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Lithium-rich metallurgical slag

The present invention concerns a slag composition having a high lithium content,
suitable as additive in the manufacture of end-user products, or for the economic
recovery of the contained lithium.

Lithium is normally sourced from ore deposits or from salt brines. For the reasons
detailed below, lithium valuation and recovery from secondary materials has however

become an important economic and environmental issue.

The lithium content (expressed as Li2O) of commercial ore deposits is typically below
3% (all % expressed by weight). The ore can be concentrated to 4 to 8% using
common mining techniques such as milling, classification and flotation. The mineral
concentrates can be used directly in end products or for the preparation of pure
compounds such as lithium carbonates or hydroxides. Lithium extracted from salt
brines is mainly used for the production of pure lithium compounds.

Lithium is found in more than 100 different minerals, but it is in practice extracted
only from spodumene (Li20.Al203.4Si02), lepidolite (KLi2AI(Al,Si)3010(F,OH)2),
petalite (LiAISi4sO10), amblygonite (Li,Na)AIPO4(F,OH), and eucryptite (LiAISiO4).

For some applications, both mineral concentrates and pure compounds are needed,
such as in glass, ceramics, and glass-ceramic manufacturing. For other applications
like greases, aluminum smelting, and rechargeable batteries, only pure compounds
are needed. Lithium, furthermore, goes in its metallic form in lithium primary

batteries, and in specific pharmaceuticals and catalysts.

The demand for pure lithium compounds in rechargeable batteries is expected to
exceed that of all other applications in the near future. Recycling lithium-bearing
batteries is consequently a major topic, the economic driving force being further
boosted if the cobalt and nickel contained in such batteries can be valuated alongside
with the lithium. Pyrometallurgy processes lend themselves well to reach this

combined objective.
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In a known pyrometallurgy process using a molten bath furnace for the recycling of
e.g. lithium-bearing batteries, the addition of fluxing compounds leads to the
formation of a slag wherein the more easily oxidized elements such as aluminum,
silicon and lithium are collected; the less easily oxidized elements such as copper,
nickel, and cobalt are collected in a separate alloy phase.

When processing lithium batteries in a molten bath furnace, Al20s3 is an important yet
unavoidable slag component: metallic aluminum is indeed typically present in the
electrodes or casing and will oxidize despite the strong reducing conditions
maintained to form the alloy. Classically, CaO and SiO:. are added as fluxing
compounds to bring the melting point of the slag down to a reasonable working
temperature. The obtained slag is of low economic value because of the dilution of
the lithium by the fluxing agents. It may moreover contain significant amounts of

heavy metals, precluding its re-use in some applications.

It has now been found that high concentration of Li.O combined with MnO can reduce
the viscosity of a slag containing high amounts of Al2Os3. As a result, less CaO and
SiO2 is needed as fluxing agents, thus avoiding the lithium dilution effect. Yet, by
respecting specific bounds of compositions, practical working conditions of melting
point and viscosity are reached below 1700°C, or even below 1600°C. The latter
temperature limit is advantageous in view of the lower energy demands and of the

increased longevity of the furnace lining.

More specifically, a suitable Li.O bearing metallurgical slag should comprise:
3% < Li20 < 20%;

1% < MnO < 7%;

38% < AlO3 < 65%;

Ca0 < 55%; and,

SiO2 < 45%.

Figure 1 illustrates the above-defined domain as a hatched area on a CaO - SiO2 -
(83% Al203+17% Li20) phase diagram. It should be noted that this representation is
approximate and indicative only: it is only valid for a fixed albeit typical Al.03 to Li2O
ratio of 83 to 17, and it does not account for other compounds such as MnO or FeO.
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The lower limit on the Li.O of 3%, together with the upper limits on fluxing agents
CaO and SiO2 of respectively 55% and 45%, define a domain where the valorization

of lithium remains economical, without facing too high a penalty due to dilution.

The upper limit on the Al20s content, together with the lower bound on the sum of
CaO and SiO:2 ensure that the slag melting point remains below 1700°C. By limiting

Al203 to 55%, a further decrease of temperature is possible, down to 1600°C or less.

The slag will consist essentially of Al203, SiO:, CaO, Li2O, and MnO, these 5
compounds forming at least 73% of the total composition. Other typical compounds
that may be present are FeO and MgO. In a preferred embodiment, the above-
mentioned essential compounds should represent more than 80% of the total slag

composition.

The Li2O concentration is preferably higher than 5%, more preferably higher than
10%. This ensures a better recovery yield of the lithium as e.g. carbonate or
hydroxide when processing the slag to obtain pure lithium compounds. Suitable
processes for this could be any one of the known acid or alkaline leaching processes

similar to those used for lithium recovery from spodumene.

The upper limit for Li2O in the slag is a practical one, as its viscosity becomes

impractical when a concentration of more than 20% is reached.

The upper limit on SiO2, when combined with a minimum amount of MnO, helps in
keeping the viscosity of the slag sufficiently low, even at temperatures close to the
melting point. A low viscosity is important to allow for the fast and complete settling
of the metallic alloy phase. A deficient decantation would indeed result in alloy
droplets remaining dispersed in the slag. This would jeopardize the cobalt yields.

MnO is also beneficial as an additive in the manufacture of glass, ceramics and glass-
ceramics. MnO is indeed often added to obtain a brown to purple color. MnO is also
used in mold powders, which provide lubrication and control the heat transfer in e.g.

steel slab casting.
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A proper level of reduction is needed during smelting to collect the cobalt and nickel
in an alloy phase. A lesser level of reduction would limit the re-use of the slag to
those rare application where cobalt oxide is actually welcome, such as for the

manufacture of blue glass. More generic reuse could however be precluded.

Indeed, the current European REACH regulation addresses the production and use of
chemical substances and their potential impact on human health (cf. Annex VI of the
CLP Regulation (EC) No 1272/2008). Cobalt oxide, as well as cobalt metal, is hereby
taken into account for the determination of the substances’ classification. Both cobalt-
bearing species contribute significantly, but other typical slag impurities also have to
be accounted for. In view of a favorable classification, a total cobalt content in the
slag of less than 1% is preferred, less than 0.5% being more preferred.

According to a preferred embodiment, a SiO2 concentration lower than 25%, or more
preferably lower than 15% is chosen. The specific benefits of reducing the SiO2, thus
selecting working conditions in the lower-left part of the shaded area in Figure 1 are:
- Si02 tends to increase the viscosity of the slag, which is undesired;

- SiO2 interferes with some of the lithium refining steps.

According to a preferred embodiment, a CaO concentration lower than 25%, or more
preferably lower than 15% is chosen. The specific benefits of selecting working
conditions in the upper-right part of the hatched area in Figure 1 are:

- A more concentrated lithium slag is obtained, as the lithium is not diluted by CaO;
more Li-O means that even less CaO is needed to guarantee a low viscosity, as it is
assumed that Li.O may substitute CaO with respect to this effect;

- Because calcium is usually added as limestone, which contains carbonates, an
appreciable amount of energy is required for its conversion to CaO, thereby releasing
CO2, which is undesired;

- Slag depleted in CaO can be used in applications where calcium is not well tolerated,
such as in glass-ceramics manufacturing;

- A low CaO content is also desirable when the slag is processed for the recovery of
lithium as pure compounds. Calcium indeed interferes with some of the purification

steps.
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In another embodiment of the invention, a pyrometallurgy process for smelting
lithium-bearing batteries, their components or their scraps is defined, thereby
producing a metal-bearing alloy, and a Li.O bearing metallurgical slag according to

the above-mentioned characteristics.

The different embodiments are illustrated with the following example.

Use is made of an apparatus comprising a bath smelter equipped with a lance for
blowing gasses directly into the slag layer residing on top of the molten metal alloy.
A so-called starting bath of molten slag is provided, such as from a previous operation

performed in similar conditions.

Spent rechargeable lithium-ion batteries are fed to the furnace at a rate of 100kg/h
while limestone (CaCOs) and sand (SiO2) are simultaneously added at rates of 10kg/h
and 5.5kg/h respectively. About 38Nm3 O:2 per ton batteries is supplied through the
lance to provide heat to the furnace. This amount is chosen so as to guarantee
strongly reducing conditions, i.e. leading to the formation of an alloy collecting
copper, nickel, iron, and cobalt, each with yields of preferably more than 95% versus
total elemental input.

In this particular case, the process appears to be autogenous, as no additional fuel
is needed. This is due to the relatively high amounts of reducing agents such as
metallic aluminum (about 6%) and carbon (about 20 to 25%) in the spent batteries
treated. A bath temperature between 1400°C and 1700°C is achieved, which is
suitable to maintain both the slag and the alloy sufficiently fluid for easy tapping and
handling. The produced alloy and slag are then tapped, either periodically or

continuously.

Table 1 shows the amounts and analyses of the input and output phases of the
process, on an hourly basis. The figures between parentheses correspond to the
elemental concentrations expressed as weight % of the main oxidized species
assumed to prevail in the slag. Significantly more than 50% of the lithium reports to
the slag, while a minor fraction escapes with the fumes. The slag is fluid and is free
of metallic droplets.
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Table 2 illustrates other slag compositions that are obtained using a similar process.
These slags correspond to the above-mentioned suitable LiO bearing metallurgical
slag, and/or according to said first or second preferred embodiments.

Table 1: Input and output phases of the process on an hourly basis

iti %
frowt Mass Composition (%)
P k9) | <, i e | co Mn Al Si Li | CaCOs
(MnO) | (Al203) | (Si02) | (LixO) | (CaO)
Batteries 100 10 4.0 14 10 2.0 6.0 1.5
Sand 5.5 (100)
Limestone 10 100
Output
Alloy 40 25 10 35 25 4.0
Slag 1 26 0.08 | 0.05 | 0.17 | 0.1 (2.1) | (44.4) | (21.8) | (8.4) | (22)

Table 2: Composition of other slags produced

Composition (%)
Cu Ni Fe Co MnO Al>Os Si0O2 Li.O CaO
Slag 2 0.60 | 0.20 | 1.60 | 0.90 2.6 44.2 30.0 9.0 11.4
Slag 3 0.10 | 0.06 | 0.40 | 0.25 1.3 48.0 36.4 11.6 2.5
Slag 4 0.30 | 0.10 | 1.00 | 0.20 3.9 39.1 25.7 8.1 8.0
Slag 5 0.18 | 0.07 | 0.46 | 0.35 2.5 47.6 21.1 9.0 16.6
Slag 6 0.09 | 0.02 | 0.36 | 0.21 1.2 48.4 18.9 9.8 22.8

The described metallurgical slags are suitable as such with respect to the smelting
process itself: they allow for the desired separation between more easily oxidized
metals such as lithium, and less easily oxidized metals such as cobalt and nickel. The
Li2O content of the slag may reach concentrations well above those found in minerals,
making the slag an economical source for lithium recovery. The process also allows
for the recovery of other valuable metals, in particular cobalt and nickel, which are

concentrated in metallic form in the alloy.
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Claims

1. A Li2O bearing metallurgical slag comprising Al203, SiO2, CaO, and MnO,
characterized by a by-weight composition according to:

3% < Li20 < 20%;

1% < MnO < 7%;

38% < AlO3 < 65%;

Ca0 < 55%; and,

SiO2 < 45%.

2. A Li2O bearing metallurgical slag according to claim 1, characterized in that
the LiO concentration is higher than 5%, more preferably higher than 10%.

3. A Li2O bearing metallurgical slag according to claims 1 or 2, characterized in

that the SiO2 concentration is lower than 25% or more preferably lower than 15%.

4, A Li2O bearing metallurgical slag according to claims 1 or 2, characterized in

that the CaO concentration is lower than 25%, more preferably lower than 15%.

5. A Li2O bearing metallurgical slag according to any one of claims of 1 to 4,
characterized in that the sum of the Al203, SiO2, CaO, MnO, and Li2O concentrations
is higher than 80%.

6. Use of the Li2O bearing metallurgical slag according to any one of 1 to 4, in a
smelting process, wherein lithium-bearing batteries, their components or their scraps
are fed to the process, so as to produce a metal-bearing alloy, and said lithium

bearing metallurgical slag.

7. Use according to claim 6 of the LiO bearing metallurgical slag in a smelting
process, wherein the total cobalt in the slag is lower than 0.5%.
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