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Abstract: Preparation of electronic grade manganese sulfate from ferromanganese slag, including grinding, leaching and purification,
was studied. The impurities, such as Fe**, AI’*, Ca*", Mg®', heavy metal ions and Na*, K, were removed from leaching solution by
neutralized-hydrolysis, fluorination precipitation, sulfuration precipitation and re-crystallization. Effects of pH of reaction,
temperature and dosage of the different additives on removal rates of the metallic ions in leaching solution were investigated, and the
suitable temperature, pH and the added amount of precipitating agent were obtained. The prepared manganese sulfate product, of
which the mass fractions of Ca**, Mg?*, Na', K" are all smaller than 0.005%, the mass fractions of Fe**, AI*" and heavy metal ions
are smaller than 0.001%, and the mass fraction of Mn®" is greater than 32%, can meet the demand of anode materials of lithium-ion

batteries.
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1 Introduction

With the development of lithium-ion battery
industry, the electronic grade manganese sulfate for
anode material of lithium-ion batteries is widely used in
the production of new generation of environmentally
friendly high-energy batteries [1-3].

Ferromanganese slag is a kind of blast furnace
manganese slag from ferromanganese alloy smelting, a
great amount of ferromanganese slag accounted for about
2-3 times as much as ferromanganese alloy each
year [4,5]. The impurity categories included in ferro-
manganese slag are the same as those of manganese ore,
and the content of MnO is higher than that of ordinary
manganese slag. Besides, there are no elements which
have influence on the battery performance expect
calcium, magnesium, iron, aluminum, potassium, sodium
and heavy metal. However, these impurities can be
removed by different purification technologies in order.

The preparation of electronic grade manganese
sulfate from ferromanganese slag can lower the

production cost of electronic grade manganese sulfate,
bringing economic benefits and avoiding the
environment pollution. WANG [6] reported that
manganese was obtained through reduction method using
sulfur dioxide as reducing agent and sintering method
with ferromanganese slag as the raw material.
SAFARIAN et al [7] studied the kinetics and mechanism
of the simultaneous carbothermic reduction of FeO and
MnO from high-carbon ferromanganese slag. However,
no studies have been reported on the preparation of
electronic grade manganese sulfate from ferromanganese
slag due to it containing many impurities, such as iron,
aluminum, potassium, sodium, calcium and magnesium,
which makes it difficult to reduce the mass
concentrations of Na', K', Ca®" and Mg®" smaller than
0.005%, and that of heavy metal is smaller than 0.001%.

In this work, preparation of electronic grade
manganese sulfate from ferromanganese slag, including
leaching and purification, was first studied, and the
suitable condition was obtained. It can give guidance to
the industrial production of the electronic grade
manganese sulfate from ferromanganese slag.
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2 Experimental

2.1 Material and analysis method

Manganese fluoride (MnF;) and sulfuric acid
(H,SO4) were of industrial grade, sodium sulfide (Na,S)
and manganese carbonate (MnCO;) were of analytical
purity. Ferromanganese slag used in the experiment was
came from a smelter in Hunan, which was analyzed by
XRD and the results were listed in Table 1. Mass
concentrations of various ions were analyzed by an
inductively coupled plasma-atomic emission
spectrometer (ICP-AES)

Table 1 Major composition of ferromanganese slag (mass
fraction, %)

MnO MgO CaO Fe,04 Al,O4
16.32 4.63 33.56 4.23 11.42
ZnO PbO CuO SiO,
0.78 0.44 0.37 27.1

2.2 Experimental procedure

The preparation of electronic grade manganese
sulfate from ferromanganese slag is described as follows.
200 g of ferromanganese slag powder ground to 250 pm
or less was added to 700 mL of 30% H,SO, solution, and
reacted for 3 h at 80 °C under stirring. The leaching
solution with mass concentration of Mn** of about 35 g/L,
was obtained by filtration. Solid MnCO; was added to
the leaching solution to adjust pH so that the hydroxide
precipitation of Fe'" and AP’ could be formed, and the
precipitated hydroxides were removed by filtration. The
obtained filtrate was evaporated till mass concentration
of Mn”" arrived at 92-94 g/L. Then, a certain amount of
solid MnF, was added to the concentrated solution so
that the fluoride precipitation of Ca®" and Mg*" could be
formed, and the precipitated fluorides were removed by
filtration. And then, a certain amount of solid Na,S was
added to the filtrate so that sulfide precipitation of heavy
metal ions could be formed, and the precipitated sulfides
were removed by filtration. Finally, the filtrate was
evaporated, the crystal of MnSO,4 was obtained by

Sulfuric acid

filtration, then washed with deionized water. In order to
further reduce the mass fraction of Na® and K', the
obtained crystal was re-dissolved, and the target product
was obtained by re-crystallization and drying. The flow
chart is shown in Fig. 1.

3 Results and discussion

3.1 Removal of iron, aluminum and silicon ions

Iron, aluminum and silicon ions are the main
associated elements of ferromanganese slag, so iron,
aluminum and silicon ions should be removed at first.
Elimination of iron and aluminum ions can be obtained
by adjusting a certain pH and temperature to form the
colloids of Fe** and AI’" as Fe(OH); and Al(OH),,
respectively, and the colloid can adsorb silicate in
leaching solution, while Mn®* remains in solution.

Figure 2 exhibits the effect of temperature of
reaction on mass concentration of silicon in filtrate under
the conditions of stirring rate of 500 r/min, pH 5.5. With
the increase of temperature from 20 to 95 °C, the mass
filtrate continuously
decreases. When the reaction temperature is greater than
80 °C, the mass concentration of silicon is smaller than
2 mg/L in filtrate, which can meet the production of

concentration of silicon in

electronic grade manganese sulfate. So the optimal
temperature of reaction is 80—95 °C.

However, the pH needs to be controlled strictly to
avoid the manganese loss due to precipitation of
manganese hydroxide [7,8]. Figure 3 exhibits the effect
of pH on mass concentration of Fe** and AI*"in filtrate.
The leaching solution was treated by adding solid
MnCO; to adjust pH from 4 to 6 at 80—90 °C for 1.5 h.

The equation of metal hydroxide precipitation can
be expressed as follows:

M"+nOH ==M(OH), ()
The equilibrium constant can be written as

K -t _1 )
[M™][OH]" K,

MnCO;, MnF,

Ferromanganese slag _..‘ Grinding }_._‘ Leaching I_..‘Neutra]izing |_>| Fluorination

Fe(OH);, AI(OH); Na,S  CaF,, MnF,

MnSO, ._| Re-crystallizing |._| Crystallizing |._‘ Sulfuration

.

Sulfides (Cu, Ni, Zn, Pb, etc)

Fig. 1 Flow chart of preparation of electronic grade manganese sulfate
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Fig. 2 Effect of temperature on mass concentration of silicon
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Fig. 3 Effect of pH on mass concentrations of Fe*" and AI*" in
filtrate

where K is the solubility product, and M is Fe, Al or Mn.
Equation (2) can be written as

pH:14+llg K, 3)
n [Mn+]

According to Eq. (3) and the practical
concentrations of Fe’’, A’ and Mn®" in leaching
solution, the pH values of the starting precipitation of
Fe*', A" and Mn®" are 1.6, 2.8 and 6.5, respectively.
Therefore, the pH is not greater than 6.5. Figure 3 shows
that with the increase of the pH from 4 to 6, the mass
concentration of Fe*' decreases from 56 mg/L to 1.6
mg/L and that of A" decreases from 112 mg/L to 1.8
mg/L. When pH is greater than 5.5, the mass
concentrations of Fe*" and AI’" are smaller than 2 mg/L,
which can meet the production of electronic grade
manganese sulfate. Thus, the suitable pH is 5.5-6.0.

However, it is very difficult to filtrate for the
formation of Fe(OH); colloidal solution at room
temperature. When the temperature is greater than 80 °C,
the precipitation of Fe(OH); is easily separated by
filtration [9]. Thus, the suitable temperature is 80—90 °C.

3.2 Removal of calcium and magnesium ions

Generally, it gets difficult to remove calcium and
magnesium ions from the solution containing
manganese, because the chemical properties of Ca®* and
Mg?*" are similar to those of Mn>" [10]. The different
technologies of purification such as crystallization at
high temperatures, solvent extraction and adsorption onto
active carbon can remove about 90 % of Ca*" and Mg”*
from manganese sulfate solution, but the mass
concentrations of Ca’" and Mg in solution cannot meet
the demand of the anode material of lithium-ion batteries.
Thus, a suitable way needs to be found to effectively
remove calcium and magnesium impurities from the
solution containing manganese.

The filtrate, of which Fe’" and A’ had been
removed, was treated by adding solid MnF, and
controlling the reaction condition to remove Ca*" and
Mg*". Figure 4 exhibits the effect of pH of fluorination
reaction on mass concentrations of Ca*" and Mg”" in
filtrate under the condition of adding 1.3 times the
theoretical amount of MnF,, temperature 90 °C and time
1.5 h. With the increase of pH from 4.0 to 6.5, the mass
concentration of Ca®* decreases from 88 mg/L to 7 mg/L,
and that of Mg*" decreases from 96 mg/L to 10 mg/L.
When the pH is smaller than 4, the precipitations of Ca®"
and Mg”" as CaF, and MgF, respectively are not
complete because F~ reacts with H" to form HF and its
dissociation constant (Kyy=7.4x10"") is relatively small
[11]. When the pH is greater than 6, the mass
concentrations of Ca’" and Mg*" are smaller than 14
mg/L in filtrate. But the excessively high pH could cause
the loss of manganese. Thus, the optimal pH of
fluorination reaction is 6.

100

80

60

40

20

Mass concentration/(mg-L™")

4.0 45 5.0 5.5 6.0 6.5 7.0
pH

Fig. 4 Effect of pH of fluorination reaction on mass
concentrations of Ca** and Mg?" in filtrate

Figure 5 exhibits the effect of fluorination reaction
temperature on mass concentrations of Ca*" and Mg*"in
filtrate under the condition of adding 1.3 times the
theoretical amount of MnF,, pH 6 and time 1.5 h. With
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the increase of fluorination reaction temperature from
60 °C to 95 °C, the mass concentration of Ca’" decreases
from 74 mg/L to 5 mg/L and Mg®" from 92 mg/L to 8
mg/L, because the fluorination reactions are endothermic
heating is conducive to the generation of CaF, and MgF,,
and CaF, and MgF, have superior filter performance at
higher temperatures [12,13]. When the fluorination
reaction temperature is greater than 90 °C, the mass
concentrations of Ca®" and Mg*" are smaller than 14
mg/L in filtrate, which can meet the production of
electronic grade manganese sulfate. Thus, the optimal
fluorination temperature is 90—95 °C.
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Fig. 5 Effect of fluorination temperature on mass

concentrations of Ca®* and Mg®" in filtrate

Figure 6 exhibits the effect of the added amount of
MnF, on mass concentrations of Ca** and Mg®" in filtrate
under the condition of the pH 6.5, temperature 90 °C and
time 1.5 h, where Nyyr, is the mass ratio of practical
amount of MnF, to theoretical amount by reaction
equation. When nNyue, is smaller than 1.2, the
precipitations of Ca** and Mg*" as CaF, and MgF,
respectively are not complete due to the lack of F . When
Nunr, 1S 1.2—1.4, the mass concentrations of Ca*" and
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Fig. 6 Effect of added amount of MnF, on mass concentrations
of Ca** and Mg?" in filtrate

Mg®" are smaller than 14 mg/L, which can meet the
production of electronic grade manganese sulfate. While,
N, 1S greater than 1.2, and the mass concentrations of
Ca’* and Mg®" do not decrease. Thus, 1.2 times the
theoretical amount of MnF, is suitable.

3.3 Removal of heavy metal ions

The filtrate, of which Ca®" and Mg*" had been
removed, was treated by adding solid Na,S to remove
heavy metal ions based on the different sulfide
solubilities of metals at a certain condition [14, 15]. The
effect of pH on mass concentrations of heavy metal ions
in filtrate is illustrated using Ni*" as example because the
solubility product of NiS is larger than that of other
heavy metal sulfides such as CuS, CdS, PbS, ZnS and
CoS. Figure 7 exhibits the effect of pH on mass
concentration of Ni*"in filtrate by adding 1.4 times the
theoretical amount of Na,S during reaction of 1.5 h at
90 °C.

12

oo =
T T

Mass concentration/(mg-L™")
=N

0 L L L L L L
35 40 45 50 55 60 65
pH

Fig. 7 Effect of pH of sulphuration reaction on mass
concentration of Ni*" in filtrate

The thermodynamic equilibrium involved in the
sulfide precipitation can be expressed as follows [16,17]:

M,S==2M""+nS*", K,=[M"T[S*]" 4)
H,S(aq) ==H"+HS, K,;=10"® (5)
HS ==H"+S>, Ky=10"** (6)
H,S(aq) ==2H"+S"",
PR LEEES IR o
[H,S]

where Ky, is the solubility product of metals sulfide; K,
K, and K, are dissociation equilibrium constants. These
relationships can be written as

1 1 1
H=1045+—IgK  ——Ig[M""]-=Ig[H,S 8
p anSPng[ ]2g[z] (8)

According to Eq. (8), the pH of fluorination reaction
relates to not only the solubility product of metal
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sulfides, but also the practical mass concentration of
metal ions. The mass concentration of manganese is
relatively greater than that of other heavy metal ions in
solution, and the excessively high pH may cause the loss
of manganese. Figure 7 shows that the mass
concentration of Ni*" decreases from 11 mg/L to 1.6
mg/L with the increase of pH from 3.5 to 6.0. When the
pH is greater than 5.5, the mass concentration of Ni*' is
smaller than 2 mg/L, which can meet the production of
electronic grade manganese sulfate. Thus, the optimal pH
of fluorination is 5.5-6.0.

Figure 8 exhibits the effect of the added amount of
Na,S on the mass concentration of heavy metal ions in
filtrate after reaction for 1.5 h under 90 °C and pH 6,
where Ny,,s is the mass ratio of practical amount of Na,S
to theoretical amount by reaction equation. The mass
concentration of Ni** decreases from 9 mg/L to 1.4 mg/L
as N,,s increases from 1.1 to 1.5. When Ny,,s is smaller
than 1.3, the precipitation of Ni** as NiS is not complete
because a small part of S reacts with H' to form H,S.
When nNy,s is greater than 1.3, and the mass
concentration of Ni*" is smaller than 2 mg/L, which can
meet the production of electronic grade manganese
sulfate. Thus, 1.3 times the theoretical amount of Na,S is
suitable.

10

Mass concentration/(mg-L™")

0 1 1 1 1 L
1.0 1.1 1.2 1.3 1.4 1.5 1.6
MNa,s

Fig. 8 Effect of added amount of Na,S on mass concentration
of Ni*" in filtrate

3.4 Removal of sodium and potassium ions

200 mL of filtrate, of which heavy metal ions had
been removed and mass concentration of Mn>" was 94
g/L, was evaporated till 10 mL or so under stirring at
temperature from 95 °C to 100 °C; the concentrated
suspension was filtered at 95-100 °C; the obtained
crystal of MnSO4H,O was washed with 95-100 °C
deionized water and dried at 110 °C. The mass fractions
of Na" and K" of the obtained product were greater than
0.005% (see Table 2). Thus, the obtained product was
dissolved again with deionized water, the obtained
solution was evaporated till 5 mL, the suspension was

filtered at 95-100 °C and the obtained crystal of
MnSO,H,0O was washed and dried at 110 °C. 51 g of
MnSO4,H,O was obtained, and the recovery rate of
manganese was 88%. The mass fractions of Na" and K"
greatly decreased. The mass fractions of Na' and K*
before and after re-crystallization are shown in Table 2,
and the quality of prepared sample is shown in Table 3.

Table 2 Mass fractions of Na” and K~

Item wNa"/% WK%
Before re-crystallization 0.0254 0.014
After re-crystallization 0.0033 0.0026

Table 3 Enterprise standard of electronic grade manganese
sulfate (mass fraction, %)

Item Mn Ca Mg Na K Fe
Standard >32 <0.005 <0.005 <0.005 <0.005 <0.001
Sample 32.21 0.0033 0.0024 0.0032 0.0029 0.0006

Item Al Pb Zn Cu Ni
Standard <0.001 <0.001 <0.001 <0.001 <0.001
Sample 0.0007  0.0002 0.0002 0.0003 0.0004

4 Conclusions

1) Iron and aluminum ions in the leaching solution
are removed with neutralization-hydrolysis by adjusting
pH using solid MnCOs;, under suitable conditions of pH
5.5-6.0, temperature 85—90 °C and time 1.5 h. The mass
concentrations of Fe’” and AI’" are smaller than 2 mg/L.

2) Calcium and magnesium ions in the leaching
solution are removed with fluoride precipitation by
adding solid MnF,, under suitable conditions of 1.2 times
theoretical amount of MnF,, pH 6, temperature 90—95 °C
and time 1.5 h. The mass concentrations of Ca*" and
Mg®" are smaller than 14 mg/L.

3) Heavy metal ions are removed with sulfide
precipitation by adding solid Na,S, under suitable
conditions of 1.3 times theoretical amount of Na,S, pH
5.5-6.0, temperature 90—95 °C and time 1.5 h. The mass
concentration of heavy metal ions is smaller than 2
mg/L.

4) Sodium and potassium ions are removed with
re-crystallization at temperature of 95—100 °C, and the
mass fractions of Na" and K' are all smaller than
0.005%.
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