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Abstract: Mn and Li were selectively extracted from the manganese-rich slag by sulfation roasting—water leaching.
The extraction mechanisms of Mn and Li were investigated by means of XRD, TG—DSC, and SEM—-EDS. 73.71% Mn
and 73.28% Li were leached under optimal experimental conditions: acid concentration of 82 wt.%, acid-to-slag mass
ratio of 1.5:1, roasting temperature of 800 °C, and roasting time of 2 h. During the roasting process, the manganese-rich
slag first reacted with concentrated sulfuric acid, producing MnSOs, MnSO4-H,0, LixMg(SO4)2, Alx(SO4)3, and H4S104.
With the roasting temperature increasing, HsSiO4 and Alx(SO4); decomposed successively, resulting in generation of
mullite and spinel. The mullite formation aided in decreasing the leaching efficiencies of Al and Si, while increasing the
Li leaching efficiency. The formation of spinel, however, decreased the leaching efficiencies of Mn and Li.

Key words: spent lithium-ion battery; manganese-rich slag; sulfation roasting; manganese recovery; lithium recovery

1 Introduction

In recent years, lithium-ion battery (LIB)
industry has become one of the rapidest expanding
sectors in the world, driven mostly by the mass
production of electric vehicles [1,2]. Generally
speaking, the mean lifetimes of the LIBs used in
electric vehicles are only 3-5 years; as a result,
large amounts of end-of-life LIBs will be generated
in the future, with the prediction that the mass of
discarded LIBs is estimated to reach 11 million tons
by 2030 worldwide [3]. Spent LIBs contain plenty
of valuable metals, such as Cu, Co, Ni, Mn, and Li,
together with plenty of toxic and hazardous
contaminants [4-6]. Therefore, the recycling and
treatment of spent LIBs have attracted wide
interests in the view of the economic benefits and
environmental protection.

The commercial technologies for recovering
valuable metals from spent LIBs mainly include
both single and combined mechanical, hydro-
metallurgical and pyrometallurgical process [7-10].
Comparatively, the pyro-hydrometallurgical process
is simpler and higher in efficiency, which can treat
various types of batteries [11,12]. In this process,
organic diaphragm materials, metallic aluminum
foil, and graphite powders in the batteries are used
as reducing agents, and energy sources. Valuable
metals such as Co, Ni and Cu are concentrated into
an alloy phase, and can be further separated by a
hydrometallurgical method, while Li, Mn, and Al
in batteries are fixed in the slag phase [7-9].
Due to the difference in the types of LIBs and the
kind of added flux, the slag includes: CaO-ALO;
binary [13], CaO-SiO,-Al,O3 ternary [14],
FCO—SiOQ—A1203 temary [8], SiOz-Ale3—Li20
ternary [15], MnO-Si0,~Al,Os; ternary [7,16,17],
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CaO-FeO-Si0,-AlO; quaternary [8] and CaO-
Si0,-Al,03-Li,0 quaternary [13] systems.

To date, lithium in the slag originated from
pyrometallurgy of spent lithium-ion batteries has
not been recovered effectively [6,18-20]. One
reason is that the content of lithium in the slag is
low. The other reason is that the slurry obtained
after routine acid leaching is difficult to filter due to
the formation of silica gel (H4SiO4), resulting from
the slags predominantly consisting of various
aluminosilicates [7]. Recently, some studies have
been conducted to develop a more practical method
of extracting lithium from pyrometallurgical slag,
including chlorination roasting [21], calcium
chloride roasting [22], and sodium sulfate roasting
followed by water leaching [23]. However, all of
these methods have been focused on the recovery of
simulated CaO-SiO,~ALO; slag
systems [21-23], which cannot reflect the
technological progress in the development of LIB
industry and the more complex compositions in the
practical slag.

The MnO-SiO,~ALO; slag has been viewed
as the more suitable slag system for the smelting of
automotive LIBs, due to the fact that the lithium
nickel/cobalt/manganese oxide (NCM) battery with
high Mn content has accounted for the largest share
of the global automotive LIB market, resulting from
its higher energy density and more reasonable

lithium from

cost [24-26]. Therefore, recovering Li and Mn from
the MnO-SiO,—Al,O; slag has great significance.

In our previous study, we proposed a method
for Li and Mn extraction from the MnO-SiO,—
Al Oj3 slag by co-roasting with concentrated sulfuric
acid. Even though purer leachate bearing
manganese and lithium can be obtained, only
4430% of Mn and 50.28% of Li from the
manganese-rich slag were leached, which is far
away from the commercial implementation [7]. In
this work, in order to effectively improve the

leaching efficiencies of manganese and lithium and

propel  this method toward commercial
implementation, roasting parameters including
roasting time, acid/slag ratio, and roasting

temperature were systematically investigated. More
importantly, the extraction mechanisms of Mn and
Li in the slag were also investigated in details by
means of TG—DSC, SEM—EDS, and XRD.

2 Experimental

2.1 Raw materials

The manganese-rich slag produced by smelting
reduction of spent LIBs in a dc electric arc furnace,
was used as the raw materials in this study. The
chemical composition of the slag is given in Table 1.
According to the SEM images and element
distributions of the manganese-rich slag presented
in Fig. 1, it was found that the manganese-rich
slag mainly consists of Mn,SiO4 (tephroite),
Mn(Mg)ALO4 (spinel) and LiAlSiO4. All chemical
reagents for experiments were of analytical grade
and de-ionized water was used in the leaching and
diluting process.

Table 1 Composition of manganese-rich slag in this
study (wt.%)

L0  NaO K20 MnO  MgO
2.83 0.36 1.43 33.01 1.06

Si0, ALO;  Cu Co Ni Fe

2193 3039 0.8 0.2 003 038

2.2 Experimental procedure

The manganese-rich slag was first crushed and
ground before the experiments so that 90% of them
would pass below 0.074 mm, and then mixed
with sulfuric acid according to desired mass ratios.
The mixtures were then heated at a determined
temperature (200—800 °C) for a required time
(2-8h) in a muffle furnace. After roasting, the
roasted samples were taken out and ground into
powders using an agate mortar. In order to evaluate
the effect of roasting on leaching, leaching
experiments were carried out with certain leaching
temperature (60 °C), leaching time (4 h), stirring
speed (200 r/min) and solid/liquid (S/L) ratio
(1:10 g/mL). After leaching, a filtration step was
performed to collect the leaching residue. The
leaching efficiencies (£) of Mn, Li, Al and Si were
calculated as follows:

¢ g-m

E=|1-—-"—"|x100% (1)
Cio "My

where mo and ms are the total masses of the

manganese-rich slag and the residues after leaching,

respectively; cio and ¢; s are the contents of the
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Fig. 1 Microstructure and elemental distributions of manganese-rich slag (T—Tephroite; Sp—Spinel)

element i in the manganese-rich slag and the
residues after leaching, respectively.

The manganese-rich slag and roasted residues
were analyzed with X-ray diffraction (XRD, D8
advance, Bruker) for the identification of the

crystalline phases. Microstructure observation and
composition identification of roasted residues were
conducted by SEM with EDS (SEM—-EDS,
JSM—-6490LV, JEOL Ltd.). The thermal analysis of
the roasting process was conducted by thermal
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gravimetry and differential scanning calorimetry
(TG-DSC, STA 449F3, NETZSCH) at a heating
rate of 10°C/min in an air atmosphere. The
chemical components of the leachate and Li in the
leaching residue were analyzed by atomic
absorption spectroscopy (AAS, TAS—990 Super,
Beijing Purkinje General). The contents of Mn, Si
and Al in the leaching residue were determined
using ammonium ferrous sulfate titration,
gravimetry by alkali fusion, and the EDTA
volumetric method, respectively.

3 Results and discussion

3.1 Roasting—leaching
3.1.1 Effect of acid concentration

To investigate the effects of acid concentration
on the leaching efficiencies of Mn and Li, the acid
concentration was varied from 74 to 98 wt.%, and
the acid-to-slag mass ratio, roasting temperature
and roasting time were fixed at 1.0:1, 800 °C and
2 h, respectively. The results are presented in
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Fig. 2(a). As it can be seen, increasing the sulfuric
acid concentration from 74 to 82 wt.% slightly
increased the leaching efficiency of Mn from
62.29% to 65.22% and for Li from 74.19% to
74.33%. However, the Li Ileaching efficiency
decreased significantly at acid concentrations
higher than 82 wt.%. Thus, 82 wt.% was taken as
the optimal condition for the Mn and Li leaching.
3.1.2 Effect of roasting temperature

The effect of different roasting temperatures
ranging from 200 to 800 °C on the leaching
efficiencies of Mn and Li was studied with an
acid-to-slag mass ratio of 1.0:1, acid concentration
of 82 wt.%, and a roasting time of 2 h. The results
are depicted in Fig. 2(b). As observed, the roasting
temperature has a significant impact on the
extraction of Mn and Li from the Mn-rich slag. The
leaching efficiencies of Li, Mn, Al, and Si
decreased significantly as the roasting temperature
increased from 200 to 500 °C. Although 95.99%
of Li and 66.29% of Mn were leached at 200 °C,
the leaching efficiencies of Al and Si also reached
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Fig. 2 Influence of different factors on leaching efficiencies of Mn, Li, Si, and Al: (a) Acid concentration; (b) Roasting

temperature; (c) Acid-to-slag mass ratio; (d) Roasting time
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20.12% and 13.84%, respectively, leading to the
problem of filtering. A further increase in roasting
temperature obviously leaching
efficiencies of Li and Mn. Conversely, the leaching
rates of Al and Si decreased further. When the
roasting temperature reached 800 °C, the leaching
rates of Al and Si were only 0.01% and 0.07%,
respectively. Therefore, the appropriate roasting
temperature in this study was 800 °C.
3.1.3 Effect of acid-to-slag mass ratio

Figure 2(c) shows the effect of acid-to-slag
mass ratio on the leaching of different metals under
roasting conditions of acid concentration 82 wt.%,
roasting temperature 800 °C, and roasting time 2 h.
It can be seen that the leaching efficiency of Mn
increased with the acid-to-slag mass ratio below
1.5:1, and then kept almost constant above this
acid-to-slag mass ratio. The Li leaching efficiency
remarkably increased with the acid-to-slag mass
ratio increasing from 0.75:1 to 1.0:1, and remained
almost constant above this acid-to-slag mass ratio.
Therefore, the suitable acid-to-slag mass ratio was
1.5:1.
3.1.4 Effect of roasting time

Fixing the acid-to-slag mass ratio of 1.5:1,
sulfuric acid concentration of 82 wt.%, and roasting
temperature of 800 °C, the influence of roasting
time on leaching efficiency was studied in detail.
The result is shown in Fig. 2(d). As the roasting
time increased from 2 to 8 h, the Mn leaching
efficiency dropped rapidly from 73.71% to 21.01%.
The Li leaching efficiency increased gradually from
73.28% to 81.72% when the roasting time increased
from 2 to 6 h. However, the leaching efficiency of
Li decreased when the roasting time was more than
6 h. Thus, the favorable roasting time is 2 h.

increased the

3.2 Roasting mechanism

To reveal the roasting reaction mechanisms of
the manganese-rich slag with concentrated acid, the
phase evolutions and microstructure changes of the
slags at roasting temperatures
investigated via HSC simulating calculation, XRD,
TG-DSC and SEM—EDS.
3.2.1 Theoretical analysis of roasting process

In this study, the manganese-rich slag was
roasted with H,SOs, and the possible reactions can
be summarized in Table 2. Relationships between
standard Gibbs free energy changes of the reactions
(A/G®) and temperature are presented in Fig.3

various were

using HSC Chemistry version 6.0 software. It can
be seen that the values of A,G® in Reactions (2)—(7)
are all negative over the temperature range from 0
to 700 °C, indicating that MnSO4 and Li,SO4 can be
obtained first along with main by-products of
Al (SOs); and HsSiO4 during heating the mixture.
With the temperature increasing, the values of A,G®
for Reactions (8)—(12) gradually decrease. As a
result, the values of A,G® for Reactions (8) and (9)
are observed to be negative first, which means that
the H4Si04 and Alx(SO4); will be thus decomposed
prior to the sulfates of Mn and Li in thermodynamic
view. Therefore, it is possible to selectively extract
Mn and Li through sulfate decomposition roasting
followed by water leaching, and obtain a pure
leachate with low content of Al and Si which is
beneficial to the production of Li chemicals [27].

Table 2 Possible reactions between manganese-rich slag
and H,SO, during roasting

Reaction No.

MnALO,+4H,S0~MnSOs+AL(SOs)s+4H:0(g)  (2)
MnAbLOs+4HSO=

MnSO4 HyO+AL(SO)s+3H:0(g) @)

MgALO+4H,S0:=MgSOs+AL(SON:+4H.0(g)  (4)

Mn,SiOs+2H,S0,~2MnSO,+H,SiO; )

Mn,Si04+2H,S04+2H,0(1)=2MnSO4 - H,0+H,Si04 (6)
2LiAISiOf+4H,S04=Li,SO4+Al(SO4)s+2HsSi04s  (7)
Al(SO4):=AL05 + 3S05(g) (8)
H4Si04(a)=S8i0, + 2H,0(g) 9)
MnSO,=MnO + SOs(g) (10)

MnSO, H,0=MnO + SO5(g) + H.0(g) (11)
Li>S04=Li;0 + SOs(g) (12)

500
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=100
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=500

A,G®/(kJ+mol™)
o

0 2(I)O 4(I)0 6(I)0 8(I)0 lOIOO
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Fig. 3 A.G®-T relation diagram of possible chemical

reactions between manganese-rich slag and H,SO,

during roasting
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According to Reactions (2)—(5), it seems that
the elements of Al and Si in the manganese-rich
slag would consume plenty of H>SO4 due to the
formation of Al,(SO4); and HsSiOs4. However, the
H,SO4 can be regenerated by absorbing the SOs gas
released from the decomposition of Al (SO4); at
high temperature according to the following
reaction:

SO3(g)+H,0(1)=H,S04(1) (13)

3.2.2 Phase evolution during roasting process

Figure 4 shows the XRD patterns of the
manganese-rich slag and calcines obtained at
different roasting temperatures. As observed in
Fig. 4(a), the manganese-rich slag mainly consisted
of Mn,SiOy (tephroite), LiAISiO4 (pseudoeucrytite),
and Mn(Mg)ALLOs (spinel). After roasting with
concentrated sulfuric acid at 200 °C, the diffraction
peaks of the crystal phase containing lithium,
LiAlSiOs, disappeared completely; as a result, a
very high leaching efficiency of lithium was
obtained (Fig. 2(b)). Although the diffraction peaks
of the crystal phase containing manganese
(tephroite, Mn,Si04) disappeared completely, the
phase of spinel containing Mn was still detected.
This is the reason why the leaching efficiency of
Mn was lower than that of Li at a roasting
temperature of 200 °C.

1 — MnSO, 5— Mn,SiO,
2— AL(SO,), 6— ALSi,O 5
3—Li,Mg,(S0,),  7—LiAlSiO,

6 4—Mn(Mg)ALO,

8 — MnSiO,H,0

Fig. 4 XRD patterns of manganese-rich slag (a) and
calcines at different roasting temperatures: (b) 200 °C;
(c) 500 °C; (d) 800 °C

As the roasting temperature increased from
200 to 500 °C, the diffraction intensities of the
spinel were significantly weakened (26=44.69°,
58.98°), while the Alx(SO4); peak intensities were

enhanced (26=15.19°, 24.99°). This outcome is
ascribed to the fact that Alx(SO4); was generated
with the decomposition of the spinel phase.
However, the lowest leaching efficiencies of Mn
and Li were observed under this condition, which
may be ascribed to the absorption by AI(OH); gel,
resulting from the hydrolysis of Alx(SO4); during
the water leaching process.

When the roasting temperature reached up to
800 °C, the mullite (AleSi»O13) peaks were first
observed, which results from the reaction between
SiO; and intermediate products of Alx(SOa)s
decomposition. These phase conversion processes
might be illustrated by Equations (14)—(16):

Alz(SO4)3:Alzo3+3 SO3(g) (14)
H,Si0,=Si0x2H,0(g) (15)
3A1,03+2S10,=Al¢S1,013 (16)

The formation of mullite effectively decreased
the leaching efficiencies of Al and Si, and avoided
the problem of filtration by AI(OH)s and silica gel,
while increasing the Li leaching -efficiency.
However, the leaching efficiency of Mn was still
lower than that at the roasting temperature of
200 °C. This is due to the regeneration of the spinel
bearing Mn. The relevant reaction can be written as
follows:

A1203+MHSO4+H20:MHOA1203+st()4(1) (1 7)

In order to ascertain unleachable phases, the
leaching residue of the manganese-rich slag roasted
at 800 °C was analyzed by XRD (Fig. 5). It is
shown that AlsSi»O13 and Mn(Mg)Al>O4 remain in
the leaching residue, resulting in a limitation on
increasing Mn extraction further.

1 —MnSO,

3 — Li,Mg,(80,), 6 — AlS1,0,5
4—MnMg)ALO,  9—SiO,
6
9 6
LAR g d A 2]
6
3
1
(a) 6 4
AL R
10 20 30 40 50 60 70

26/(°)
Fig. 5 XRD patterns of calcines (a) and leaching
residue (b)
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3.2.3 Thermal analysis of roasting process

Figure 6 displays the TG—DSC curves of the
manganese-rich slag—H,SO4 mixture. As shown in
Fig. 6, with the temperature increasing from room
temperature to about 200 °C, two pronounced
endothermic peaks were observed at approximately
116 and 198 °C in connection with 15.03% of the
mass loss, which could be assigned to the
volatilization of water and the formation of sulfates
such as Mn, Li and Al according to Reactions
(2)—(4) [28]. As a result, the leaching efficiencies of
Mn, Li and Al should have reached a higher level at
a roasting temperature of about 200 °C, which has
been confirmed by the experimental results. As the
temperature increased further, there were three puny
exothermic peaks at 312, 571 and 619 °C which
could be attributed to the decomposition of H4SiO4
and the formation of spinel, respectively. When the
temperature reached 715 °C, an obvious endotherm
peak was observed. This peak is mainly attributed
to the decomposition of Al (SO4); [29,30]. This
implies that the roasting temperature should be
higher than 715 °C in order to decrease the Al
leaching efficiency efficiently, which is in
agreement with the XRD results. The endothermic
peak presented at 874 °C is contributed by
the decomposition of MnSOg. Thus, the roasting

s’
s 19, _|@h 20Ky i s
Fig. 7 SEM images showing cross sections of sinters obtained under different conditions: (a) 500 °C for 2 h;
(b, ¢) 800 °C for 2 h; (d) 800 °C for 6 h
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Fig. 6 DSC-TG curve of manganese-rich slag mixed
with H,SO4

temperature should be controlled at a lower
temperature than about 874 °C.
3.2.4 Microstructure of calcines

Figure 7 shows the SEM images of cross
sections of sinters obtained under different
conditions. As roasting temperature increased from
500 to 800 °C, crystal spinel particles were easily
observed, and the size of their particles increased
significantly (Table 3). This may be explained that,
in spite of the filter problem being solved, the
leaching efficiencies of Mn and Li still decreased.
With increasing the roasting time from 2 to 4 h at

-23/JU gt
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800 °C, the size of spinel particles increased
significantly. This further confirms that the
formation of spinel particles resulted in the loss of
Mn and Li, which is in accordance with the results
of the roasting—water leaching, as shown in Fig. 2(b).

Figure 8 depicts a schematic representation
during the sulfation roasting—water leaching
process. During the roasting process, the
manganese-rich slag first reacted with concentrated
sulfuric acid, producing MnSOs, MnSO4 H,O,
Li;Mg(SO4)2, Alx(SOs)s3, and H4SiOs. It should be
mentioned that the Mg in Li;Mg(SO04), was

2753

obtained from the slag maker during the production
of Mn-rich slag [7,16,17]. As the roasting
temperature increased, the HiSiOs; and Al (SOs);
decomposed successively, resulting in the formation
of mullite and spinel. The formation of mullite
aided in decreasing the leaching efficiencies of Al
and Si, while improving the leaching efficiency of
Li. The formation of spinel, on the other hand,
reduced the leaching efficiencies of Mn and Li.
During the roasting process, SOs-bearing tail gas
was released, which can be absorbed and converted
back to H,SO4 according to Reaction (13). As a

Table 3 EDS analysis results of selected sinters in Fig. 7 (wt.%)

Area (0] Na Mg Al Si S K Ca Mn Fe Ni
1 4.00 4.75 57.48 0.61 33.16
2 2.96 8.32 11.85 42.48 15.84 2.00 16.55
3 7.27 14.59 54.02 11.90 2.13 10.09
4 3.75 4.82 57.42 34.01
5 4.38 5.18 57.64 32.80
6 0.51 0.40 1.67 44.77 24.67 3.89 4.85 16.49 2.15 0.60
7 1.48 2.37 2.50 2.60 0.71 6.51 83.83
8 4.12 5.22 58.46 32.20
9 2.98 5.70 26.57 23.63 3.96 21.70 11.20 4.26
10 2.23 4.38 11.00 82.39
v L
= ey
Sulfuric acid Low Temperature High :\\ ‘_ N __ ,,:
P _*_ . —— — ’ Exhaust_gas

:, ceoren \\I ‘ :, \‘ ', . \‘I absorption

! e Mn-rich slag | ! e MnSO, | 1'e Mullite : &«

| ® H,S0, E | ® MnSO,-H,0 E | o Spinel E

E : E- Li,Mg(SOy), | E ® MnSO, |
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Battery production Battery material

Mn and Li-bearing Filtration
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Fig. 8 Schematic diagram of evolutions of main elements during sulfation roasting—water leaching process
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result, the actual H,SO4 consumption is very low,
and no waste gas is produced. The tail gas
absorption device can be found in the study by LI
et al [30]. By referring to the studies of WENG
et al [31], LI et al [32], and NIE et al [33], the Mn
and Li-bearing filtrate can be used to produce
LiMl’le4, Li[mi1/3C01/3Ml’11/3)17ngx]02, Zl’an204
and Lip2sNagsMnO; battery materials. Thus, the
proposed technique has advantages in terms of
cleanliness and economics, as well as a lower
H,SO4 composition and no waste gas generation.

4 Conclusions

(1) The leaching efficiencies of Mn and Li
were significantly affected by the roasting
temperature and time. Their leaching efficiencies
decreased significantly with the increase in roasting
temperature between 200 and 500 °C, but they
increased  dramatically when the roasting
temperature went beyond 500 °C. The leaching
efficiency of Mn decreased significantly with the
roasting time increasing.

(2) The optimum roasting conditions were:
acid concentration of 82 wt.%, acid-to-slag mass
ratio of 1.5:1, roasting temperature of 800 °C, and
roasting time of 2 h. Under these conditions, the
leaching efficiencies of Mn and Li reached 73.71%
and 73.28%, respectively.

(3) During the roasting process, the
manganese-rich slag first reacted with concentrated
sulfuric acid, producing MnSOs, MnSO4 H,O,
LizMg(SO4)2, Alz(SO4)3, and H4SiO4. As the
roasting temperature increased, HsSiOs and
Alx(SO4); decomposed successively, resulting in
generations of mullite and spinel. The formation of
mullite was beneficial to decreasing the leaching
efficiencies of Al and Si, while increasing the
leaching efficiency of Li. The formation of spinel,
however, decreased the leaching efficiencies of Mn
and Li.
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