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Abstract: Low concentration alkaline leaching was used for predesilication treatment of low-grade pyrolusite. The effects of initial
NaOH concentration, liquid-to-solid ratio, leaching temperature, leaching time and stirring speed on silica leaching rate were
investigated and the kinetics of alkaline leaching process was studied. The results show that silica leaching rate reached 91.2% under
the conditions of initial NaOH concentration of 20%, liquid-to-solid ratio of 4:1, leaching temperature of 180 °C, leaching time of 4 h
and stirring speed of 300 r/min. Shrinking-core model showed that the leaching process was controlled by the chemical surface
reaction with activation energy E, of 53.31 kJ/mol. The fluidized roasting conditions for preparation of sodium manganate were
optimized by the orthogonal experiments using the desiliconized residue. The conversion rate of sodium manganate was obtained to
be 89.7% under the conditions of silica leaching rate of 91.2%, NaOH/MnO, mass ratio of 3:1, roasting temperature of 500 °C and
roasting time of 4 h, and it increased with the increase of silicon leaching rate.
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1 Introduction

Manganese is one of the significant strategic
resources, which plays an important role in many
fields, such as ferrous metallurgy, nonferrous metal
production [1], battery production [2] and fine
chemicals [3]. Sodium manganate (Na,MnO,) is an
analogue of K,MnQO, and can be obtained by chemical
reaction of MnO, and sodium hydroxide (NaOH) [4].
Sodium manganate is similar to other manganates [5,6]
in their chemical properties while NaOH used for
Na,MnQ, preparation is much cheaper and more
available than raw materials for other manganates
production [7,8]. Sodium manganate is promising for
practical applications as electrode material because of its
low price and excellent cycling behavior in the aqueous
electrolyte without removing the dissolved oxygen [7,9].

The high-grade considerable
concentration of MnQO, is widely used for the preparation

pyrolusite  with

of potassium manganate and sodium manganate [10].
With the increasing demand for manganese resources
and the shortage of high-grade pyrolusite, the
exploitation of low-grade pyrolusite is becoming more
and more urgent now [11,12]. However, the low-grade
pyrolusite cannot be used for sodium manganate
production directly because of the low concentration of
MnO, and the high ratio of SiO,.

In the
manganate, SiO, will react with NaOH to generate
NayO-nSi0, [13—15] which affects the production purity
of sodium manganate and predesilication is thus

preparation  process of  sodium

necessary. Desilication is a suitable method for
improving the grade of the required elements. CHEN
et al [16] reported the alkaline leaching behavior of
desilication from titanium—vanadium slag. HUANG
et al [17] studied pressure alkaline treatment for recovery
of precious metals from spent auto catalysts. Up to now,
the traditional physical mineral processing method
cannot meet the requirements of the high grade and
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recovery of the product at the same time, while the
chemical mineral processing mostly performs alkaline
leaching in NaOH solution with mass fraction higher
than 40% [14]. Moreover, high concentration solution of
NaOH will corrode filter medium badly and could hardly
be recovered and a large amount of acid is needed for the
treatment of unreacted NaOH to prepare silicate
products.

To improve the resource utilization efficiency and
eliminate environmental pollution at the source, a high-
efficiency method to prepare sodium manganate using
low-grade pyrolusite is introduced in this research. This
paper aims to study the leaching behavior of silica
extracted from the low-grade pyrolusite and the effects of
various leaching factors. Another object is to find the
relationship between silica leaching rate and conversion
rate of sodium manganate, and obtain the material with
high manganese and low silica contents for preparation
of sodium manganate by removing silica as much as
possible. The shrinking-core model was introduced to
indicate the silica leaching kinetics of the low-grade
pyrolusite and provide theoretical guidance for exploring
the leaching process.

2 Experimental

2.1 Materials

The low-grade pyrolusite sample was provided from
Yunnan Province, China. The ore sample was crushed
and ground into powder with the particle size smaller
than 147 um. The chemical multi-elemental analysis (as
listed in Table 1) shows that the low-grade pyrolusite ore
is mainly composed of 60.35% SiO, and 28.89% MnO,.
The analysis also reveals that there are other impurities
such as 3.89% Al,0s, 5.68% Fe,0;, 0.27% MgO, 0.71%
Ca0O, 0.19% V,0s in pyrolusite. The mineralogical
composition of the ore sample was analyzed by powder
X-ray diffraction (XRD). The XRD pattern (Fig. 1)
shows that the main metallic minerals include manganese
dioxide, hematite, and the main gangue mineral is quartz.
The sample of the low-grade pyrolusite was analyzed by
scanning electron microscopy (SEM) with energy
dispersive spectroscopy (EDS) to support the mineral
characterization, which is presented in Fig. 2. It reveals
that MnO, is finely disseminated and intimately
associated with SiO,, and MnO, cannot be “liberated”
with traditional methods efficiently.

Table 1 Chemical composition of low-grade pyrolusite (mass
fraction, %)

MIlOz SIOZ

A1203 Fez()} MgO CaO V205

28.89  60.35 3.89 5.68 027 071 0.19

= — Quartz
e — Manganese dioxide
4 — Hematite
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Fig. 1 XRD pattern of low-grade pyrolusite

2.2 Experimental procedure

Leaching experiments were carried out in titanium
alloy autoclaves with a capacity of 500 mL. The flow
chart of the process is shown in Fig. 3. The procedure is
as follows: after crushing, rod milling, screening, and
drying, 40 g of pyrolusite and certain amount of NaOH
solution were added into the reaction reactor while the
stove was heated to the setting temperature rapidly. The
autoclaves were tightly sealed, stirred and maintained at
150—190 °C. Then, the pulp was rapidly cooled down to
40 °C, and the silica content in leaching solution was
analyzed with molybdosilicate yellow spectrophoto-
metry [18]. Afterwards, the desiliconized pyrolusite and
NaOH with a certain mass ratio were separately added
into quartz fluidized bed reactor. Then, a certain amount
of air flow was blown into the reactor to make sure that
the feed layer can be fluidized well. After roasting, the
products were put into 10% NaOH (mass fraction)
solution, then the solution containing sodium manganate
could be obtained and the undissolved residue was
filtrated. All the experiments were carried out
independently in triplicate and repeated at least twice.

3 Results and discussion

3.1 Desilication leaching under high pressure

The desilication process was carried out using
various concentrations of NaOH and the overall chemical
reaction was assumed as follows:

1nSi05(s)+2NaOH(aq)—Na,0-1#Si0(aq)+H,0() (1)

3.1.1 Effect of initial NaOH concentration

The effect of initial NaOH concentration on the
silica leaching rate was examined under the conditions of
the liquid-to-solid ratio of 4:1, the stirring speed of
300 r/min, and leaching temperature of 180 °C. As
shown in Fig. 4, the silica leaching rate increases with
increasing the initial NaOH concentration from 10% to
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Fig. 3 Principle flow chart of low-grade pyrolusite for

preparation of sodium manganate

Fig. 4 Effect of initial NaOH concentration on leaching rate of
silica



1048 Xiang-yi DENG, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1045—-1052

30%. However, the enhancement of desilication is
indistinctive when the initial NaOH concentration is
increased to over 20%, and the residual NaOH without
reaction could affect the follow-up process, so the
suitable initial NaOH concentration was chosen as 20%.
3.1.2 Effect of liquid-to-solid mass ratio (L/S ratio)

As shown in Fig. 5, the effect of liquid-to-solid ratio
on the leaching rate of silica was studied at the ratios of
2:1,3:1,4:1 and 5:1. All the experiments were performed
under the conditions of the initial NaOH content of 20%,
the stirring speed of 300 r/min and the leaching
temperature of 180 °C. The results showed that the
leaching rate of silica increased from 74.2% to 92.5%
with the liquid-to-solid ratio rising from 2:1 to 5:1. The
increasing liquid-to-solid ratio favored the silica leaching
rate. The higher the liquid-to-solid ratio is, the higher the
viscosity of the solution is and the more the remaining
NaOH in the solution is, thus silica will be released more
easily.
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Fig. 5 Effect of liquid-to-solid ratio on leaching rate of silica

3.1.3 Effect of stirring speed

Experiments with various stirring speeds were
carried out under typical test conditions of the initial
NaOH concentration of 20%, the liquid-to-solid ratio of
4:1 and the leaching temperature of 180 °C. According to
the results shown in Fig. 6, the influence of the stirring
speed on the leaching process is not as significant as that
of other parameters. Because the bubbles produced in
leaching solution system were enhanced under high
pressure [19] and thus reduced the efficiency of stirring,
the silica leaching rate does not have a significant change
with increasing the stirring speed from 300 to 500 r/min.
3.1.4 Effect of leaching temperature

The effect of leaching temperature on the leaching
rate of silica was investigated at 150, 160, 170, 180 and
190 °C with the initial NaOH concentration of 20%, the
liquid-to-solid ratio of 4:1 and the stirring speed of
300 r/min. According to the results shown in Fig. 7, the
leaching temperature has a remarkable influence on the

silica leaching rate. As the temperature increases, the
silica leaching rate increases from 68.5% (at 150 °C) to
93.7% (at 190 °C), and the time of reaction equilibrium
becomes shorter with a higher leaching temperature.
Because of the exponential dependence of the rate
constant in the Arrhenius equation, the chemical reaction
is accelerated and the leaching rate is also improved with
the increase of temperature.

100
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Leaching rate of silica/%
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—o— 350 r/min
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¥— 500 r/min
0 50 100 150 200 250

Time/min

Fig. 6 Effect of stirring speed on leaching rate of silica
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Fig. 7 Effect of leaching temperature on leaching rate of silica

3.1.5 Kinetic analysis

As shown in Eq. (1), during the leaching silica
reaction there is no solid generated, so the mass of solid
and the particle size are reduced during the leaching
reaction. The shrinking-core model can be chosen to
describe the leaching kinetics [20,21]. The heterogeneous
reaction at the fluid/solid boundary can be generally
controlled by one of the following steps: diffusion
through the ash, diffusion through the fluid film or
chemical reaction on the surface of the core [22]. If no
ash layer covers the un-reacted core in the reaction
process, there are only two controlling steps: chemical
surface reaction or fluid film diffusion.

If the process is controlled by the resistance of
chemical surface reaction, Eq. (2) can be used to
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represent the process [23]:
1—(1—x)P=kot (2)

where x is the leaching rate of silica, &y is the reaction
rate constant, and ¢ is the reaction time.

If the process is controlled by fluid film diffusion of
no product layer, Eq. (3) can be used to represent the
process [24]:

1-(1—x)*=kot 3)

where ky=BmgKca/ppRp, B is a constant, mgis the molar
mass of pyrolusite, K is the diffusion constant, c,is the
concentration of NaOH, pg is the density of pyrolusite,
Rg is the radius of pyrolusite particles.

To confirm the controlling step of the leaching
process, all the experimental data were analyzed and
multiple regression coefficients obtained for the integral
rate expression were calculated with Eq. (2) and Eq. (3).
Only Eq. (2) fits well with the experimental data shown
in Fig. 8. The results are listed in Table 2. It indicates that
the leaching silica reaction is controlled by the resistance
of chemical surface reaction preliminary.

0.6 |
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e —160°C
| a —170°C
Bit v —180°C

¢ —190°C

0.3
0.2
0.1
0 20 40 60 30 100
Time/min

Fig. 8 Plots of leaching kinetics under various reaction
temperatures

Table 2 Data of leaching kinetics at different temperatures

T/K R* kis™! In(k/s™)
423 0.979 0.00149 —6.50898
433 0.987 0.00226 —6.09239
443 0.991 0.00317 —5.75402
453 0.980 0.00438 —5.43071
463 0.975 0.00548 —5.20665

The effect of temperature on the leaching kinetics

can be characterized by the value of the activation energy.

The process is controlled by chemical surface reaction
when the activation energy values are higher than
40 kJ/mol, whereas it is controlled by fluid diffusion
when the activation energy values are smaller than
20 kJ/mol.

The Arrhenius equation can be written as
In i=—E,/(RT)+In 4 (4)

where E, denotes the experimental activation energy
(kJ/mol), R is the molar gas constant (8.314 J/(mol-K)),
T is the temperature (K), and 4 is a pre-exponential term.
As shown in Fig. 9, a plot of In & versus 1/7, in which &k
is determined by Eq. (2), is a straight line where the
slope is —F,/R. The value of —E,/R is —6412.15, hence,
the experimental activation energy value is 53.31 kJ/mol,
which is consistent with the target of activation energy
controlled by chemical surface reaction.
Consequently, Eq. (2) can be rewritten as

1—(1—x)"P=t-exp(—6412.15/T+8.691) 5)

In conclusions, the kinetics of leaching silica
reaction can be described by the shrinking-core model
with the chemical surface reaction controlling.

=521 -
-54r¢
5.6
=58t
=6.0

In(k/s™")

-6.21
-6.4r

=6.6

L

2.15 2.20 2.25 230 235 240
T71/1073K™!
Fig. 9 Relationship between In k and 1/T

3.1.6 Leaching behaviors of silica and manganese

The leaching behaviors of silica and manganese
were investigated under the conditions of leaching
temperature of 180 °C, liquid-to-solid ratio of 4:1,
stirring speed of 300 r/min and initial NaOH
concentration of 20%. Figure 10 shows the leaching rates

100
80

S 60}
Ei
2
£ 401
8 .
= —=—Si

20t —e— Mn

0 e

6 50 l(I)O 15IO 260 2‘50
Time/min
Fig. 10 Leaching behaviors of Mn and Si during leaching
process
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of Si and Mn during the leaching process. It can be seen
that the leaching rate of silica is 91.2% while the
leaching rate of manganese is only 2.1% after 4 h
leaching. The SEM-EDS analysis results of the
desiliconized residue are presented in Fig. 11. Compared
with the EDS mapping of Si and Mn in Fig. 2, it is
obvious that the majority of silica was dissolved by the
alkaline leaching process, most of MnO, was “liberated”
from the surrounding SiO, and the undissolved residue
with low silica content could be obtained for the
preparation of sodium manganate.

Fig. 11 SEM image of low-grade pyrolusite (a) and EDS
mappings of Si (b) and Mn (c)

3.2 Preparation of sodium manganate by fluidized
roasting
The main reaction of the process for preparing
sodium manganate by fluidized roasting can be assumed
as follows:

2MnO,(s)+4NaOH(s)+05(g)=2Na,MnOy(s)+2H,0(g) (6)

In order to obtain the optimum process conditions
of fluidized roasting for the preparation of sodium
manganate with the desiliconized residue, the influences
of silica leaching rate, the mass ratio of alkali to
manganese dioxide, the roasting temperature and the
roasting time were investigated respectively through
orthogonal experimental design. An Lo(3*) matrix, which
is an orthogonal array of four factors and three
levels [25], was applied to assigning the considered
factors and levels, and the results are shown in Table 3.
The data analysis was carried out through range analysis
and the optimal reaction conditions could be found
by analysis of variance, as listed in Tables 4 and 5,
respectively.

Table 3 Conversion rate of sodium manganate in Le(3*) matrix

Factor Conversion
. i ; rate of
N cing of it Ro0nE RS sadiom
rate  manganese (©)FC (Dyh gﬂzna €
(A)/% dioxide (B)
1 70.4 2.5 400 2 76.5
2 70.4 3 450 3 79.4
3 70.4 4 500 4 81.2
4 82.3 2.5 450 4 79.3
5 82.3 3 500 2 82.1
6 82.3 4 400 3 80.2
7 91.2 2.5 500 3 86.3
8 91.2 3 400 4 88.1
9 91.2 4 450 2 85.6

Table 4 Range analysis results of conversion rate of sodium

manganate
Value Silic.a Mzslls(;fliﬁt?) of Roasting Rogsting

name leaching manganese temperature time
rae (A gioxide (B) © (D)
K 79.03 80.70 81.70 81.40
K 80.53 83.30 81.43 81.19
K; 86.77 82.33 83.20 82.97
R; 7.73 2.60 1.77 1.57

Table 5 Variance analysis of conversion rate of sodium
manganate

Factor DEVSQ DOF F-ratio F o5 threshold
A 100.909 2 3.352 4.46
B 10. 362 2 0.345 4.46
C 5.449 2 0.182 4.46
D 3.776 2 0.125 4.46
Error 14.6 2
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It was found that the effect of silica leaching rate on
the conversion rate of sodium manganate is significant.
By analyzing the data listed in Tables 4 and 5, the order
of significant factors for the preparation of sodium
manganate is: silica leaching rate > mass ratio of alkali to
manganese dioxide > roasting temperature > roasting
time. After the orthogonal experiments and the range
analysis, the optimal level for each factor was
determined as follows: silica leaching rate, 91.2%; the
mass ratio of alkali to manganese dioxide, 3:1; the
roasting temperature, 500 °C and the roasting time, 4 h.

In order to verify the effect of silica leaching rate on
the conversion rate of sodium manganate, experiments
were carried out under conditions of mass ratio of alkali
to manganese dioxide of 3:1, roasting temperature of
500 °C, and roasting time of 4 h. According to the results
shown in Fig. 12, the conversion rate of sodium
manganate increases steadily with increasing the silica
leaching rate. As the silica leaching rate rises from 0 to
91.2%, the conversion rate of sodium manganate
increases from 20.3% to 89.7%.

100
90
80
70 -
60
50
40}
30
20
10

Conversion rate of sodium manganate/%

0 20 40 60 80 100
Silica leaching rate/%

Fig. 12 Effect of silica leaching rate on conversion rate of

sodium manganate
4 Conclusions

1) Silica leaching rate was obtained to be 91.2%
under the conditions of the initial NaOH concentration of
20%, the liquid-to-solid ratio of 4:1, and the stirring
speed of 300 r/min, the leaching temperature of 180 °C
and the leaching time of 4 h.

2) The kinetics of alkaline predesilication process
was investigated at various parameter levels. The
leaching process obeys a shrinking-core model
controlled by the chemical surface reaction with the
activation energy of 53.31 kJ/mol, and the kinetics
equation was established.

3) The majority of MnO, surrounded by SiO, was
“liberated” by alkaline predisilication treatment. In the
fluidized roasting process, the conversion rate of sodium

manganate increased with the increase of silicon leaching
rate and the conversion rate of sodium manganate was
obtained to be 89.7% under the conditions of silica
leaching rate of 91.2%, NaOH/MnO, mass ratio of 3:1,
roasting temperature of 500 °C and roasting time of 4 h.
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