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Abstract: The extraction of cobalt from secondary resources has become crucial, as cobalt has been
identified as a strategically important and critical raw material due to the high risks of supply
chain disruptions. In this work, selective sulfation roasting was investigated as a potential recycling
strategy to extract cobalt and lithium from an industrial lithium cobalt oxide (LCO)-rich black mass.
Additionally, the effect of graphite on metal extraction was studied. In the first set of experiments,
the sieved black mass fraction containing both cathode and anode materials was directly roasted in a
predetermined composition of gas mixtures of SO2, O2, and Ar for 1 h at 850 ◦C. The gas composition
was determined from Kellogg’s diagram to allow for the selective sulfation of Co and Li. In another
set of experiments, the carbon present in the black mass was first removed by roasting the material in
Ar for 2 h and then in an Ar and O2 gas mixture for five hours at 600 ◦C. Afterward, selective sulfation
roasting was performed in mixtures of SO2, O2, and Ar gas similar to the previous set of experiments.
For comparison, similar experiments were performed at 800 ◦C. The sulfation roasted black mass was
leached in water to study the efficiency of Co extraction into the solution. Interestingly, the presence
of carbon was found to be beneficial for Co extraction. The extraction efficiency for the first case
(with carbon present in the raw material) was observed to be more than three times higher than in
the second case (with carbon removed) for sulfation at 850 ◦C. The extraction efficiency and purity
of the extracted Co were found to be better for higher temperature sulfation roasting conditions
due to faster reaction kinetics. It was also found that almost all of the Li could be recovered while
extracting Co. The maximum efficiency of the extraction was 99.51% Li and 61.21% Co for roasting
under a gas flow of 10% SO2-10% O2-Ar at 850 ◦C for 60 min. These results suggest that Co and
Li can be selectively extracted from the black mass by sulfation roasting pre-treatment followed by
leaching in water. In holistic processing, the leach residue can then be further subjected to battery
metal processing by state-of-the-art methods.

Keywords: recycling; lithium-ion battery; cobalt recovery; sulfation roasting; water leaching

1. Introduction

The worldwide transition towards a green economy is boosting the market for lithium-
ion batteries (LIBs), and the global demand for LIBs is predicted to increase to 9300 GWh
by 2030 [1]. The widespread application of LIBs is growing, from electronics to electric
vehicles, due to their superior electrochemical properties, such as high energy density and
low self-discharge rates. This skyrocketing demand for LIBs has the potential to disrupt
the supply chain of raw materials, and the criticality of this situation has already been
identified by several countries.

The estimated lifespan of LIBs is typically 2–3 years for consumer electronics and
>10 years for electric vehicles [2,3]. With the growing consumption of portable electronics
and electric vehicles, a huge volume of mixed-type battery waste will be generated. By the
end of 2020, 17.6 GWh of batteries had already attained their end of life, and this is expected
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to rise to 140 GWh by 2035 [4]. Spent LIBs contain valuable metals ranging between 5% and
20% Co, 5% and 10% Ni, 5% and 7% Li, and 6% and 12% Cu [5]. Although the popularity
of lithium nickel manganese cobalt oxide (NMC), lithium iron phosphate (LFP), or lithium
nickel cobalt aluminum oxide (NCA) batteries is predicted to rise in the future, the LCO
battery sales accounted for the largest revenue share of over 30% in 2021 [6], which will
generate large volumes of spent LCO battery scrap within a few years. Therefore, the
recycling of these spent LIBs (specifically spent LCO-based batteries) is necessary and can
be an additional source of Co, which is one of the most expensive metals. Despite this,
currently, only less than 5% of these spent LIB batteries are recycled [7] globally, with the
remainder going to landfills. The toxic chemicals and heavy metals from these batteries
could contaminate the soil and underground water, threatening the ecosystem and human
health. The key reasons for this low recycling rate are deficient legislation, poor collection
systems, and the lack of viable recycling technology for the rapidly changing compositions
of battery scrap.

In recent times, global attention has been drawn to the necessity of recycling LIBs scrap
and developing feasible technologies. Furthermore, battery recycling is also encouraged
by governments by introducing legislation through directives and defining targets for
collection and recycling rates. This was pioneered by China, which imposed legislation to
control solid waste pollution in 1995, followed by the USA, EU, Japan, and other countries.
In the battery directive 2006/66/EC [8], the EU defined a 70% recycling rate target for
spent LIB batteries and a recovery rate of 70% for Li and 90% for Co, Ni, and Cu by 2030.
The major components of LIBs are separators, casings, electrolytes, current collectors, and
electrodes. Generally, pretreatments such as discharging, dismantling, and mechanical
processing, e.g., sorting, crushing, milling, and sieving, are performed to produce bat-
tery fractions for further refining. The fraction known as “black mass”—which is rich in
active materials—is predominantly refined via metallurgical routes, consisting either of
pyrometallurgical unit processes (smelting, roasting) followed by hydrometallurgical refin-
ing or black mass, which can be directly subjected to hydrometallurgical refining. Typical
hydrometallurgical processes in battery recycling consist of acid leaching, the chemical
deposition of impurities, solvent extraction for valuable metals separation, and, finally,
crystallization for battery-grade salt recovery. Alternatively, metals can be recovered in
metallic form using electrolysis. Several research studies [9–16] have been conducted to
extract Li and Co from LIB scrap using acid leaching and solvent extraction techniques.
The influence of additional pretreatments, such as carbothermic reduction [17] or thermal
pretreatment [18,19], before leaching has also been investigated to improve the efficiency
of metal recovery in hydrometallurgical processing. Despite the fact that the efficiency of
metals recovery from spent battery scrap is very high for hydrometallurgical routes, the
main drawback is the consumption of a high volume of concentrated acids and water [20].

Pyrometallurgical processes include medium-temperature processes, such as roast-
ing, and high-temperature processes, such as smelting. Depending upon the atmospheric
conditions, different types of roasting can be applied, including reduction roasting, chlori-
nation roasting, nitration roasting, and sulfation roasting. Reduction roasting and sulfation
roasting have been studied the most in terms of LIB scrap recycling. In the reduction
roasting process, the active cathode material of spent LIBs is heated, typically in a tempera-
ture range of 500 ◦C to 1000 ◦C, with a reducing agent such as charcoal, coke, lignite, or
graphite under a controlled atmosphere. This results in a mixture of Li2CO3 and metallic
Co [21–25] or a Co/CoO [26] mixture, or some other metal or metal oxides [27] such as Ni,
MnO, etc., depending on the amount of the reducing agent. Some researchers introduced
additional conditions, such as Tang et al. [26], who performed vacuum pyrolysis before
reduction roasting, and Peng et al. [28], who purged steam to facilitate a reduction in
roasting efficiency. This process has high extraction efficiency, although the presence of
carbon in the roasted product introduces problems in the leaching process. Instead of using
carbon as a reducing agent, Wang et al. [29,30] studied the in situ thermite reduction in
spent LIB cathodes by aluminum foil in combination with leaching and achieved a Li, Co,
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and Al recovery efficiency of more than 90%. In the smelting reduction process, spent
LIB scrap is heated above its melting point in a furnace in the presence of reducing and
fluxing agents to separate it into a Fe-Ni-Co-Cu-based alloy and slag containing Li and
the remaining elements [31–33]. Apart from lab-scale research, this smelting reduction
technology, in combination with additional pretreatment and hydrometallurgical treatment
is widely accepted by the industry, e.g., Umicore Vales [34], Sumitomo-Sony, and Accurec
GmbH [35]. Although this smelting reduction is advantageous in the sense that there is not
much preprocessing required, it is a highly energy-intensive process [36,37]. To overcome
this, nowadays, attention is being paid to medium-temperature roasting processes. Chlori-
nation roasting with water leaching has been studied by several researchers [38–42] using
the addition of NH4Cl salt or Cl2 gas at a medium temperature (300 ◦C to 900 ◦C) and
achieving a Li, Co, Ni, and Mn extraction efficiency of almost 100% [39]. Sulfation roast-
ing followed by water leaching is well-established for processing sulfide ores. Typically,
studied sulfating agents for spent LIB scrap processing are sulfur-containing gas such as
SO2 [43], sulfate salts such as MgSO4, (NH4)2SO4 [44,45], NaHSO4·H2O [46], or Na2SO4
and sulfuric acid [47–49]. The extraction efficiency obtained has been as high as 99% Li
and 98% Co. The present authors have selected this sulfation roasting by SO2-based gas
followed by a water-leaching route to extract valuable metals from spent LIBs. The main
advantage of this proposed process is that sulfates are easily soluble in water, and toxic
acid consumption can be avoided. In the conventional smelting-based pyrometallurgical
processes, Li is lost mainly in the slag. Using this route, by carefully controlling the atmo-
sphere, there is the possibility of the selective formation of metal sulfates, thus enabling
selective extraction. The main challenge is in the thermodynamic closeness of various
sulfates, which makes single-element sulfation difficult, requiring controlled operating
conditions and accurate knowledge of the reaction mechanism and kinetics. Therefore, a
novel integrated approach and a sequential selective sulfation roasting unit process is the
final target of this investigation. In a previous work [43] in the authors’ laboratory, sulfation
roasting was studied with synthetic LiCoO2 powder, and a very low recovery (only 17.4%)
of Co was obtained. However, the scenario could be different with real battery scrap, and
this was the motivation for the current research.

In this work, an investigation was performed on the sulfation roasting of spent Co-rich
LIB scrap with an SO2-O2-Ar gas mixture to extract Co and Li selectively. Black mass from
spent LIB scrap was roasted under a flow of a mixture of SO2-O2-Ar gases, followed by
leaching in water to study the efficiency of Co and Li extraction. The influence of graphite
on the kinetics of sulfation roasting was also investigated.

2. Experimental Technique
2.1. Materials

This study was conducted with original battery scrap which was supplied by AkkuSer
Oy (Nivala, Finland). In the industrial process [50], the waste battery scrap was sorted,
crushed, and sieved into size fractions (<1000 µm). The company supplied underflow
fractions, which were further processed in a vibratory sieve shaker (Fritsch, Analysette 3,
Idar-Oberstein, Germany) in the authors’ laboratory. Samples of a mass fraction of <125 µm
were used for the sulfation roasting experiments. It was shown in a previous study [51]
that this size fraction contains much less Cu and Al, which substantially increase in larger
size fractions. This size fraction was almost 41% of the total mass of the battery scrap
and was comparatively more homogeneous than the other size fractions. Additionally,
on the larger-sized particles, there is the possibility of the formation of a product layer of
sulfates, which could slow down the sulfation kinetics. Therefore, in this work, the mass
transfer through the product layer in the stationary bed of solid material was minimized by
selecting the <125 µm size fraction, which consisted of mainly cathode and anode fractions,
i.e., black mass. High-purity O2 (99.99%), SO2 (99.99%), and Ar (99.999%) gases were used
for the sulfation roasting experiments.
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2.2. Roasting Apparatus

The experimental setup shown in Figure 1 consists of a horizontal tube furnace (Lenton,
Parsons Lane, Hope, UK) which was equipped with a silicon carbide heating element and
an alumina tube with an inner diameter of 44 mm. The furnace was connected to a gas
inlet, which was coupled with DFC digital mass flow controllers (Aalborg, Orangeburg,
New York, NY, USA) to mix O2 (99.99%), SO2 (99.99%), and Ar (99.999%) gases to achieve
the desired atmosphere in the furnace. An S-type thermocouple (Johnson-Matthey Noble
Metals, Royston, UK) was placed in the hot zone of the furnace to measure the tempera-
ture, and a Keithley 2000 multimeter (Keithley, Solon, OH, USA) intelligent temperature
controller was installed to monitor the temperature continuously. The gas outlet from the
furnace was passed through a NaOH solution to absorb the remaining SO2 gases before
being released into the fume hood. Both ends of the furnace tube were connected to water
cooling channels.
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2.3. Procedure

The furnace was heated to the target temperature, and a silica boat containing 4 g of
spent black mass was placed in the cold zone of the furnace. Then, the furnace was sealed,
and an argon gas flow of 500 mL/min was maintained for the initial 10 min to remove the
remaining air in the furnace. Thereafter, the silica boat was pushed slowly into the hot zone
of the furnace. In this research work, two types of experiments were performed.

In the first type of experiment, the samples were directly roasted under a 500 mL/min
gas flow comprising O2, SO2, and Ar for the target time period at two different temperatures
(800 ◦C and 850 ◦C). The gas composition was determined from the thermodynamic stability
diagram, which is discussed in later sections. After the completion of sulfation roasting,
the silica boat was pulled rapidly into the cold zone of the furnace. Thereafter, the gas flow
was switched from the O2, SO2, and Ar gas mixture to a 100% Ar gas flow. A few minutes
later, the sample was taken out of the furnace.

In the second type of experiment, pre-roasting was performed in two stages: first,
for two hours at 600 ◦C under a 500 mL/min argon flow, and second, five hours of
roasting under a 500 mL/min argon (80%) and oxygen (20%) gas mixture at the same
temperature. This additional pre-roasting was performed to burn the graphite present in
the spent black mass. After pre-roasting was complete, a similar procedure was followed
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for the sulfation roasting of the pre-roasted spent black mass at two different temperatures
(800 ◦C and 850 ◦C).

The sulfation roasted samples were further characterized by X-ray diffraction (X’Pert
Pro MPD, PANanalytical, Almelo, The Netherlands) and scanning electron microscopy
(SEM, Mira3, Tescan, Brno, Czech Republic), and water leaching was performed at 60 ◦C
for 90 min with a solid-to-liquid ratio of 100 g/L. In this water-leaching process, 2 g of
sulfation roasted samples from each experiment were dissolved into 20 mL of water in
an Erlenmeyer flask (25 mL) in the above-mentioned conditions, and the solution was
continuously stirred with a magnetic stirrer (300 RPM) for 90 min. Thereafter, the leach
residue was filtered, and the solution was analyzed by atomic absorption spectroscopy
(AAS, Thermo Scientific iCE 3000, Waltham, MA, USA). To calculate the extraction efficiency,
the leach residue was further digested with a concentrated aqua regia solution in which
hydrochloric acid (37%, Merck Sigma-Aldrich, Helsinki, Finland) and nitric acid (65%,
Merck Supelco, Espoo, Finland) were combined in a molar ratio of HCl: HNO3 = 3:1. If
the residue mass was greater than 0.5 g, 0.5 g of the residue was dissolved into 50 mL
of the solution. Otherwise, all of the residue mass was dissolved into 50 mL of solution.
Thereafter, the residue-digested solution was analyzed by atomic absorption spectroscopy
(AAS). The overall procedure is presented in a flowchart in Figure 2.
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2.4. Analytical Methods

The metal concentration in the black mass was measured using an inductively coupled
plasma optical emission spectroscopy instrument (ICP-OES, iCAP Pro, Thermo Fisher
Scientific, Waltham, MA, USA), and the carbon concentration was measured using a LECO
combustion analyzer (CS744, LECO Nordic, Sweden). The sulfation roasted black mass
was characterized by X-ray diffraction (XRD) with a scan rate of 2◦/min from 10◦ to 90◦

angles using Cu-Kα radiation. The XRD data was processed using HighScore Plus software
(version 4.8, PANanalytical) to identify the phases. The sulfation roasted powdered samples
were also characterized using scanning electron microscopy equipped with an energy
dispersive spectrometer (UltraDry Silicon Drift EDS, Thermo Fisher Scientific, Waltham,
MA, USA) to determine the composition of Co, Ni, Cu, Mn, O, and S. An accelerating
voltage of 15 kV and a beam current of 10 nA were applied on the sample surface for SEM
analysis. The following standards: Co (Kα, cobalt), Ni (Kα, nickel), Cu (Kα, copper), Mn
(Kα, manganese), O (Kα, diopside), and S (Kα, marcasite), were used in NSS microanalysis
software for composition analysis. The water-leached sample solution and the residue-
digested solution were analyzed using atomic absorption spectroscopy (AAS) to determine
the concentration of Co, Li, Ni, Mn, Cu, and Fe. The yield of extraction was calculated from
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the metal concentration obtained from AAS for the water-leached solution and residue-
digested solution. The yield of extraction could be calculated as:

% extraction =
m1

m1 + m2
× 100% (1)

where m1 is the mass of the specific metal which formed sulfates and dissolved into water,
and m2 is the mass of the specific metal remaining in the residue.

3. Results and Discussion
3.1. Characterization of LIB Waste

The XRD pattern presented in Figure 3 shows that the black mass studied here consists
of three main phases—LiCoO2, Li(Mn0.33Co0.33Ni0.33)O2, and graphite (as carbon). Cobalt
originates from the battery cathode, and graphite from the anode. The composition analysis
of the black mass, presented in Table 1, shows a high concentration of Co (~27%), which is
due to the presence of mostly LiCoO2 and a very small quantity of Li(Mn0.33Co0.33Ni0.33)O2.
The composition analysis also suggests the presence of other metals, such as Cu, Fe, and
Al, which could originate from the casing or current collectors. Co is the most expensive
metal among all the elements present in the black mass (one metric ton of black mass
equivalent to Co is valued at 20,000 USD according to the May 2022 price). Table 1 also
shows the presence of a high concentration of carbon (33%) in the black mass. A particle
size distribution analysis for the LCO-rich battery scrap (<125 µm) was performed using a
laser diffraction particle size analyzer (Mastersizer 3000, Malvern, UK) and is presented
in Figure 4a,b. The particle size distribution in Figure 4a shows a bimodal distribution.
As shown in Figure 4a,b, 70% of the volume of the scrap fraction is <125 µm in size and
has a mean size of ~30 µm. However, the powdered battery scrap also contains small
foil-like particles of Cu and Al, which mainly originate from the current collector foils of
the batteries. Since one of the dimensions of these foil-shaped particles is less than 125 µm,
it can easily pass through the 125 µm sieve during the sieve analysis. Therefore, another
peak can be observed in Figure 4a. Previously in the authors’ laboratory [52], a detailed
analysis of LCO-rich scrap was conducted, in which five samples were considered for
chemical composition analysis. It was observed that the standard deviation of the particles
was large for Cu and Al. The current investigation also suggests a similar observation. By
selecting a smaller particle size fraction (<125 µm) for analysis, the extent of heterogeneity
was minimized.
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Table 1. Composition analysis (wt.%) of the original battery scrap. The term “rest” denotes the
residual materials.

Elements Al Ca Co Cu Fe K Li Mg Mn Na Ni P Zn C Rest

wt.% 1.64 0.03 26.45 2.72 0.61 0.05 3.87 0.09 1.67 0.06 2.74 0.45 0.04 33 26.58
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3.2. Thermodynamics

To determine the selective sulfation conditions, thermodynamic stability conditions
were analyzed for the Co-Li-Ni-Cu-Mn-S-O system. It should be noted that the top five
metals based on the composition of the black mass presented in Table 1 were selected for
thermodynamic analysis. The predominance area diagram, also known as the Kellogg
diagram, was obtained for the Co-Li-Ni-Cu-Mn-S-O system using FactSage software (ver-
sion 8.2) and selecting the FactPS database. Figure 5a presents the predominance diagram
of the multi-component system for 850 ◦C. The equilibrium lines for metal oxides/metal
sulfates are plotted with the variation in O2 and SO2 partial pressures and were indicated
by different colors for different metals. It can be observed that lithium is stable as sulfate
(Li2SO4) within this entire range of selected SO2-O2 conditions. Therefore, the formation
of lithium sulfate is unavoidable when cobalt sulfate is formed. According to the stability
of the oxide and sulfate phases shown in Figure 5a, the region surrounded by the red
and green lines could be selected for the formation of sulfates of Co and Li, whereas the
other metals would remain oxides. Similarly, this analysis was performed for 800 ◦C, and
the predominance diagram is presented in Figure 5b. From this stability diagram, two
experimental conditions were chosen for the selective sulfation of Co and Li, which are
marked as A and B in Figure 5a,b for 850 ◦C and 800 ◦C, respectively.

The variation in the stability of oxide and sulfate phases with a variation in temperature
and SO2 partial pressures at a fixed oxygen partial pressure of 0.1 atm is presented in
Figure 5c, and the selected experimental conditions are marked. It can be observed that, at
lower temperatures, the selectivity of sulfation was lost, and all the metals formed a sulfate.
This selective sulfation property is desirable for separation because, when dissolving in
water, sulfates are easily soluble, whereas oxides tend to be insoluble. The gas compositions
of the two selected experimental conditions are presented in Table 2. For this study,
sulfation roasting experiments were performed in these two conditions with and without
the pre-roasting step for carbon removal.
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Table 2. Sulfation roasting conditions from stability analysis.

Conditions Gas Composition Temperature

A 10% SO2-10% O2-Ar 850 ◦C

B 2.5% SO2-10% O2-Ar 800 ◦C

3.3. Sulfation Roasting and Leaching
3.3.1. With Carbon (Type 1)

Sulfation roasting experiments were performed with black mass for one hour under
two temperature conditions—A and B, meaning 850 ◦C and 800 ◦C, respectively. This black
mass contained graphite from the anode when sulfation roasting was performed. Thereafter,
the sulfation roasted samples were leached into the water. The leached solution was filtered
to separate the residue, which was digested into acids separately. Atomic absorption
analysis (AAS) was conducted to measure the dissolved metal ion concentrations in the
water-leached and residue-digested solution. The efficiency of the extraction of metals
into the water-leached solution was calculated according to Equation (1); the analysis is
presented in Table 3. To check the reproducibility, sulfation roasting experiments under
condition A was repeated, and the extraction efficiency results were obtained within ±5%.
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Table 3. Efficiency of extraction of metals into water in percentage (%) of 60 min sulfation
roasted samples.

Conditions Co (%) Ni (%) Mn (%) Cu (%) Fe (%) Li (%)

A 61.21 22.99 68.36 24.53 0.00 99.51

B 24.02 11.15 26.57 1.72 0.00 91.75

The results presented in Table 3 show that it was possible to extract almost 61.21% of
Co and 99.51% of Li by sulfation roasting with a gas mixture of 10% SO2-10% O2-Ar at
850 ◦C and subsequent water leaching. These results show that the rate of formation of
sulfates rose with increasing sulfation roasting temperature, hence the higher extraction
efficiency in condition A compared to B. It is interesting to note that, with increasing
temperature, the rate of formation of all sulfates increases to varying degrees. It is worth
mentioning that not only was there a sulfate formation of Co and Li, but other metals such
as Ni, Mn, and Cu partly formed sulfates. This is not in agreement with the prediction from
the thermodynamic stability diagram, which suggests that the impurities in the black mass
would modify the thermodynamic conditions. Consequently, this result emphasizes the
importance of studying real battery scrap instead of synthesized materials.

The comparison of XRD patterns in Figure 6 shows that the graphite/carbon present
in the spent black mass disappears almost completely within 60 min of sulfation roasting.
The profile also illustrates that the LiCoO2 in the spent black mass either dissociates as its
oxides or forms sulfates after 60 min of roasting time at both temperatures. The important
sulfate phases are CoSO4, Li2Co(SO4)2, and Li2SO4. It can be observed that the CoSO4
peaks are stronger at 850 ◦C in comparison to the intensity at 800 ◦C, whereas the intensity
of the cobalt oxide (CoO and Co3O4) peaks is stronger at the lower temperature compared
to that of higher temperature patterns. This suggests that, at the higher temperature, more
Co transforms into sulfates, resulting in higher extraction efficiency, as presented in Table 3,
and at the lower temperature, cobalt remained in oxide form. The diagram also shows that
the intensity of the Li2SO4 peak is stronger at 800 ◦C in comparison with the peak at 850 ◦C.
However, the extraction efficiency of Li was observed to be higher at a higher temperature,
and this could be illustrated due to the formation of Li2Co(SO4)2 compounds.
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3.3.2. Without Carbon (Type 2)

Another set of sulfation roasting experiments was conducted under similar exper-
imental conditions (A and B), as mentioned in Table 2, after performing two stages of
pre-roasting to facilitate the removal of graphite as well as some organic binders, plastics,
and remaining electrolytes. Thereafter, the sulfation roasted samples were leached into
the water, as described in Section 3.3.1. The water-leached and residue-digested solutions
were analyzed in a similar way, and the metal extraction efficiency is presented in Table 4.
The most interesting observation from this investigation is that the extraction efficiency
decreased dramatically from 61.21% to 24.34% as a result of the additional pre-roasting
stage. The selectivity (indicated as purity) of Co also decreased from 81% to 47%, where
purity was defined as

Co Purity =
mCo

mCo + mLi + mNi + mMn + mCu
× 100% (2)

where mi is the concentration of the dissolved metal i into the water in mg/L. This result
reiterates the trend of the sulfation of Co and other metals with increasing temperature, as
found in the case of sulfation roasting in the presence of carbon and other impurities.

Table 4. Percentage (%) of extraction metal ions into water-leached solution of 60 min sulfation
roasted samples with two additional pre-roasting stages.

Conditions Co (%) Ni (%) Mn (%) Cu (%) Fe (%) Li (%)

A 24.34 33.00 46.61 21.60 0.00 88.75

B 17.41 17.22 26.52 6.87 0.00 88.99

It is evident from the XRD patterns of the two-stage pre-roasted and 60 min sulfation
roasted samples shown in Figure 7 that the carbon peak disappeared for both 800 ◦C and
850 ◦C. Similarly to the previous case, LiCoO2 either dissociated into oxides or formed
sulfates such as Li2Co(SO4)2, CoSO4, and Li2SO4. The peak intensity of Li2SO4 was higher
for the lower temperature, which is in agreement with the previous observation made in
Section 3.3.1. The intensity of the CoSO4 peaks is comparatively stronger for the higher
temperature. Additionally, a comparison of the Li2Co(SO4)2 peak intensities at the two
different temperatures demonstrates that the intensity was higher at 850 ◦C than at 800 ◦C.
This illustrates that a higher extraction efficiency of Li and Co takes place at a higher
temperature. This trend was also observed when sulfation roasting was performed with
carbon in SO2-O2-Ar gas at similar temperatures. The comparison of the intensity of the
CoSO4 peaks of sulfation-roasted samples with and without carbon at 850 ◦C showed that
the intensity was very strong in the presence of carbon. In contrast, the Co3O4 peak was
very strong at 850 ◦C when pre-roasting was conducted before sulfation roasting. This
demonstrates additional evidence of the higher extraction efficiency of Co for sulfation
roasting in the presence of carbon. Additionally, it could be noticed that, in the current case,
mainly Co3O4 peaks were dominant, whereas CoO peaks were also strongly present when
sulfation roasting was performed with carbon.

3.4. Evolution of Phases in Sulfation Roasting
3.4.1. With Carbon (Type 1)

As discussed in Section 3.3, the presence of carbon and other impurities in the spent
black mass enhances the efficiency of Co extraction from the black mass. To further
investigate the underlying mechanism, sulfation roasted samples were collected after
15 min, 30 min, 45 min, and 60 min at 850 ◦C with 10% SO2, 10% O2, and 80% Ar gas
composition (condition A). The XRD pattern and SEM–EDS composition mapping were
analyzed for these samples and are presented in Figures 8 and 9. It can be observed in
Figure 8 that the intensity of the characteristic carbon peak at 26.6◦ decreased with the
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progression of the reaction and almost disappeared in the pattern for 45 min for the roasted
samples. Within 15 min, LiCoO2 had dissociated completely, and no peaks of this oxide
were present in the XRD patterns for samples roasted for 15 min and longer. It is interesting
to note in Figure 8 that the Li2SO4 peak is prominent in the pattern for 15 min sulfation
roasted samples, whereas it diminishes slowly as roasting progresses. In contrast, the
Li2Co(SO4)2 peak appears stronger from 15 min to 60 min of roasting. In the pattern for
15 min samples, it could be observed that the metallic cobalt (Co) phase was present: the
cobalt sulfate or cobalt oxide phases appeared after 30 min of roasting and slowly became
stronger with time, as shown in the 45 min and 60 min patterns. This suggests that, initially,
LiCoO2 was reduced to metallic cobalt and later transformed into sulfate.
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The SEM–EDS mapping shown in Figure 9 of the samples corresponding to those
presented in Figure 8 shows that, after 15 min of sulfation roasting, metallic Co was formed.
This agrees with the observation from XRD, confirming that all of the lithium cobalt oxides
were reduced by carbon to metallic Co. It was not possible to detect lithium in SEM–EDS
due to the low energy characteristic rays. A comparison of the composition mapping and
the point analysis for 30-min, 45-min, and 60 min samples showed that the samples were
enriched with oxygen and sulfur over time. This also suggests that the metallic Co may
have been going through a transition from a mixture of sulfates and oxides to cobalt sulfate
after 60-min of sulfation roasting. When interpreting the composition mapping results, it is
worth mentioning that the lithium sulfates might have contributed to the S and O analysis.

This investigation demonstrates that sulfate formation occurs through a sequence
of four reaction steps. In the first step, LiCoO2 is reduced by carbon to metallic Co and
possibly Li2O; Li2O transformed rapidly into Li2SO4. As the transformation of the lithium
sulfate is very fast, no Li2O peak was observed in the XRD pattern of the 15 min roasted
samples. Therefore, this intermediate phase of Li could be considered a hypothesis.

Step 1: 2 LiCoO2 + 3 C = 2 Co + Li2O+ 3 CO (3)

Step 2: Li2O + SO2 + 0.5 O2 = Li2SO4 (4)

Step 3: 3 Co + 2 O2 = Co3O4 (5)
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Co + 0.5 O2 = CoO (6)

Li2SO4 + Co + SO2 + O2 = Li2Co(SO4)2 (7)

Co + SO2 + O2 = CoSO4 (8)

Step 4: Co3O4 + 3 SO2 + O2 = 3 CoSO4 (9)

CoO + SO2 + 0.5 O2 = CoSO4 (10)

3 CoO + 0.5 O2 = Co3O4 (11)

3 Li2SO4 + Co3O4 + 3SO2 + O2 = 3 Li2Co(SO4)2 (12)

Then, the major fraction of metallic Co transforms into either cobalt oxides (CoO and
Co3O4) or a cobalt sulfate, and a small fraction of the metallic Co forms a compound sulfate
(Li2Co(SO4)2) by reacting with Li2SO4, SO2, and O2. These parallel transformations leave
almost no metallic Co after 30 min of sulfation roasting. Finally, as the reaction proceeds, a
fraction of the cobalt oxides transforms into sulfates or CoO, which further oxidizes, leaving
unreacted Co3O4. Interestingly, the XRD pattern of 60 min sulfation roasted samples mainly
exhibits the presence of Co3O4, whereas both the CoO and Co3O4 phases exist in the XRD
patterns of 30 min and 45 min samples. This leads to the hypothesis that the formation of
cobalt sulfate occurred in the cobalt sulfate mainly from metallic Co or from CoO.

3.4.2. Without Carbon (Type 2)

As described earlier, sulfation roasting experiments were performed with additional
pre-roasting (initially in argon for 2 h and in an Ar-O2 mixture for 3 h) to burn the graphite
present in the black mass before sulfation roasting. The extraction efficiency was observed
to deteriorate due to the removal of carbon by pre-roasting before sulfation roasting. To
distinguish the pathways of sulfate formation in the two different cases, similarly to the
previous case, samples were collected for 15 min, 45 min, and 60 min of sulfation roasting
after 5 h of pre-roasting. To understand the phase evolution, XRD patterns and SEM–EDS
composition mapping were obtained for 15-min, 45-min, and 60-min sulfation roasted
samples after pre-roasting, as presented in Figures 10 and 11.
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It is evident from the pattern of the 15 min roasted samples that the carbon peak almost
disappeared. Therefore, this establishes the fact that carbon removal was completed in the
pre-roasting stage, and carbon had no effect on sulfation roasting. It is interesting to note
that the Co3O4 peak is very strong starting from 15 min, unlike the case when sulfation
roasting was conducted in the presence of carbon, and this peak intensity remained strong
until 60 min of roasting as well. Another interesting point here is that the Li2Co(SO4)2
peaks appear strongly in the 15 min sulfation roasted samples, whereas this peak was not
so dominant initially when carbon was present during sulfation roasting. This peak became
stronger as sulfation roasting progressed, and the Li2SO4 peak became weaker over time.
A similar pattern was observed in the previous case as well.

The composition mapping for the 15 min roasted sample, presented in Figure 11,
illustrates that most metals existed either as oxides or sulfates; no metallic Co was present.
The grayer islands marked by red points are of sulfates, and the shiny areas are oxides
marked by green arrows. It is important to note that a significant amount of cobalt oxide
was still present at the end of 60 min of sulfation roasting.

The analysis of composition mapping and the XRD pattern of sulfation roasted samples
for different times after pre-roasting illustrates the sequence of phase formation, and a
possible reaction pathway can be established. During pre-roasting, all of the lithium cobalt
oxide dissociated into cobalt oxide and possibly into lithium oxide:

2 LiCoO2 + 3 C = 2 Co + Li2O+ 3 CO (13)

3 Co + 2 O2 = Co3O4 (14)

Within the initial 15 min of sulfation roasting, all of the lithium oxide transformed into
mostly lithium sulfate and some small fraction into Li2Co(SO4)2. In later stages, a fraction
of Co3O4 transforms into Li2Co(SO4)2 or CoSO4. However, a significant amount of cobalt
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oxide (Co3O4) remained untransformed until 60 min of sulfation roasting. The steps of
sulfation roasting are described here as follows:

Step 1: Li2O + SO2 + 0.5 O2 = Li2SO4 (15)

3 Li2O + Co3O4 + 6 SO2 + 2.5 O2 = 3 Li2Co(SO4)2 (16)

Step 2: Co3O4 + 3 SO2 + O2 = 3 CoSO4 (17)

Step 3: 3 Li2SO4 + Co3O4 + O2 + 3 SO2 = 3 Li2Co(SO4)2 (18)

The main difference between the reaction trajectory of sulfate formation with and
without pre-roasting is the formation of metallic cobalt and CoO and, consequently, the
formation of sulfates from these phases. Instead of this step, when pre-roasting was
conducted, the Co3O4 phase was dominant from a very early period, and cobalt sulfate
was formed from Co3O4. This Co3O4 phase could possibly hinder further transformation
into sulfates and result in very low Co recovery in this case.

3.5. Extraction of Co and Li into Water after Roasting

The investigation of sulfation roasting without pre-roasting and with two stages of
pre-roasting suggests that the presence of carbon is beneficial for the selective extraction of
Co. A higher temperature also enhances the kinetics of sulfate formation. Therefore, the
variation in yield of Co and Li and other metals extraction over time was measured for
sulfation roasting in the presence of carbon under ‘A’ conditions, i.e., 10% SO2-10% O2-Ar
gas at 850 ◦C, as presented in Figure 12.
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According to the thermodynamic stability diagram shown in Figure 5, the formation
of lithium sulfate was unavoidable, and this is reflected in the lithium extraction yield, as
almost 99.51% of the lithium was recovered. This also demonstrates that Co extraction is
almost complete within 60 min of sulfation roasting, and a maximum of 61.21% of Co can be
extracted by this sulfation roasting technique from industrial LIB scrap. A Co purity of 81%
was obtained, in this case, with a maximum extraction efficiency of 61.21%. In a previous
study [43] carried out in the authors’ laboratory with synthetic LiCoO2 powder, only
17.4% Co could be recovered by this sulfation roasting technique, whereas this study using
industrial battery scrap demonstrated a much higher Co extraction efficiency. However,
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the extraction efficiency is lower than the efficiency reported from hydrometallurgical
extraction routes. Most of the hydrometallurgical research on metal recovery involves
acid leaching [9,11–15], reductive acid leaching [10,11,16], or a combination of thermal
pretreatment and leaching [18,19] followed by metal separation steps such as solvent
extraction, precipitation, etc., achieving an extraction efficiency as high as 90% from these
routes. The main drawback of the hydrometallurgy route is the consumption of a high
volume of acids. Moreover, industrial pyrometallurgical routes such as the smelting
experience loss of Li in the fumes or in the slag and are highly energy intensive. The
proposed route is a medium-temperature process that avoids the consumption of acids,
and in addition, the recovery rate of Li is very high. However, further investigation is
needed to improve the cobalt recovery and, if possible, as well as the recovery of graphite.
In addition to Li and Co recovery, Figure 12 also shows the recovery of 70% Mn, 25% Cu,
and 20% Ni. This also indicates that the rate of formation of the sulfate is highest for Li
compared to other metals.

The comparison of the reaction pathways of sulfation reaction with and without the
presence of carbon suggests that the cobalt sulfate formation kinetics from metallic cobalt
or CoO is faster in comparison with the formation of sulfates from Co3O4. In the case of
sulfation roasting in the presence of carbon, Co3O4 formation occurred during the later
stages of the reaction (30 min onwards), and this phase may have hindered further sulfation.
However, in the case of sulfation roasting without carbon, from a very early stage, cobalt
was present as Co3O4, and the sulfation of cobalt became even slower, which is illustrated
in Table 4. The Gibbs free energy of the formation of the cobalt sulfate from metallic Co
and cobalt oxides (CoO and Co3O4), presented in Figure 13 (using HSC software, version
10.0.8.5), suggests a higher thermodynamic driving force for the formation of cobalt sulfate
from metallic Co.
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Another possible reason could be the diffusion limitation of cobalt ions in the cobalt
oxide phases. Carbon may have delayed the formation of cobalt oxides, and, therefore, a
higher recovery of Co was observed. Currently, we are unable to present proper evidence
for this type of kinetic barrier. Further investigation in our laboratory is being carried out
to understand the kinetics in detail.

4. Conclusions

The combination of selective sulfation roasting and water leaching is a potential metal
recovery process from complex mixtures of metals such as battery scrap. In this work,
sulfation roasting with water leaching methodology was investigated for extracting Co
and Li selectively from spent black mass. A significant fraction of graphite in the spent
black mass comes from the anode, and its presence during sulfation roasting was found
to be beneficial for Co extraction. The sulfate formation pathways were compared for
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samples after sulfation roasting with and without the presence of carbon. It was found
that LiCoO2 initially formed metallic Co in sulfation roasting with carbon for samples
roasted for 15 min, whereas Co3O4 was formed when pre-roasting was performed before
sulfation roasting. Then, sulfates were formed in the subsequent reaction stages. For the
best experimental conditions, i.e., sulfation roasting at 850 ◦C under a gas flow of 10%
SO2-10% O2-Ar, the maximum extraction of Co was possible within 60 min of roasting
in the presence of carbon. The maximum extraction efficiency obtained with this method
was 99.51% for Li and 61.21% for Co, which is much higher than the reported extraction
efficiency (17.4% Co) from a previous study [43] by this route. The main advantage of the
proposed route is that the consumption of hazardous acids could be avoided, whereas
acids are an essential component in hydrometallurgical processing. This process also
shows the significant recovery of Li, which is typically lost in other high-temperature
processes such as smelting. From this study, it can be concluded that, although Co and
Li could be extracted from the black mass by this technique, it is not as selective as pure
thermodynamics suggests. Furthermore, the presence of impurities and the complex nature
of the materials destroy the selectivity of elements for sulfation. Further investigation, such
as the incorporation of catalysts to enhance the sulfation kinetics, the effect of particle size,
or testing a combination of unit processes, is needed to improve Co extraction efficiency.
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