When the
roasting time ranged from 20 min to 80 min, longer
roasting times benefited manganese reduction effi-
ciency. When the roasting time was 80 min, further
increase in the roasting time improved the manga-
nese reduction efficiency only marginally. Consid-
ering the equipment and the roasting cost, the
optimum roasting time was considered to be 80 min.

Response Surface Analysis and Experimental
Optimization

Variables and Levels Selection

As noted above, the primary variables for man-
ganese reduction efficiency included the mass ratio
of biogas residual to pyrolusite, the dosage of sul-
furic acid, roasting temperature, and roasting time.
In order to obtain a relatively high manganese

Fig. 5. Effect of roasting temperature on manganese reduction effi-
ciency. Fig. 6. Effect of roasting time on manganese reduction efficiency.

Table III. The Factors and Levels of Orthogonal Experiments

Factor Name Units

Coded Level Values

21 0 1

A Mass ratio of biogas residual to pyrolusite – 0.1 0.2 0.3
B Dosage of sulfuric acid – 1 1.5 2
C Roasting temperature �C 500 600 700
D Roasting time min 60 80 100
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reduction efficiency, the conditions of the single
factors should be: the mass ratio of biogas residual
to pyrolusite, 0.2:1; the dosage of sulfuric acid, 1.5
times that of the stoichiometric amount; the

roasting temperature, 600�C; and the roasting time,
80 min; respectively, according to the single-factor
experiments. Based on the results above, it was
considered sufficient to proceed to the Box-Behnken

Table IV. The Results of Orthogonal Experiments for Box-Behnken Design

No.

A
Mass Ratio of Biogas
Residual to Pyrolusite

B
Dosage of

Sulfuric Acid

C
Roasting

Temperature (�C)

D
Roasting

Time (min)
Manganese Reduction

Efficiency (%)

1 1 1 0 0 74.32
2 �1 1 0 0 91.24
3 �1 0 0 1 90.17
4 0 0 1 �1 96.93
5 1 0 0 �1 66.45
6 0 0 0 0 97.58
7 �1 0 1 0 89.62
8 1 0 �1 0 62.09
9 0 0 0 0 97.46
10 0 �1 0 �1 74.71
11 0 0 �1 �1 83.49
12 0 1 1 0 97.35
13 0 0 1 1 97.87
14 0 �1 �1 0 68.43
15 �1 �1 0 0 69.54
16 �1 0 0 �1 84.18
17 0 1 �1 0 89.76
18 1 0 1 0 72.12
19 0 �1 1 0 80.65
20 1 0 0 1 72.31
21 �1 0 �1 0 77.84
22 1 �1 0 0 54.43
23 0 0 �1 1 90.16
24 0 0 0 0 97.49
25 0 0 0 0 97.55
26 0 �1 0 1 80.72
27 0 0 0 0 97.50
28 0 1 0 1 97.68
29 0 1 0 �1 96.89

Table V. Sequential Model Sum of Squares for Box-Behnken Design

Source Sum of Squares df Mean Square F Value
p Value
Prob > F

Mean versus total 2.064E+005 1 2.064E+005
Linear versus mean 2409.03 4 602.26 6.52 0.0011
2FI versus linear 21.97 6 3.66 0.030 0.9998
Quadratic versus 2FI 2182.31 4 545.58 609.37 <0.0001 Suggested
Cubic versus quadratic 7.49 8 0.94 1.11 0.4603 Aliased
Residual 5.04 6 0.84
Total 2.110E+005 29 7276.64

Table VI. Model Summary Statistics for Box-Behnken Design

Source Standard Deviation R2 Adjusted R2 Predicted R2 PRESS

Linear 9.61 0.5208 0.4409 0.3415 3046.17
2FI 11.04 0.5255 0.2619 �0.1549 5342.48
Quadratic 0.95 0.9973 0.9946 0.9844 72.16 Suggested
Cubic 0.92 0.9989 0.9949 0.8433 724.67 Aliased
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design of experiments considering four factors or
variables and three levels (Table III).

Experimental Results and Analysis

The results of orthogonal or ‘‘unbiased’’ experi-
ments are shown in Table IV. The sum of squares
and summary statistics of various fitting models
between the manganese reduction efficiency and
every factor are listed in Tables V and VI, respec-
tively.

The results indicated that the fitting model of
quadratic terms was relatively great and suggested.
The F value of the quadratic fitting model was
609.37, and the p value was smaller than 0.0001,
indicating that this model had statistical signifi-
cance. The related coefficient value of R2 was
0.9973, indicating that this model fit well with the
experimental results and using this model for fitting
actual experiments was feasible.

The confidence degree analysis of the quadratic
model is shown in Table VII. The results indicated
that the fitting results of quadratic model were sig-
nificant. The impact sequence of single factors to the
manganese reduction efficiency is shown as follows:
the dosage of sulfuric acid > the mass ratio of biogas
residual to pyrolusite > roasting temperature >
roasting time. The impact sequence of interaction
factors to the manganese reduction efficiency is pre-
sented as follows: (roasting temperature 9 roasting
time) > (the dosage of sulfuric acid 9 roasting
time) > (the dosage of sulfuric acid 9 roasting tem-
perature) > (the mass ratio of biogas residual to
pyrolusite 9 the dosage of sulfuric acid) > (the mass
ratio of biogas residual to pyrolusite 9 roasting
temperature) > (the mass ratio of biogas residual to
pyrolusite 9 roasting time).

The quadratic model between the manganese
reduction efficiency and every factor could be ex-
pressed as follows:

g¼97:52�8:41Aþ9:90Bþ5:23Cþ2:19D�0:45AB

�0:44AC�0:032AD�1:16BC�1:30BD�1:43CD

�17:34A2�8:42B2�4:59C2�1:44D2

Normal plot of residuals is shown in Fig. 7. The
points were almost distributed in a line, indicating
that the model fit relatively well.

Contours between the mass ratio of biogas resid-
ual to pyrolusite and the dosage of sulfuric acid for
the manganese reduction efficiency are shown in
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Fig. 7. Normal plot of residuals.

Table VII. The Confidence Degree Analysis of Quadratic Model

Factor
Coefficient
Estimate df

Standard
Error

95% CI*
Low

95% CI*
High VIF

Intercept 97.52 1 0.42 96.61 98.42
A, Mass ratio of biogas residual to pyrolusite �8.41 1 0.27 �8.99 �7.82 1.00
B, Dosage of sulfuric acid 9.90 1 0.27 9.31 10.48 1.00
C, Roasting temperature 5.23 1 0.27 4.64 5.82 1.00
D, Roasting time 2.19 1 0.27 1.60 2.77 1.00
AB �0.45 1 0.47 �1.47 0.56 1.00
AC �0.44 1 0.47 �1.45 0.58 1.00
AD �0.032 1 0.47 �1.05 0.98 1.00
BC �1.16 1 0.47 �2.17 �0.14 1.00
BD �1.30 1 0.47 �2.32 �0.29 1.00
CD �1.43 1 0.47 �2.45 �0.42 1.00
A2 �17.34 1 0.37 �18.14 �16.55 1.08
B2 �8.42 1 0.37 �9.21 �7.62 1.08
C2 �4.59 1 0.37 �5.39 �3.80 1.08
D2 �1.44 1 0.37 �2.23 �0.64 1.08

* CI confidence interval
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Fig. 8, under conditions of a roasting temperature
at 600�C and the roasting time at 80 min. The re-
sults indicated that the dosage of sulfuric acid
should be gradually reduced with the increase of the
mass ratio when the manganese reduction efficiency
was 86.5483% and the conditions of the roasting
temperature and the roasting time were at an
intermediate level.

The response surface between the roasting tem-
perature and the roasting time for the manganese
reduction efficiency is shown in Fig. 9, while fixing
the mass ratio of biogas residual to pyrolusite at
0.2:1 and the dosage of sulfuric acid at 1.5 times
that of the stoichiometric amount. The manganese
reduction efficiency increased with the extension of
the roasting time when the conditions of the mass
ratio and the dosage of sulfuric acid were interme-
diate level. The manganese reduction efficiency
increased with the increase of the roasting temper-
ature. When the roasting temperature was 600�C,
the manganese reduction efficiency was maximized,
which agreed with the results of the single-factor
experiments.

Experimental Optimization

Based on the experimental results and the fitting
model analysis, the optimization for the level of each
variable or factor could be conducted on the basis of
the maximum manganese reduction efficiency
(Table VIII). When the mass ratio of biogas residual
to pyrolusite was 0.16:1, the dosage of sulfuric acid
was 1.6 times that of the stoichiometric amount, the
roasting temperature was 680�C, and the roasting
time was 70 min, the maximum manganese reduc-
tion efficiency, at nearly 100%, could be obtained.
The optimized contours and response surface be-
tween the roasting temperature and the roasting
time for the manganese reduction efficiency of the
No. 1 optimization scheme are shown in Figs. 10
and 11, respectively, under the conditions that the
mass ratio of biogas residual to pyrolusite was
0.16:1, and the dosage of sulfuric acid was 1.6 times
that of the stoichiometric amount. Three verifica-
tion experiments were conducted according to the
No. 1 optimization scheme and the results of the
manganese reduction efficiency were 99.94%,
99.98%, and 100%, respectively, which were close to
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Fig. 8. Contours between mass ratio of biogas residual to pyrolusite
and dosage of sulfuric acid for manganese reduction efficiency.

Table VIII. Optimization Scheme of Experiments

No.
Mass Ratio of Biogas

Residual to Pyrolusite
Dosage of

Sulfuric Acid
Roasting

Temperature (�C)
Roasting

Time (min)
Manganese Reduction

Efficiency (%) Desirability

1 0.16 1.6 680 70 100.264 1.000
2 0.14 1.7 620 85 100.553 1.000
3 0.17 1.85 600 70 100.235 1.000
4 0.15 1.8 625 70 100.795 1.000
5 0.18 1.6 680 95 100.758 1.000
6 0.19 1.8 580 90 100.68 1.000
7 0.17 1.85 625 65 100.75 1.000
8 0.15 1.8 620 65 100.045 1.000
9 0.19 1.6 615 85 100.382 1.000
10 0.19 1.7 630 85 102.194 1.000
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the results of the fitting model, indicating that
the optimum solution had a relatively high
reliability.

The XRD image of the fluidized roasting reductive
leaching residual of pyrolusite under the No. 1
optimization scheme is shown in Fig. 12. The main
minerals included quartz and a small amount of
hematite. The diffraction peak of manganese diox-
ide has virtually disappeared. The fact that the
maximum manganese reduction efficiency of pyro-
lusite under this condition could be obtained has
been further confirmed.

Reduction Behavior of Other Low-Grade
Pyrolusite

Other low-grade pyrolusite such as Guangxi
pyrolusite (China), Hunan pyrolusite (China), and
Guizhou pyrolusite (China) were also tested. For
these tests, a 10-g ore sample was used, the dosage
of sulfuric acid 1.6 times that of stoichiometric
amount, the roasting temperature 680�C, and the
results are shown in Table IX. The amount of biogas
residual for these materials was varied to optimize
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Fig. 10. Optimized contours between roasting temperature and
roasting time for manganese reduction efficiency.
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Fig. 11. Optimized response surface between roasting temperature
and roasting time for manganese reduction efficiency.

Fig. 12. XRD image of fluidized roasting reductive leaching residual
of pyrolusite under No. 1 optimization scheme.

Table IX. Reduction Behavior of other Low-Grade Pyrolusite

Other Low-Grade
Pyrolusite

Mass of Biogas
Residual (g)

Roasting
Time (h)

Manganese Reduction
Efficiency (wt.%)

Guangxi (Mn 24.15 wt.%) 1.7 20 69.08
40 88.67
60 99.10
80 99.87

100 99.94
Hunan (Mn 17.78 wt.%) 1.5 20 64.07

40 83.36
60 97.54
80 99.76

100 99.83
Guizhou (Mn 21.36 wt.%) 1.6 20 67.12

40 86.86
60 98.92
80 99.85

100 99.89
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the manganese reduction efficiency. The amounts
corresponding to maximum reduction efficiency
showed that the amount of the required biogas
residual was dependent on the manganese content
of pyrolusite and the requirement decreased with
the decrease in Mn content. The current study
established the suitability of biogas residual as
reductant for various low-grade pyrolusite.

CONCLUSIONS

1. The novel technology of fluidized roasting reduc-
tion of low-grade pyrolusite using biogas residual
as reductant for the manganese exploitation and
utilization is considered ‘‘green’’ and eco-friendly;
it handles a biogas residual material and pro-
duces a value added product in a sustainable
development fashion.

2. A number of variables was examined. The results
indicated that the most effective single variable
or factor for the manganese reduction efficiency
was the dosage of sulfuric acid, and the most
effective interaction factor for the manganese
reduction efficiency was (roasting tempera-
ture 9 roasting time). The quadratic model be-
tween the manganese reduction efficiency and
each variable could be expressed as follows
(where the terms A to D are given in the article):

g ¼ 97:52� 8:41Aþ 9:90Bþ 5:23Cþ 2:19D

� 0:45AB� 0:44AC� 0:032AD� 1:16BC

� 1:30BD� 1:43CD� 17:34A2 � 8:42B2

� 4:59C2 � 1:44D2

3. According to the optimization scheme of the
experiments, when the mass ratio of biogas
residual to pyrolusite was 0.16:1, the dosage of
sulfuric acid was 1.6 times that of the stoichiom-
etric amount, the roasting temperature was
680�C, and the roasting time was 70 min, a
maximum manganese reduction efficiency of close
to 100% was obtained. The results of the manga-
nese reduction efficiency of the actual experi-
ments were close to those of the fitting model by
the verification experiments, indicating that the
optimum solution had a relatively high reliability.

4. This technology is generally applicable to the
extraction of various low-grade pyrolusite, and it
is promising to be utilized widely in manganese
industry due to its high efficiency, good avail-
ability, and low cost.
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