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Abstract: Sulfating roasting tests were conducted with different agents to investigate lithium recovery
from spent lithium-ion manganese oxide (LMO) batteries. In this study, CaSO4 and CaCO3 were used
as reactants, and the optimal temperature, residence time, and molar fraction of CaSO4 in a static
reactor were determined. In the experiments, the temperature ranged between 620 and 720 ◦C, and
the holding time was between 10 and 40 min. In addition, the molar fraction of CaSO4 varied between
0 and 100%, with the rest being CaCO3. The water leaching was fixed at a S/L ratio of 1/20 and
heated to 60 ◦C for 1 h. The maximum Li yield achieved was 93.4% at 720 ◦C, 25 min, and a 0.5 molar
fraction of CaSO4, and virtually no Mn was present in the solution. Therefore, high selectivity for
Mn—which is the major compound in the LMO black mass—was observed. Regarding statistical
evaluation, temperature was the most influential parameter and, to a lesser extent, the molar fraction
of CaSO4. The product displayed a sintering effect, suggesting that the pyrolyzed black mass and
reactive underwent a solid-solid reaction in the selected temperature range.

Keywords: LMO recycling; lithium recovery; sulfating roasting; water-leaching

1. Introduction

The world is facing a severe climate crisis, and modern societies must reduce the
greenhouse gas (GHG) concentration in the atmosphere to restrain this situation. The
transportation sector is responsible for 16.2% of the yearly GHG emissions (2019) [1]. As a
solution, the vehicle sector is getting electrified. To account for the demand for LiBs for this
transformation, all around Europe, gigafactories are planned for the following years [2].

To produce these batteries, strategic raw materials are required. The list includes Li,
Mn, graphite, and Ni in battery grade. According to the EU Commission, a strategic raw
material is one of strategic importance, has forecasted demand growth, and is difficult to
increase production [3].

To meet the demand for new batteries and prepare for the return of EoL (End of Life)
batteries, a recycling route for LiBs must be proposed and established. Umicore, based
in Belgium, has developed a pyrometallurgical recycling method for LiBs. The process
employs a single-shaft furnace, with the charge comprising coke, slag former, and LiBs.
The process uses the plastics to generate heat and produces an alloy comprising Cu, Co,
and Ni. Al, Si, Ca, Fe, and Li are collected in the slag [4].

The disadvantages of this process are the high energy consumption and the loss of Li
and other elements in the slag. A hydrometallurgical approach that can recover all cathodic
metals with high recovery efficiency was introduced by Duesenfeld in Germany [5]. Their
approach includes the leaching of the black mass from the LiBs, followed by several
separation steps to extract all components of the black mass. Cu, Al, and Fe were recovered
via precipitation. Ni, Co, and Mn were separated and recovered via solvent extraction.
Finally, Li was recovered as Li2CO3 [6].
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The main objective of this study is to selectively convert the Li in the black mass
into a water-soluble compound. This means that after water leaching, only Li should be
dissolved, which is also known as early-stage lithium recovery (ESLR). This can be achieved
by roasting the black mass with reactants (CaCO3 and CaSO4).

2. Background

The fundamental principle of sulfating roasting is to selectively convert the desired
metal into a sulfate that can dissolve in water. This is accomplished by incorporating
various sulfate compounds during the roasting procedure. The objective is to ensure that
impurities remain as insoluble compounds [7,8]. One of the benefits of utilizing sulfating
roasting is that sulfates have high solubility in water, making the process convenient and
eliminating the need for acid [9]. Sulfating roasting has been studied by some authors using
different methods for recycling spent lithium batteries. In most cases, a solid additive is
added to decompose during roasting so that the released SO2 gas reacts with O2 to produce
SO3, which reacts with the black mass. Some of the studied compounds are (NH4)2SO3,
(NH4)2SO4, NaHSO4·H2O, H2SO4, and Na2SO4 [8,10–14]. In other cases, a gas mixture
of SO2, O2, and N2 is used to control the partial pressures in the system and, therefore,
to achieve selective sulfating roasting, according to predominance diagrams. Despite
achieving a high lithium extraction (>90%) in the leaching step, other main elements such
as Ni, Co, and Mn were also dissolved in the solution.

Wang et al. [10] use lithium-ion cobalt oxide batteries (LCO) from dismantled and
disassembled batteries. The LCO is mixed with NaHSO4·H2O. The sulfating roasting was
conducted statically in a muffle furnace. The mixture was roasted in a sealed crucible
at 600 ◦C for 30 min. Afterward, the roasted products are leached with deionized water
and filtrated. Different ratios of LCO with additives were investigated. They discovered
that the more additives they added, the more Co and less Li they found in the filter cake.
The best result was a filter cake consisting of 72.56% Co and 0.53% Li. Shi et al. [7] used
synthetic LCO powder for sulfating roasting. The experiments were performed in a static
tube furnace with a gas inlet. The idea was to investigate how a gas mixture consisting
of SO2-O2-Ar (10% SO2 + 1% O2) reacts with LCO. A reference experiment using only Ar
was conducted. All other experiments were performed with the above mixture at different
times. Afterward, the roasted products were leached with water for 60 min, at 25 ◦C with
a S/L of 100 g/L. The LCO powder is converted through the process to a composition of
Li2SO4, Li2Co(SO4)2, and CoO. The best Li LE was 99.5% with a roasting time of 120 min.
Moreover, 17.3% of Co was extracted. Lin et al. [11] performed their experiments with
cathode material from spent, dismantled, and separated batteries. To burn organics, the
material was baked at 500 ◦C for 300 min in a muffle furnace. Their additive H2SO4 was
mixed with water and the NMC powder. The mixture was dried at 120 ◦C for 720 min.
Afterward, the mixture was roasted in a tube furnace at 800 ◦C for 120 min. The roasted
products were leached with water for 60 min at room temperature (RT) with a S/L of
200 g/L. Their best-attained Li LE was 96.92%, with all other elements being below 1%.
Di et al. [12] performed static sulfating roasting in a tube furnace. They used NMC532,
which was thermally treated at 500 ◦C for 60 min. The additive they used is Na2SO4 and
was mixed with the NMC532. Afterward, the mixture was put into a crucible in a tube
furnace. The roasted products were leached with water for 120 min at 80 ◦C with a S/L
of 50 g/L. Their best Li LE was 85.43% with roasting parameters of 750 ◦C, 1:1 ratio, and
90 min. The LEs for Co, Mn, and Ni were below 0.5%. They found that the LE of Li increases
with temperature until 750 ◦C. Adding more Na2SO4 above a ratio of 1:1 had no effect on
the Li LE. Zhang et al. [13] used cathode powder from spent, dismantled, and separated
batteries. The powder (NMC111) was treated in a muffle furnace at 400 ◦C for 60 min to
burn organics. The NMC111 was mixed with (NH4)2SO4 and placed in a sealed crucible
in a muffle furnace. Their investigation was about different roasting times, compositions,
and temperatures. Afterward, the roasted products were leached with deionized water for
5–10 min at 25 ◦C. Their best Li LE was 98.31%, with other metals in the same range. The
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roasting conditions for this LE were 400 ◦C, 1:3.5, and 20 min. Liu et al. [8] experimented
with LMO powder from spent, dismantled, and separated batteries. To remove organics,
the LMO was roasted in a muffle furnace at 600 ◦C for 600 min. The LMO was mixed with
NaHSO4·H2O. The mixture was roasted in a sealed crucible placed in a muffle furnace.
Afterward, the roasted products were leached with deionized water for 30 min at 60 ◦C
with a S/L of 40 g/L. They found that the higher the quantity of additive, the higher the
extraction rate. Their best conditions were 600 ◦C, 1:1.07, and 30 min. The resulting Li LE
was 96.6% with an Mn LE of 9.7%.

The physicochemical properties of the sulfating roasting of spent lithium batteries
with CaSO4 and CaCO3 have not been studied. Normally, it is expected that the agents
decompose to allow a gas-solid reaction between the black mass and SO3. However, the
temperature must not exceed 750 ◦C, from which, according to preliminary experiments, Li
extraction becomes poor, and beyond 850 ◦C, the material starts to melt. Furthermore, the
melting temperature of Li2CO3 is 723 ◦C. Although the decomposition of CaSO4 occurs
above 950 ◦C, solid-solid reactions can occur, allowing the transformation of Li compounds
into Li2SO4 at lower temperatures. The major reactions that could occur in these mixtures
at 620–720 ◦C are the solid-state exchange reactions of Li2CO3 with CaSO4 and LiF with
CaCO3 or CaSO4, listed in Table 1. Each reaction is provided with the respective ∆G◦. The
first three reactions and the last reaction show a negative ∆G◦. All reactions, including Mn,
display a positive ∆G◦. This provides a basis for the selectivity of the process because MnO
is not converted into the soluble MnSO4 in the investigated temperature range.

Table 1. Reactions between active material, by-products, impurities, and reactants and their respective
changes in Gibbs free energy *, grouped by element.

Element Reaction ∆G0
620 [kJ/mol] ∆G0

720 [kJ/mol]

Li
Li2CO3 + CaSO4 → Li2SO4 + CaCO3 −2.95 −7.09

2 LiF + CaSO4 → Li2SO4 + CaF2 −13.11 −18.31
2 LiF + CaCO3 → Li2CO3 + CaF2 −10.16 −11.22

Mn
MnO + CaSO4 →MnSO4 + CaO 129.93 130.94

2MnO + CaCO3 →Mn2CO3 + CaO 85.13 87.74

C CaSO4 + 2 C→ CaS + 2 CO2 (g) −152.11 −187.25
* Calculated with Factsage database FactPS.

Other possible reactions, such as the reactions of LiMnO2 with CaCO3 and CaSO4,
are listed below. With CaSO4, there are two possible reactions, depending on the amount
of CaSO4.

4 LiMnO2 + 2 CaCO3 = 2 Li2CO3 + 4 MnO + 2 CaO + O2 (g)

4 LiMnO2 + 2 CaSO4 = 2 Li2SO4 + 4 MnO + 2 CaO + O2 (g)

4 LiMnO2 + 6 CaSO4 = 2 Li2SO4 + 4 MnS + 6 CaO + 9 O2 (g)

The sulfating roasting focused on the transformation into Li compounds with high sol-
ubility for the subsequent neutral leaching. The water solubilities of various Li compounds
at different temperatures are listed in Table 2.

Table 2. Solubility of different lithium compounds in water [15].

Temp.
Solubility in g/100 mL

LiOH Li2CO3 Li2SO4 LiF

20 ◦C 11.0 1.33 25.6 0.131
60 ◦C 12.7 0.99 24.5 0.134
100 ◦C 16.1 0.72 23.6 0.134
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Table 3 summarizes the conditions and results of other studies using the same prin-
ciple. For solid reactants, the temperature used depends largely on the decomposition
temperature. As a result, in most cases, Li extraction is high. However, the co-dissolution
of other metals ranges from unavailability to low or high values.

Table 3. Summary of conditions for lithium extraction using sulfating roasting found in literature.

Input Material Roasting
Reactants

Roasting Leaching Efficiency [%]
Ref.Temp.

[◦C]
Time
[min]

Mass Ratio *
(or Flow Rate) Li Co Ni Mn

Spent LCO NaHSO4·H2O 600 30 1:1.4 N/A N/A N/A N/A Wang 2018
[10]

Synthetic LCO 10% SO2
+ 1% O2

700 120 400 mL/min 99.5 N/A N/A N/A Shi 2019
[7]

Spent LiB H2SO4 800 120 2:1 96.92 0.33 0.15 1.04 Lin 2020
[11]

Spent LiB Na2SO4 750 90 1:1 85.43 0 0 0 Di 2020
[12]

Spent NMC 111 (NH4)2SO4 400 20 1:3.5 98.31 97.32 96.29 97.30 Zhang 2021
[13]

Spent LMO NaHSO4·H2O 600 30 1:1.07 96.6 N/A N/A 9.7 Liu 2022
[8]

Spent NMC (NH4)2SO3 550 150 1:2 ** 88 <0.03 <0.03 <0.03 Cao 2022
[15]

Spent LCO 10% SO2
+ 10% O2

850 60 500 mL/min 99.51 61.21 22.99 68.36 Biswas 2023
[9]

* Ratio feedstock:reactant; ** molar ratio.

3. Materials and Methods

The black mass received from the company Promesa was pyrolyzed at 600 ◦C for 1 h
under an N2 atmosphere. The pyrolyzed material was then sieved at 125 µm, separating
a large amount of Al and Cu in the coarser fraction. Chemical analysis of the <125 µm
fraction is shown in Table 4.

Table 4. Chemical composition of <125 µm fraction of the pyrolyzed black mass.

Elem. Al Co Cu Fe Li Mn Ni F S C

wt.% 0.45 0.27 0.75 0.66 4.34 46.5 0.61 2.39 0.35 12.4

The chemical composition reveals that it is an LMO battery owing to its high Mn
content and much lower Co and Ni contents. Figure 1 shows the phases found in the
pyrolyzed black mass by XRD.

During pyrolysis, decomposition reactions of the LMO battery occur, as do reactions
between the CO2 (g) from the decomposition of the organics and the black mass. Some
possible reactions are as follows:

12 LiMn2O4 → 6 LiMnO2 + Mn3O4 + 5 O2 (g)

4 LiMnO2 + 2 CO2 (g) = 2 Li2CO3 + 4 MnO + O2 (g)
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Figure 1. Diffractogram of pyrolyzed black mass (<125 µm fraction).

The pyrolyzed black mass was mixed with the reactants at a given mass ratio for the
trial. Both reactants, CaCO3 and CaSO4, are in chemical grade from Sigma-Aldrich. CaSO4
has a particle size of 44 µm and a purity of 99% (Sigma Aldrich SID 329752446, Darmstadt,
Germany). CaCO3 has a particle size of 44 µm and a purity of >99.0% (Sigma Aldrich SID
329752519, Darmstadt, Germany).

Two types of furnaces were used to adjust the range of the main parameters of the
sulfating roasting. A rotary and static oven at a lab scale were employed to determine
the best performance for the transformation of lithium into a water-soluble compound.
An optimal performance was achieved using a static furnace. The permanent friction of
the particles in the rotary kiln hinders the ongoing reactions and permanently breaks the
interparticle contact. During roasting, these mixtures can only undergo solid-state reactions
based on the interdiffusion of cations between the particles of different components. This
type of reaction is usually favored by a fine particle size (smaller diffusion distance) and a
high temperature (higher coefficient of diffusion) [16].

Furthermore, the temperature in the rotary kiln cannot be measured inside the furnace.
Therefore, the temperature was lower than the set point, and the temperature delta re-
mained unknown. For the static experiments, the temperature of the sample was measured.
In addition, the mass balance can be carried out more easily in comparison with a rotary
kiln, where some material remains attached to the wall. Once the reactor was selected, the
input materials were mixed and placed in an alumina crucible. Thermal treatment was
conducted, followed by milling of the sample. Subsequently, the sample was leached with
deionized water and filtered. Samples of the filter cake and leach solution after filtration
were analyzed.

All steps accompanying the roasting, i.e., thermal pre-treatment, are shown in Figure 2.
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3.1. DoE

To obtain information on the effects of the roasting parameters on the leaching effi-
ciency, a design of the experiment was planned. The face-centered design (CCF), which is
part of the central composite design (CCD), created a surface response with 15 experiments.
A full factorial design would involve 27 experiments; however, using a CCF design would
reduce the number of experiments to 15, as shown in Table 5 [17].

Table 5. Levels of the factors of DoE used in the sulfating roasting process.

Factors

Levels

Low Center High

(−1) (0) (+1)

Temperature 620 670 720
Holding time 10 25 40

Molar Fraction CaSO4 0 0.5 1

The available literature indicates that the optimal temperature range for the experiment
is 600–800 ◦C. Therefore, this temperature range was established as the appropriate range
for the experiments. The CCD requires setting factors outside this temperature range. In
addition, the holding time could be suggested to be negative, which could not be achieved.
To ensure that the temperature remains within the recommended range and that the holding
time is achievable, a decision was made to utilize the CCF. Based on the observation that a
high ratio of reactants led to better Li LE, all the main trials were performed with a high
ratio of reactants, using 15 g of black mass and 30 g of reactants. The molar fraction of
CaSO4 was varied between 0, 0.5, and 1 to determine the composition of the reactants.
These levels corresponded to 30 g of CaCO3 for level 0, 17.29 g of CaSO4 + 12.71 g of CaCO3
for level 0.5, and 30 g of CaSO4 for level 1, resulting in a change in the ratio of CaCO3
to CaSO4.

3.2. Experimental Procedure

For the main trials, the input material (15 g black mass plus 30 g reactants) was
weighed and mixed before each trial. All three ingredients were weighed in a plastic bowl
and mixed with a spatula. Mixing was performed manually until no recognizable parts
of the agglomerations remained and a homogeneous gray material was obtained. The
material was placed into an alumina crucible. The crucible was placed in a reactor in a
Thermo-Star furnace. The crucible was weighed empty before roasting and full/empty
after roasting to examine mass losses. Figure 3 displays the setup of the main trials. The
crucible is in the middle of the reactor, with a thermocouple in the sample. The reactor
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stands between the heating elements of the Thermo-Star furnace. The lid of the reactor is
airtight. Two connections are at the top for the gas in-/outlet. Afterward, the furnace is
heated up with a ramp of 300 ◦C per hour until the holding temperature (±5 ◦C) is reached.
After the temperature is reached, the holding time starts. The furnace is left to cool down
when the holding time is over. While cooling down, the reactor is flushed with 1.5 L/min
of N2. The materials were obtained from the cooled-down crucible, milled, and then sieved.
The material was ground and sieved until less than 1 g of the material >125 µm remained
as residue. The <125 µm fraction was used for leaching. All trials were conducted using
the same parameters. The material was leached for 60 min at 60 ◦C at a S/L ratio of 50 g/L.
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3.3. Calculation of Leaching Efficiency and Selectivity

Equation (1) determines Li leaching efficiency by comparing the amount of Li in
filtrate with the sum of Li in filtrate and filter cake fraction. This is to mitigate the effects of
non-uniformity in the black mass and the potential loss of mass during thermal treatment.

LE =
CF ×V

CF ×V + CFC ×mFC
×100 (1)

where CF is the concentration of element in the filtrate (g/L), CFC is the concentration of
element in the filter cake (%), V is the volume of the filtrate (L), and mFC is the mass of the
filter cake (g).

To evaluate the efficiency of the separation of metals, the selectivity factor (SF) was
considered. The SF is the deviation of the concentration of Li in the filtrate divided by the
concentration of another metal in the filtrate, as shown in Equation (2) [18].

SF =
CLi

CM
(2)

with CLi being the concentration of Li in the filtrate (g/L) and CM being the concentration
of another element in the filtrate (g/L).

4. Results and Discussion
4.1. Extraction of Lithium

Results obtained from the leaching tests are shown in Table 6, where the extraction
percentage for each element was averaged with its respective deviation.
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Table 6. Leaching efficiency for different metals of LMO via sulfating roasting and water leaching.

Test
Order

Factors Responses—Leaching Efficiency (%)

Temp.
[◦C]

Holding
Time [min]

Molar Fraction
CaSO4

Li Al Cu Co Mn Ni

1 720 40 0 90.2 4.4 3.2 5.4 0.1 3.1
2 670 25 0 89.6 4.3 3.1 5.1 0.1 2.9
3 670 40 0.5 92.2 4.5 3.4 7.3 0.1 3.7
4 620 10 1 90.2 0.3 3.1 4.8 0.1 2.6
5 620 25 0.5 90.5 4.7 2.9 4.6 0.1 2.5
6 670 25 1 90.6 0.3 3.1 4.5 0.1 2.6
7 720 10 0 92.0 4.4 3.8 10.3 0.1 5.4
8 720 10 1 92.2 4.7 3.6 8.7 0.1 4.2
9 670 25 0.5 92.7 4.9 3.8 9.0 0.1 4.4

10 720 40 1 93.0 4.7 3.5 8.7 0.1 4.1
11 620 40 0 88.9 0.3 2.7 4.2 0.1 2.3
12 620 40 1 90.6 4.7 3.3 5.6 0.1 3.4
13 620 10 0 89.0 4.3 3.1 5.6 0.1 3.3
14 720 25 0.5 93.4 4.7 3.6 8.6 0.1 4.2
15 670 10 0.5 90.5 4.7 3.1 4.7 0.1 2.5

It is noteworthy that the results of the chemical analysis for Al, Co, Cu, Mn, and
Ni were <1 mg/L in the solutions; for calculation purposes, a value of 0.5 mg/L
was considered.

For all trials, Li extraction yielded above 88%. Furthermore, Mn coextraction does not
even reach 0.1% in all cases, a standout result when considering its high quantity in the
black mass (46.5%).

4.2. Comparison of the Influence of CaSO4 and CaCO3 on Other Elements

When the results are grouped by the molar fraction, the following effects on the
fluoride ions in the solution are evident: As shown in Figure 4, Li was co-distributed with
F in the filtrate when only CaCO3 was present. In comparison, when CaSO4 was used, S
and Ca were present; however, F decreased significantly. This leads to the assumption that
CaSO4 reacts with LiF and fixes it as CaF2, which is an insoluble compound. When using a
sample with both CaCO3 and CaSO4, dissolution of S and Ca was also observed, whereas
dissolution of Al, Cu, Co, Mn, Ni, Fe, and P was minimal in all cases.
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The average number of elements in the filter cake is shown in Figure 5. The filter cake
contained high levels of Mn, C, and elements derived from the reactants such as Ca and S. When
CaSO4 is used, F is fixed in this phase. In addition, Al and P were present in the filter cake.
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4.3. Statistical Analysis—Effects and Interactions

Statistical analysis demonstrates the importance of the individual variables in the
model, including the main effects, interactions, and parameter optimization.

The Pareto chart is a valuable tool for examining the statistically significant terms
and their relative magnitudes within the model. Figure 6 presents the Pareto chart cor-
responding to the model, with Li LE as the response variable, where any bar surpassing
the red-dotted line indicates statistical significance with a p-value less than 0.05. Notably,
temperature, molar fraction, and the squared term of the molar fraction emerged as three
statistically significant terms. Among these terms, temperature exerted the most substantial
influence on the model. The molar fraction and squared molar fraction exhibited compara-
ble impact magnitudes, albeit slightly lower than temperature. This Pareto analysis offers
valuable insight into the relative significance of each term within the model.
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The main effects quantify the contribution of each factor to the mean response of Li
LE. Figure 7 illustrates the main effect plots. An increase in the temperature was observed
to positively influence the response. In contrast, the impact of the holding time on the
response is relatively minor, as depicted by the small bar in Figure 6. The molar fraction
exhibited a parabolic effect on the response. Specifically, the response was lowest when
only CaCO3 was present, whereas the highest response was achieved when a mixture of
both reactants was used.
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Interaction plots revealed the relationships between different factors. In the model,
the interaction between time and molar fraction, labeled Time·Fraction, remains significant.
Figure 8 depicts the interaction plot between time and molar fraction. It can be observed
that the impact of the molar fraction becomes more pronounced with longer holding times.
Specifically, when only CaSO4 was present, time had a positive effect on mean Li LE.
Conversely, when only CaCO3 is used, the effect is negative. However, when a molar
fraction of 0.5 is employed, the effect becomes negligible.
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Furthermore, by maximizing the response and eliminating some factors and inter-
actions, it is possible to reach a maximum value of 93.6% for Li extraction for a given
S/L value, which is the determining parameter, together with the particle size, to achieve
superior extraction. However, in this study, we limited ourselves to a S/L ratio of 1/20,
which would be a limiting value to scale the process industrially.

4.4. Selectivity

The selectivity factor (SF) represents the leached amount of an element relative to the
leached amount of Li. Thus, it determines the purity of the resulting aqueous solution [19].
Higher SF values indicate greater selectivity. Regarding LiB recycling, some authors state
that their processes are selective but do not quantify it [20–24]. Across all the main trials,
the SF values for Al, Cu, Co, Mn, Ni, Fe, and P fell within the range of 128 to 142. The SF
values for S, F, and Ca are listed in Table 7 and sorted by molar fraction. For molar fractions
of 0.5 and 1, the SF values for S ranged from 34 to 40, while the SF values for F ranged from
24 to 65. The SF values for Ca in these molar fractions are very low, ranging from 1 to 2. At
a molar fraction of 0, the SF value for F is low (approximately 1.8). Conversely, the SF value
for Ca in molar fraction 0 ranged from 129 to 138, which was similar to the SF values of
other impurities across all molar fractions. As no S was added to molar fraction 0, the SF
value for S was high.

Table 7. SF for each main trial for elements S, F, and Ca sorted by molar fraction.

Trial Molar Fraction CaSO4 Li/S Li/F Li/Ca

4 1 36.2 35.6 1.5
6 1 35.5 43.3 1.4
8 1 37.1 43.9 1.8

10 1 34.1 65.0 1.0
12 1 36.8 34.8 1.5
3 0.5 38.3 40.8 1.8
5 0.5 38.3 24.2 2.1
9 0.5 39.6 36.3 2.1

14 0.5 38.2 48.3 1.7
15 0.5 38.0 31.8 1.8
1 0 6699.3 1.9 138.0
2 0 13,740.0 1.9 137.4
7 0 5684.2 1.8 129.6

11 0 2794.0 1.8 130.2
13 0 2251.7 1.8 136.0

5. Discussion
5.1. Possible Reactions and Mechanisms

The sintering effect revealed a reaction on the surface of the particles. A maximum
mass loss of only 5% was observed. As previously presented, solid-state reactions occur,
allowing transformation to Li2SO4. Li-Mn oxides can react with both CaCO3 and CaSO4 to
form Li2CO3 and Li2SO4, respectively.

The XRD patterns for two experiments after roasting and after leaching are shown in
Figures 9 and 10. Equimolar amounts of CaSO4 and CaCO3 were used in these experiments.
Both agents remained unreacted, allowing the possibility of decreasing their quantity in
further studies. In both cases, Li2CO3 was not identified, indicating the transformation of
Li2CO3 to Li2SO4. Furthermore, when CaSO4 is used, MnS can be produced in parallel at
both temperatures and is only identified after leaching. Furthermore, C was not detected in
the diffractogram before leaching because its share was below the 5 wt.% required by the
software HighScore (version 4.9) to be identified. After leaching, Li2SO4 was completely
dissolved, as were, to some extent, CaSO4 and CaCO3, which are slightly soluble in water.
The main difference between the two experiments was the type of Mn oxide detected,
although their oxidation states were similar.
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Figure 9. XRD analysis for experiment ST9 after roasting and after leaching. ST9 corresponds to a
mixture of CaCO3:CaSO4 =1:1 at 670 ◦C.
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Figure 10. 12345. Figure 10. XRD analysis for experiment ST14 after roasting and after leaching. ST14 corresponds to a

mixture of CaCO3:CaSO4 = 1:1 at 720 ◦C.

As LiMn2O4 cannot be completely decomposed by pyrolysis and some Li-Mn oxides
are still present in the pyrolyzed black mass, not all Li can be recovered by water leaching
after pyrolysis. CaCO3 also served to recover Li with a high yield, indicating that a S/L
ratio of 1/20 was sufficient to dissolve Li2CO3. Therefore, when CaSO4 is used, the S/L
ratio can be minimized owing to the solubility of the product. Therefore, the parameters
can be optimized, and further studies on the leaching step are necessary.

5.2. Valorization of the Leached Residue

To obtain the remaining material from the leached residue, we recommend two meth-
ods. One method involves acid leaching to dissolve the components. Mn is regained by
precipitation or solvent extraction as a salt. The remaining liquid is evaporated to obtain
Ca as salt. On the other hand, carbothermic reduction can be performed with the residue to
regain Mn as a metal.
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6. Conclusions

A high Li leaching efficiency (LE) with a maximum value of 93.4% was achieved via
sulfating roasting and water leaching. Statistical analysis revealed that the Li LE is depen-
dent on the temperature as well as the quantity and mixture of reactants (expressed as the
Molar Fraction of CaSO4). Within the investigated temperature range, higher temperatures
were found to be optimal for maximizing Li recovery. The combination of CaSO4 and
CaCO3 resulted in the highest Li leaching efficiency. Based on the optimized parameter
setup proposed by Minitab (version 17), the ideal conditions for achieving the highest Li
LE are a temperature of 720 ◦C, a holding time of 40 min, and a mixture of 22.51 g CaSO4
and 7.49 g CaCO3.

The selectivity of the process was influenced by the quantity and mixture of reactants
(Molar Fraction of CaSO4). Notably, impurities such as S, F, and Ca were observed for Molar
Fractions of 0.5 and 1, while only F impurities were present for Molar Fraction 0. In contrast,
other elements remained in the filter cake and did not dissolve during leaching. The highest
purity was achieved when using only CaCO3 as the additive. Although theoretically a
higher proportion of water is needed to dissolve all LiF, a yield above 85% was achieved in
all experiments. The Mn leaching efficiency was approximately 0.1% for all cases.

Furthermore, Li was successfully recovered in the absence of CaSO4. CaCO3 also
proves to be an alternative to thermally treating the black mass after pyrolysis.

Based on observations, such as sintering of the material and minimal mass loss, a
solid-state reaction drives this process according to the presented reactions.
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