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Abstract: Based on the fluidized roasting reduction technology of low-grade pyrolusite coupling with pretreatment of
stone coal, the manganese reduction efficiency was investigated and technical conditions were optimized. It is found that
the optimum manganese reduction efficiency can be up to 98.97% under the conditions that the mass ratio of stone coal
to pyrolusite is 3:1, the roasting temperature of stone coal is 1000°C, the roasting temperature of pyrolusite is 800°C,
and the roasting time is 2 h. Other low-grade pyrolusite ores in China from Guangxi, Hunan, and Guizhou Provinces
were tested and all these minerals responded well, giving ~99% manganese reduction efficiency. Meanwhile, the reduction
kinetic model has been established. It is confirmed that the reduction process is controlled by the interface chemical
reaction. The apparent activation energy is 36.397 kJ/mol.
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1. Introduction

Manganese plays an important role in many fields,
such as steel production, preparation of dietary additives,
fertilizers, cells, and fine chemicals [1-2]. More than 90%
of manganese ores are used in the iron and steel industry,
of which manganese dioxide ores almost account for 60%
[3]. Due to the ever-increasing demand of manganese re-
sources and the exhaustion of high-grade manganese ores,
utilizing and exploiting low-grade manganese ores become
increasingly important.

It is well-known that manganese extraction from man-
ganese dioxide ores should be conducted under the reduc-
tion conditions [4]. Two main alternatives have been pro-
posed to recover manganese from pyrolusite: roasting re-
duction and hydrometallurgical reduction. Compared with
the hydrometallurgical reduction process, which proceeds
mainly with reductants such as sodium sulfite [5], iron pow-
der [6], ferrous sulfate [7], hydrogen peroxide [8], sulfur
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dioxide [9], molasses [10], methyl alcohol [11], sawdust [12],
cornstalk [13], oxalic acid [4], pyrite [14], sphalerite [15],
and galena [16], the roasting reduction process was widely
employed due to its easily controlled conditions and good
applicability.

Paixdo et al.[17] studied the effect of CO-H; gas mix-
tures on the manganese reduction efficiency and the re-
sults indicated that almost all manganese dioxide in the ore
could be reduced in the temperature range of 700-800°C
for 2 h. De Bruijn et al. [18] and Jerez et al. [19] studied the
reduction of pyrolusite in hydrogen atmosphere in the tem-
perature range of 275-400°C and the experimental results
revealed that the reduction product was MnzO4. Chen et
al. [20] found out that the microstructure of solid phase
reduction on manganese oxide ore fines containing coal is
one of the important conditions of influencing microwave
heating and MnO» phase was entirely changed into MnO.
Biomass roasting reduction of low-grade manganese diox-
ide ores is popular in recent years [1, 3]. Biomass straw
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was investigated as a reductant and fuel for reducing man-
ganese oxide ores at low temperatures of up to 600°C and
the activation energy could be calculated at different tem-
perature ranges [21]. Cai et al.[22] achieved the results
that the maximum manganese reduction efficiency could
be optimized to nearly 100% using biogas residual as a re-
ductant. The results of the above research are convincing
but the reduction roasting kinetics of low-grade pyrolusite
remains to be investigated and studied.

The total reserve of vanadium in stone coal is
1.18%x10® t in terms of V2Os in China, which accounts for
>87% of the total reserve of vanadium nationwide [23].
Therefore stone coal is the main vanadium resource in
China. But utilizing the carbon components in stone coal
has been rarely reported. The pretreatment of stone coal,
which is to oxidizing roast the carbon components, usually
generates a lot of harmful gases such as CO and SOz and
the efficient exploitation of carbon components in stone
coal becomes one of the most important parts in cleaner
production for vanadium extraction.

In this paper, a novel fluidized roasting coupling tech-
nology, which is to couple the pretreatment of stone coal
with the reduction roasting process of low-grade pyrolusite,
was presented. The main purpose was to investigate the
effects of different variables such as the mass ratio of stone
coal to pyrolusite, the roasting temperature of stone coal,
the roasting temperature of pyrolusite, and the roasting
time on the manganese reduction efficiency of low-grade
pyrolusite to determine the rate-controlling step of the re-
duction roasting process. Meanwhile, the reduction kinetic
model was established to strengthen the reduction roast-
ing effect and improve the economic applicability of this
technology.

2. Experimental
2.1. Materials

The sample of stone coal was obtained from Guangxi
Province, China. The ore sample was crushed and ground
into powder with a particle size smaller than 0.074
mm. Chemical multi-elemental analysis showed that the
stone coal used contained 6.72wt% Al, 23.88wt% Si, and
17.75wt% C, as listed in Table 1. The mineralogical com-
position of the ore sample was defined by powder X-ray
diffraction (XRD). The XRD pattern (Fig. 1) showed that
the main minerals included quartz, muscovite, and phlo-
gopite.

The sample of low-grade pyrolusite was obtained from

Table 1. Chemical multi-elemental analysis results of
stone coal wt%
A% Al Si C S Ca Mg Fe

0.62 6.72 2388 17.75 225 344 558 0.11
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Fig. 1. XRD pattern of stone coal.

Yunnan Province, China. The ore sample was crushed and
ground into powder with a particle size smaller than 0.147
mm. Chemical multi-elemental analysis showed that the
pyrolusite used contained 21.43wt% Mn, 36.36wt% SiOa,
and 8.11wt% Fe2Os, as listed in Table 2. XRD analysis
showed that manganese was mainly in the form of man-
ganese dioxide in the pyrolusite, and the main gangue min-
erals included quartz and feldspar, as shown in Fig. 2.

Table 2.
low-grade pyrolusite wt%

Mn SiOz FexO3 AlpO3 CaO NaxO 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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Fig. 2. XRD pattern of low-grade pyrolusite.

2.2. Experimental equipment

Fig. 3 shows the experimental equipment designed by
ourselves. It consisted of two quartz fluidized bed reac-
tors, a nitrogen cylinder, a rotameter, a steam generator,
a crucible resistance furnace, and an acidometer. Nitro-
gen used in the experiment was of industrial grade. All
other chemicals were of analytical grade and used without
further purification.
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1—mnitrogen cylinder; 2—dryer; 3—rotameter; 4—three-way
valve; 5—steam generator; 6—crucible resistance furnace; 7—
quartz fluidized bed reactor I (stone coal); 8—electronic thermo-
controllers; 9—absorber; 10—quartz fluidized bed reactor II
(low-grade pyrolusite); 11—acidometer; 12—alkali liquor bot-
tle

Fig. 3.

coupling reactor.

Schematic diagram of the fluidized roasting

2.3. Experimental procedure

After crushing, rod milling, screening, and drying, 10 g
of stone coal and a certain amount of pyrolusite were added
into the quartz fluidized bed reactor I and II, respectively,
according to the mass ratio of stone coal to pyrolusite.
Before the roasting experiment started, the oxidizing at-
mosphere of the system was removed by inert gas. When
both the stone coal and pyrolusite were roasted at the des-
ignated temperature, N2 was fed into the steam generator
at 80°C by switching the three-way valve and it loaded
steam into the fluidized bed reactor I to react with the car-
bon components in stone coal to produce CO and Hz. The
reductive gas mixture was then fed into the fluidized bed
reactor II to reduce manganese dioxide in the low-grade
pyrolusite. After the roasting reduction was completed,
the roasted product was put into a leaching pod contain-
ing enough quantities of sulfuric acid immediately lest the
reduced ore was reoxidized by oxygen in air. The solution
was stirred continuously until all the manganese oxide was
leached from the roasting product. After the sample was
filtrated and dried, manganese in the filtrate was analyzed
to calculate the manganese leaching efficiency, and it can
be indicated by the manganese reduction efficiency, due to
the fact that manganese dioxide cannot be dissolved by
sulfuric acid. The manganese reduction efficiency can be
calculated as follows:

_YVB

mo

n x 100% (1)

where 7 is the manganese reduction efficiency, wt%; V is
the volume of the filtrate, mL; § is the manganese content
in the filtrate, g/mL; m is the mass of raw pyrolusite, g;
and « is the manganese content in raw pyrolusite, wt%.

The main chemical reactions related during the exper-
iment are shown as follows.

C+ H>0 — CO+Ha (2)

MnOsz + CO — MnO + COg (3)
MnOs + Hs — MnO + H2O (4)

3. Results and discussion

3.1. Effect of the mass ratio of stone coal to
pyrolusite on the manganese reduction effi-
ciency

To evaluate the effect of the mass ratio of stone coal
to pyrolusite, a series of experiments was carried out by
varying the mass ratio from 0.5:1 to 4:1 while fixing the
roasting temperature of stone coal at 1000°C, the roast-
ing temperature of pyrolusite at 800°C, and the roasting
time at 2 h. From Fig.4, it can be seen that the man-
ganese reduction efficiency increased with the increase of
the mass ratio. The reason was probably that the concen-
tration of the reductive gases (CO and Hs) increased with
the increase of the mass ratio, thus enhancing the reductive
atmosphere and improving the manganese reduction effi-
ciency. When the mass ratio of stone coal to pyrolusite was
3:1, the manganese reduction efficiency could be up to the
maximum value of ~98.94%. Further increasing the mass
ratio only resulted in a slight increase in the manganese
reduction efficiency. Therefore, the following experiments
took 3:1 as the preferable mass ratio.
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Fig. 4. Effect of the mass ratio of stone coal to pyro-

lusite on the manganese reduction efficiency.

3.2. Effect of the roasting temperature of
stone coal on the manganese reduction effi-
ciency

The fluidized roasting coupling experiments at roast-
ing temperatures of stone coal from 700 to 1100°C were
carried out while fixing the mass ratio of stone coal to py-
rolusite at 3:1, the roasting temperature of pyrolusite at
800°C, and the roasting time at 2 h (Fig.5). The results
demonstrated that the manganese reduction efficiency in-
creased as the roasting temperature of stone coal increased.
After the roasting temperature was up to 1000° C, the man-
ganese reduction efficiency increased slowly with the roast-
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ing temperature increasing. This was mainly because the
carbon components in stone coal reacted with steam ade-
quately at 1000°C, and the concentration of the reductive
gases (CO and Hz) at this temperature was higher than
that at low temperature. Hence, the optimum roasting
temperature of stone coal should be 1000°C.
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Fig. 5.

coal on the manganese reduction efficiency.

Effect of the roasting temperature of stone

3.3. Effect of the roasting temperature of
pyrolusite on the manganese reduction effi-
ciency

The effect of the roasting temperature of pyrolusite
on the manganese reduction efficiency is presented in Fig. 6
while fixing the mass ratio of stone coal to pyrolusite at 3:1,
the roasting temperature of stone coal at 1000°C, and the
roasting time at 2 h. The manganese reduction efficiency
increased with the roasting temperature of pyrolusite ris-
ing. When the roasting temperature was up to 800°C,
no improvement could be observed with the increase in
roasting temperature; besides, a small amount of sintering
turned up in the roasting sample. The reason was proba-
bly that the sintered sample caused by high roasting
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lusite on the manganese reduction efficiency.

Effect of the roasting temperature of pyro-

temperature formed a barrier for the manganese compo-
nents in the sample to contact and react with the reductive
gases. Therefore, the roasting temperature of pyrolusite
should not be higher than 800°C.

3.4. Effect of roasting time on the manganese
reduction efficiency

The manganese reduction efficiency also depended on
roasting time (Fig.7). The experiment was carried out
while fixing the mass ratio of stone coal to pyrolusite at
3:1, the roasting temperature of stone coal at 1000°C, and
the roasting temperature of pyrolusite at 800°C. When the
roasting time ranged from 0.5 to 2.5 h, a longer roasting
time benefited the manganese reduction efficiency. The
manganese reduction efficiency increased to 98.97% when
the roasting time was 2 h. Further extending the roasting
time improved the manganese reduction efficiency slightly.
Considering the equipment and the roasting cost, the op-
timum roasting time should be 2 h.
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Fig. 7.
duction efficiency.

Effect of roasting time on the manganese re-

3.5. Reduction behavior of other low-grade
pyrolusite ores

Other low-grade pyrolusite ores in China from
Guangxi, Hunan, and Guizhou Province were tested un-
der the following conditions: mass of the ore sample, 10 g;
roasting temperature of stone coal, 1000°C; roasting tem-
perature of pyrolusite, 800°C. The results are shown in
Table 3. The amount of stone coal for these minerals was
varied to optimize the manganese reduction efficiency, and
it was dependent on the manganese content of pyrolusite.
The present study established the suitability of stone coal
as a reductant for various low-grade pyrolusite ores.

3.6. Reduction kinetic analysis
The reduction kinetics was analyzed for the fluidized
roasting of pyrolusite. Because of the reaction complex-

ity in the fluidized bed reactor, some reaction conditions
should be simplified for reduction kinetic modeling [24].
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Table 3. Reduction behavior of other low-grade pyrolusite ores
Low-grade pyrolusite Mass of stone coal / g Roasting time / h Manganese reduction efficiency / %
0.5 63.23
1.0 79.83
Guangxi (26.09wt% Mn) 35 1.5 90.15
2.0 98.93
2.5 99.12
0.5 59.27
1.0 72.31
Hunan (17.78wt% Mn) 27 15 85.94
2.0 98.76
2.5 98.95
0.5 57.63
1.0 74.62
Guizhou (21.36wt% Mn) 30 1.5 86.56
2.0 98.89
2.5 99.08

(1) The particles of the roasting sample could be ap-
proximated to sphere.

(2) As the manganese oxide in pyrolusite was reduced
step by step, and several reaction interfaces may exist in
particles, making the modeling of the reduction complex,
the reduction process was simplified from multi-interface
to single interface.

(3) The temperature inside the fluidized bed could be
considered well distributed, because particles in the bed
were scattered evenly and the mass and heat transfer was
sufficient.

(4) The oxidative component in the reductive gases,
which were produced from the excessive carbon compo-
nents in stone coal at high temperature, was extremely
low. Meanwhile, the gases could easily react in equilib-
rium with the carbon components in which particles in the
bed were scattered evenly, the mass and heat transfer was
sufficient, and the reaction rate was quite fast. Therefore,
the reductive atmosphere of the reaction system could be
considered to be basically unchanged.

(5) The exterior diffusion resistance of the steam
transmission could be ignored because the flow rate of the
reductive gases was relatively great, making the gas phase
boundary layer of pyrolusite particles very thin. The in-
terior diffusion resistance could also be neglected because
of the small, loose, and porous particles. Therefore, the
fluidized reduction process was assumed to be controlled
by the interface chemical reaction. The single interface
unreacted core model was taken to deal with the single
reaction particles. When the restricted step is the inter-
face chemical reaction, the interface reaction rate of the
particles could be expressed as follows [25].

_ Anr’k(1 4+ K)(Co — C*)
v= % (5)

where k is the interface reaction rate constant, s='; K

is the reaction equilibrium constant; Cp is the reductant
concentration of the particle surface, g/m?; and C* is the
reductant concentration of the reaction equilibrium, g/m?.

The reduction rate could be expressed as follows.

df 3 k(Q+K) 2

- =— . ——(1- -(Co—=C™ 6
b= A a- -0 (6)
where f is the reaction efficiency (%) at the moment of
t(s); p is the oxygen content per volume of the particle,

g/m3; and 7o is the original particle size, m.

The relationship between the reduction efficiency f
and the roasting time ¢ could be obtained by the integra-
tion with Eq. (7).

KL+ K) Co-C", 3

=1—|1-
f K 0P

(7)

With the assumption that the particle size ranges from
0 to rm, where ry, is the variation in particle size, ro could
be expressed by zrm and the x value ranged from 0 to 1.
The beta distribution §(2,2) could be used to describe x
[24], when ¢(z) was the distribution density function of x:

) 6x(l—2), 0<z<1
wlz) = { 0, others (8)
Therefore, the average reduction efficiency of the whole
fluidized bed was

1
4
~ / sopfie(z)de
f=2 =5m3t3 — 7.5m** +4.5mt  (9)

1q
/—nrgp@(m)dw
s 3

_ k(A +K)(Co—C)
m = Krop (10)

The Arrhenius equation is

k= Ae ®T (11)
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E
lnk—fﬁ-i—lnA (12)

where k is the interface reaction rate constant, s~'; E is
the apparent activation energy, kJ/mol; T is the reaction
temperature, K; and A is the reaction constant.

The experiment about the manganese reduction effi-
ciency changed with the roasting time was studied by vary-
ing the roasting temperature from 873 to 1173 K. Then,
the relationship between the kinetic model and the roast-
ing time at different temperatures could be obtained by
substituting the manganese reduction efficiency into the
kinetic model controlled by the interface chemical reac-
tion. Consequently, the reaction rate constant k at differ-
ent temperatures could be obtained.

By fitting Ink to 1/7 (Fig.8), the regression equa-
tion between the interface reaction rate constant k£ and the
roasting temperature T' of the fluidized reduction system
could be expressed as follows.

4377.3
T

Ink = 0.9135 — (13)
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Fig. 8.

rate constant and roasting temperature.

Relationship between the interface reaction

Meantime, the apparent activation energy of the re-
duction roasting reaction could be calculated as 36.397
kJ/mol by the slope of the regression equation, which is
so high that the system was controlled by the interface
chemical reaction. The specific expression of m could be
obtained according to the regression equation

(14)

= exp (0.9135 B 4377.3) (1+ K)(Co — C*)

Krmp

For the sake of agreeing the kinetic model of the
fluidized roasting reduction reaction with the experimen-
tal data, the curve of the manganese reduction efficiency
changed with the roasting time was achieved when the
roasting temperature of pyrolusite was 1023 K. From Fig.
9, the agreement is relatively good, which further confirms
the fact that the reaction is controlled by the interface
chemical reaction.
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Relationship between the manganese reduc-

4. Conclusions

(1) The fluidized roasting reduction technology of low-
grade pyrolusite coupling with pretreatment of stone coal
for manganese exploitation and utilization is investigated.
The optimum manganese reduction efficiency could be up
t0 98.97% under the conditions that the mass ratio of stone
coal to pyrolusite was 3:1, the roasting temperature of
stone coal was 1000°C, the roasting temperature of py-
rolusite was 800°C, and the roasting time was 2 h.

(2) The fluidized roasting coupling technology, which
is to couple the pretreatment of stone coal with the reduc-
tion roasting process of low-grade pyrolusite, is generally
applicable to the extraction of various low-grade pyrolusite
ores, and it is promising to be utilized widely in the man-
ganese industry due to its high efficiency, good availability,
and low cost.

(3) The reduction kinetic model has been established.
It is also confirmed that the reduction process is controlled
by the interface chemical reaction. The apparent activa-
tion energy is 36.397 kJ/mol.
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