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Total Lithium Extraction from Lithium Iron Phosphate Batteries Using Tartaric and 
Formic Acids: Comparative and Kinetic Study
Brenda Segura-Bailóna, Elodie Schneiderb, Jernej Jozica, and Martina Petranikovaa

aDepartment of Chemistry and Chemical Engineering, Industrial Materials Recycling and Nuclear Chemistry, Chalmers University of Technology, 
Gothenburg, Sweden; bCESI, Ecole d’ingénieurs, Nancy, France

ABSTRACT
The rapid expansion of the battery market also increases the demand for raw materials, particularly metals. 
Recently, new technologies have been implemented to recover valuable materials from secondary 
resources. In this investigation, a hydrometallurgical method for lithium iron phosphate (LiFePO4, LFP) 
battery recycling is proposed. The effectiveness of tartaric (C4H6O6) and formic (CH2O2) acids for lithium 
extraction was evaluated and compared. The effect of organic acid concentration, temperature, oxidant 
addition, and solid–liquid ratio were the parameters analyzed. This study demonstrated that both agents 
extract 100% of lithium. Kinetics analysis showed that lithium leaching was controlled by chemical reaction, 
estimated the apparent activation energies (Ea) of 42.4 kJ/mol and 38 kJ/mol for CH2O2 and C4H6O6 systems, 
respectively. Moreover, the effect of oxidants in preventing the co-dissolution of specific impurities like iron 
and phosphorus, especially in formic acid solutions, has been demonstrated. The experimental conditions, 
100 g/L, 0.5 M CH2O2, 2.5 vol% H2O2, 25°C, and 250 rpm, suppressed the iron and phosphorus leaching by  
>90%. This work presented an alternative method that operates at room temperature and employs 
nontoxic substances to improve recycling techniques for LFP batteries via complete lithium extraction.

KEYWORDS 
Spent lithium iron 
phosphate (LFP) battery; 
complete lithium dissolution; 
organic acid leaching

Introduction

The current battery market offers products with low cost, high- 
energy density, weak self-discharge effect, and long service life, 
increasing their demand (Ji et al. 2023). Nevertheless, some 
batteries’ components, especially metals, are considered criti
cal raw materials; for example, lithium, cobalt, and phos
phorus, which constitute nickel manganese cobalt (NMC), 
lithium cobalt oxide (LCO), and lithium iron phosphate 
(LiFePO4, LFP) batteries (Krantz 2023).

Forecasts indicate that by 2030, the North American Battery 
Industry will require more than 35% purified phosphoric acid 
to satisfy the production of LFP batteries. Also, lithium 
demand is projected to increase by 30% (Fleischmann et al.  
2023; Passalacqua 2023). For this reason, the recycling sector 
focuses on techniques capable of recovering and reincorporat
ing valuable materials to decrease metal scarcity and encourage 
the circular economy (Li et al. 2024a).

Hydrometallurgical processes are widely employed for metal 
recovery due to their effectiveness, and nowadays, these techni
ques are being optimized. For example, organic acids are inves
tigated to replace traditional reagents (mineral acids) due to 
their capacity to extract different metals selectively and in 
acceptable leaching yields (>90%) (Jing, Tran, and Lee 2024). 
Also, organic compounds are less corrosive and toxic and are 
considered eco-friendly (Kumari and Samadder 2022).

Chemically, organic acids dissolve metals by acidification and 
complexation. Acidification occurs when the organic species dis
sociates to donate a hydrogen cation (Equation 1), then the 

reduction of protons produces hydrogen (Equation 2), and the 
metal is oxidized (Equation 3). While in complexation, a ligand 
(from organic acid) forms coordination compounds with metals 
(Equation 4) (Jadhav, Sua, and Hocheng 2016; Saidan, Brown, and 
Valix 2012). 

In Equations 1 to 4, M indicates the metal and R the organic 
substituent group.

Citric acid (C6H8O7) is one of the organic acids generally used 
for electronic waste treatment. In the battery recycling field, its 
capacity to recover lithium, cobalt, manganese, and nickel from 
NMC, LCO, and LFP batteries has been demonstrated (Kumar 
et al. 2020; Punt et al. 2021; Wang et al. 2022), also, the leaching 
processes have been improved when oxidants like hydrogen per
oxide (H2O2) and temperature are employed (Li et al. 2009).

The use of organic reagents has been focused on lithium 
extraction because it is also considered a valuable material with 
potential applications in different industrial sectors, for exam
ple, ceramics and polymer production, psycho-medical 
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pharmacy, etc (Reich et al. 2022). Natarajan, Boricha, and Bajaj 
(2018) proposed a method that employs acetic acid (C2H4O2) 
and H2O2 for LCO battery processing. 100% Li was obtained 
with 3 M C2H4O2, 70°C, 40 min, 20 g/L, and 7.5 vol%. The 
authors concluded that organic acid concentration plays an 
important role in system stabilization, so 3–4 M C2H4O2 guar
antees the high leaching efficiency of lithium.

In some cases, avoiding the co-dissolution of impurities 
(iron, phosphate, aluminum, copper, etc.) is necessary to achieve 
selectivity. An example is using oxalic acid (C2H2O4). This agent 
(experimental conditions: 0.32 M C2H2O4, 90°C, 10 g/L, 60 min) 
guaranteed an elevated lithium leaching rate (99% Li) in LFP 
battery processing, mitigating iron dissolution. Oxalic acid can 
form a solid compound with iron (FeC2O4(s)), allowing low 
extraction rates of the metal (≤5% Fe) (Chai et al. 2024).

On the other hand, tartaric (C4H6O6) and formic (CH2O2) 
acids have recently been studied as potential leaching agents. 
Tartaric acid can be dissociated in C4H5O�6 (pKa1 = 3.03) and 
C4H4O2�

6 (pKa2 = 4.37), and formic acid HCOO� (pKa = 3.75) 
promoting their interaction with some cations of copper, alu
minium, iron, calcium, etc. (Cu2+, Al3+, Fe2+, Fe3+, Ca2+, etc.), 
generates stable species (Sit et al. 2023; Tian et al. 2024).

Mahandra and Ghahreman (2021) developed a selective 
lithium extraction process from the spent cathode material of 
LFP batteries, employing CH2O2 as the leaching agent and 
hydrogen peroxide (H2O2) as the oxidant. With 10% pulp 
density, CH2O2/Li molar ratio of 3:23,10 vol% H2O2, at 30°C 
and 30 minutes, the leaching efficiencies were 89% Li and  
<0.5% Fe. While Zhao et al. (2023) achieved 97% Li using 
0.5 M CH2O2, a liquid-to-solid ratio of 10 mL/g, 1.5–2.5% H2 
O2, at 20°C and 40 minutes. Furthermore, this method guar
anteed the non-dissolution of impurities (iron, copper, alumi
num, nickel, cobalt, and manganese).

Li et al. (2024b) confirmed the effectiveness of the CH2O2 
-H2O2 system for lithium LFP black mass leaching. With 0.8  
M CH2O2, 50 g/L, 8 vol% H2O2, 60°C, and 60 min, it was 
possible to obtain 99% Li and 0.05% Fe. In this case, the 
temperature was crucial to promote lithium dissolution.

Tartaric acid leaching capacity has been studied mainly for 
refractory ore processing. Tian et al. (2024) reported a leaching 
efficiency of 85% Li from a material composed of aluminum, 
silicon, iron, calcium, manganese, lithium oxides, etc. The 
authors determined that some metallic impurities (aluminum, 
calcium, and iron) can affect lithium dissolution and high
lighted the importance of their study.

In battery recycling, tartaric acid has been used primarily for 
NMC and LCO batteries processing, where leaching efficiencies 
from nickel, manganese, and cobalt are >80% (He et al. 2016; 
Wang, Tang, and Shen 2022; Wang et al. 2023). In particular, 
the efforts have been focused on cobalt extraction to generate 
purified products (Wang et al. 2023). Nevertheless, the study of 
C4H6O6 on lithium and metallic impurities extraction from 
other types of batteries should be extended. Therefore, this 
work proposes tartaric acid application for LFP black mass 
treatment. The objective is to develop a green method for the 
selective leaching of lithium from phosphorus and iron.

In this study, tartaric and formic acids are employed as 
leaching agents, eco-friendly reductants capable of extracting 

lithium from multimetallic materials. Achieved selective leach
ing lowers the number of separation steps needed for elements 
recovery, generates non-hazardous streams and thus allows 
more versatile utilization of the by-products. A comparative 
study is presented, evaluating reagents concentration, tem
perature, oxidant (H2O2) addition, and the solid–liquid ratio. 
Furthermore, this work analyzes the effect of copper, iron, 
phosphorus, and aluminum on lithium extraction.

Materials and methods

Chemical analysis

A black mass sample with a particle size of <250 μm, provided by 
Stena Recycling AB Company (Sweden), was analyzed chemi
cally. The sample was crushed and mechanically separated (Stena 
Recycling AB). Afterward, exactly 0.1 g of solid was digested (in 
triplicate) using aqua regia prepared with hydrochloric acid (HCl, 
37%, Sigma-Aldrich) and nitric acid (HNO3, 65–67%, Sigma- 
Aldrich) (HCl: HNO3 3:1 v/v) at 80°C, 5 h, and 200 rpm (mag
netic agitation). The solutions were cooled, filtered, and diluted to 
100 mL with 0.1 M HNO3 (65–67%, Sigma-Aldrich). To deter
mine the chemical composition, all samples were analyzed using 
Inductively Coupled Plasma Optical Emission Spectroscopy 
(ICP-OES, Thermo Fisher Scientific, Model iCAPTM 6000 
Series), where analytical grade standards (inorganic 
venturesTM) were used to build the calibration curves.

Leaching process

The black mass sample was leached, employing tartaric acid 
(C4H6O6, 99%, Sigma-Aldrich) and formic acid (CH2O2, 
98%, Acros organics) solutions. The tested parameters were 
0.15, 0.25, and 0.5 M of leaching agent, a solid–liquid ratio of 
20, 50, and 100 g/L, oxidant addition (hydrogen peroxide, H2 

O2, 50–60%, Nouryon), and temperatures of 25°C, 40°C, and 
60°C. All the experiments were performed (in triplicate) 
using a glass reactor (100 mL, pyrex) and magnetic agitation 
(250 rpm). The pH was monitored employing a MeterLab 
(PHM240) electrode. The samples were filtered, diluted with 
0.1 M HNO3 (65–67%, Sigma-Aldrich), and analyzed by ICP- 
OES (Thermo Fisher Scientific, Model iCAPTM 6000 Series).

Solid characterization

The original and untreated black mass sample, as well as the 
solid residue after the leaching process, were analyzed by X-ray 
diffraction technique (XRD). XRPD Siemens D5000 diffract
ometer was used, which operated with a radiation source in 
a 2θ interval of 10°–70° (Cu λ = 1.54 Å), a rotational speed of 
15 rpm, and a voltage of 40 mA and 40 kV. EVA software and 
the JCPDS database were used for analytical interpretation.

Results and discussion

Effect of leaching agent concentration on metal extraction

Tartaric (C4H6O6) and formic (CH2O2) acids were employed 
for processing a black mass sample whose metal composition is 
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shown in Table 1. The tested concentrations were 0.15, 0.25, 
and 0.5 M, respectively, employing 20 g/L and room tempera
ture (25°C).

Figure 1 shows the leaching efficiency for phosphorus, iron, 
copper, aluminum, and lithium. In the first case, by using 0.15  
M of tartaric acid (Figure 1(a)). All metals (except copper) 
were extracted entirely after 20 minutes. The copper leaching 
rate was slower, but after 60 minutes, 100% of copper was 
extracted. In this system, the increase in tartaric concentration 
at 0.25 M did not represent a significant effect on metal extrac
tion (Figure 1(c)). Nevertheless, with higher concentration 
(0.5 M C4H6O6, Figure 1(e)), shows that copper dissolution 
decreased significantly after 30 minutes. This phenomenon 
can be associated with tartaric acid concentration. If C4H6O6 
is in excess amounts relative to copper content, an insoluble 
compound can be formed in acid media (CuC4H6O6(s)) 
(Gyliené, Salkauskas, and Juskénas 1997; Pan et al. 2024).

Notable differences are observed with the formic acid sys
tem (Figure 1(b)). Firstly, lithium and aluminum were com
pletely dissolved after 30 minutes, and the extraction reached 
equilibrium. The leaching efficiency of copper increased to 
100% despite its slower leaching kinetics than aluminum and 
lithium. Copper dissolution is linked to copper oxide species 
(CuO(s)) found as impurities in the black mass sample (Figure 
A1, Appendix), allowing the chemical interaction between 
copper ions and the ionized formic acid radical 
(Cu HCOO½ �

þ
; Log K at 25°C = 2.0, Puigdomenech 2004). 

Finally, the yield of phosphorus and iron decreased in the 
first minutes and behaved similarly during the 120 minutes. 
This tendency was also observed in Figure 1(d,f); however, the 
phosphorus and iron leaching kinetics were slower compared 
to Figure 1(b). This behavior is associated with the presence of 
iron(III) phosphate salt (FePO4(s), Log K at 25°C = 26.4 
(Puigdomenech 2004), in the leaching system.

It is important to highlight that the pH of the tested solutions 
was not adjusted, and its value was relatively constant (pH ~ 2) 
throughout the experiments in all chemical systems. On the 
other hand, the previous analysis demonstrated that both leach
ing agents guarantee lithium extraction, which is not affected 
despite the dissolution of copper and aluminum. Furthermore, 
the effect of temperature was studied to comprehend the lithium 
leaching efficiency in both chemical systems.

Effect of temperature on lithium leaching efficiency

Experimental tests were performed at 40°C and 60°C, employ
ing 0.5 M of C4H6O6 and CH2O2, respectively (Figure 2). The 
tartaric acid system (Figure 2(a)) allowed the extraction of all 
metals in a short time (<20 min); however, this system did not 
improve the lithium, copper, and aluminum extraction, which 
leaching efficiency decreased by 85% Li, 77% Cu, and 82% Al, 
compared to the previous systems (Figure 1). Otherwise, iron 

and phosphorus leaching efficiency was 70% and 80%, respec
tively, values lower than reported in Figure 1(e) but higher 
compared to the CH2O2 system.

On the other hand, in the formic acid solution 
(Figure 2(b)), the leaching yield of iron and phosphorus 
improved compared with the prior case (Figure 1(f)). 
However, the experimental conditions did not allow 
lithium, copper, and aluminum dissolution; the leaching 
efficiency was 83% Li, 70% Cu, and 82% Al.

At 60°C with C4H6O6 (Figure 3(a)), the leaching efficiency 
for all metals enhanced compared to Figure 2(a). In contrast, in 
the second system, CH2O2, even though the iron and phos
phorus leaching efficiency was ~30%, lithium extraction was 
not favored, obtaining ~70% of lithium (Figure 3(b)).

Increasing the temperature is convenient for a short time: 
≤30 minutes for the C4H6O6 system and ≤5 minutes for CH2 
O2 to accomplish the complete lithium extraction. 
Nevertheless, all impurities are extracted above 50% in tartaric 
acid solutions. Although the formic acid system achieved effi
ciencies lower than 50%, especially iron and phosphorus, are 
similar to results at room temperature (Figure 1).

Effect of hydrogen peroxide (H2O2) in solutions of tartaric  
(C4H6O6) and formic (CH2O2) acid

The influence of hydrogen peroxide (H2O2) as an oxidant was 
evaluated in the chemical systems. H2O2 was selected because 
it is considered one of the most powerful and clean oxidizing 
agents widely employed in ores and battery treatment (Li et al.  
2009; Nicol 2020). The function of H2O2 and CH2O2 is to 
enhance lithium extraction, allowing Li+ to be released from 
the solid material while FePO4 sð Þ remains as a residue (Li et al.  
2024b; Mahandra and Ghahreman 2021).

The effect of H2O2 was tested in the systems with lower 
and higher concentrations of organic agent (0.15 M and 
0.5 M, respectively) at 25°C and under acid conditions 
(pH ~ 2) like the systems described above. Figure 4(a) 
shows the results in C4H6O6-H2O2 solutions. In the sys
tem with 0.15 M C4H6O6, aluminum and lithium were 
extracted completely, and the leaching efficiency of phos
phorus, copper, and iron was 92.5%, 60%, and 73%, 
respectively. The decrease in iron and copper leaching 
yield is because not only Cu2+ but also Fe2+ and Fe3+ 

react to tartaric acid and forming insoluble compounds 
(Fe2ðC4H4O6Þ3 sð Þ, LogK 25�Cð Þ ¼ 9:8andFeC4H4O6 sð Þ, 
Log K 25�Cð Þ ¼ 2:6, Paris and Desboeufs 2013; Tian et al.  
2024). A similar behavior is observed when the concen
tration of tartaric acid increased to 0.5 M (Figure 4(b)), 
this compound reacted preferentially with copper promot
ing its precipitation (CuC4H4O6(s), Log K 25�Cð Þ ¼ 3:20;
(Simeon, Voloder, and Weber 1969); meanwhile, the 
leaching of the other metals remained unaffected. This 

Table 1. Average metallic content of the black mass sample (<250 μm).

Element Fe P Li Cu Al Co Mn Ni

wt% 13.11 ± 0.25 8.04 ± 0.16 1.81 ± 0.03 2.82 ± 0.06 1.21 ± 0.04 0.060 ± 0.001 ND 0.320 ± 0.012

ND: no detected
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behavior is consistent with the results shown in 
Figure 1(e).

On the other hand, the inhibition of iron and phosphorus 
leaching enhanced in the CH2O2-H2O2 system. 12% P and  
<2% Fe was obtained with 0.15 M CH2O2 (Figure 5(a)), and 
12% P and ~2% Fe when 0.5 M CH2O2 was used (Figure 5(b)). 
All lithium, copper, and aluminum leaching were achieved in 
both cases. Although the longer leaching time compared to the 

systems in Figure 1, lithium, phosphorus, aluminum, and iron 
leaching efficiency remained constant throughout the testing 
time.

The results in Figures 4 and 5 demonstrated that hydro
gen peroxide is essential for minimizing the co-dissolution 
of iron and phosphorus, particularly iron, the predominant 
metal in the black mass sample (Table 1). This benefits the 
formation of FePO4(s) in formic acid media and does not 

Figure 1. Leaching efficiency. Experimental conditions: 20 g/L, 25°C, 250 rpm, with different concentrations of C4H6O6 and CH2O2 (0.15, 0.25, and 0.5 M).
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Figure 4. Leaching efficiency. Experimental conditions: (a) 0.15 M C4H6O6 and (b) 0.5 M 0.5 M C4H6O6, with 20 g/L, 25°C, 250 rpm and 2.5 vol% H2O2 in both cases.

Figure 3. Leaching efficiency. Experimental conditions: (a) 0.5 M C4H6O6 and (b) 0.5 M CH2O2, with 20 g/L, 60°C, and 250 rpm in both cases.

Figure 2. Leaching efficiency. Experimental conditions: (a) 0.5 M C4H6O6 and (b) 0.5 M CH2O2, with 20 g/L, 40°C, and 250 rpm in both cases.
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negatively affect lithium extraction. Furthermore, 2.5 vol% 
H2O2 guaranteed an acceptable lithium dissolution. Some 
works (Li et al. 2024b; Mahandra and Ghahreman 2021) 
reported that hydrogen peroxide in formic acid solutions 
should be less than 10 vol% to favor ferric phosphate 
formation. Therefore, with the established experimental 
criteria, the effect of the solid–liquid ratio in the CH2O2 
-H2O2 system was studied.

Effect of solid–liquid ratio in formic acid-hydrogen 
peroxide (CH2O2-H2O2) system

The tests were performed employing 0.5 M CH2O2 at 25°C, 2.5 
vol% H2O2, and two solid–liquid ratios of 50 and 100 g of black 
mass per liter of solution. The highest leaching agent concen
tration guarantees enough HCOO� in the system.

In both chemical systems (Figure 6), the lithium leaching 
efficiency was 100% after 30 minutes. Aluminium and copper 
were also completely dissolved, despite the copper leaching 
kinetics being slower in the second system (Figure 6(b)). 
Regardless of the solid–liquid ratio, iron and phosphorus 

leaching efficiency was 0.1% Fe and 10%, indicating that phos
phorus was inhibited above 90% and iron completely. Thus, 
the optimal experimental conditions were 0.5 M CH2O2, 100 g/ 
L, 2.5 vol% H2O2, and 25°C.

In the chemical systems described above, the pH 
increased from ~2 to ~6; this variation is directly related 
to insoluble iron compounds formation. According to the 
species distribution diagram (Figure 7(a)), FePO4(s) (Log K 
at 25°C = 26.4, Puigdomenech 2004) is predominant in 
a pH interval of 1 to ~6. However, a second compound 
(Fe(OH)3(am), Log K at 25°C = −4.8, Puigdomenech 2004) 
can be formed. Finally, XRD analysis was conducted to 
determine the species in the solid leaching residue. 
Figure 7(b) confirmed the presence of ferric phosphate 
(FePO4(s)) and graphite as the remaining materials.

Kinetic study of the leaching process

The Shrinking-Core Model (SCM) was considered to 
describe the leaching kinetics in the studied systems (tar
taric and formic acids without oxidant addition at 25°C, 

Figure 5. Leaching efficiency. Experimental conditions: (a) 0.15 M CH2O2 and (b) 0.5 M CH2O2, with 20 g/L, 25°C, 250 rpm and 2.5 vol% H2O2 in both cases.

Figure 6. Leaching efficiency. Experimental conditions: 0.5 M CH2O2, 25°C, 250 rpm, 2.5 vol% H2O2, with 50 g/L (a) and 100 g/L (b).
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40°C, and 60°C). SCM proposes that the chemical reaction 
initially occurs at the particle’s external surface. The reac
tion zone then progresses inward, shrinking the core until 
the chemical reaction concludes. This model suggests that 
chemical reaction or mass transfer phenomena can control 
the leaching process. Moreover, criteria like spherical par
ticles and the Stokes regime are assumed (Levenspiel 1999). 
The results of this work were consistent with the SCM- 
chemical reaction control (Equation 5). 

where XB is the fractional conversion of solid material, b 
stoichiometric coefficient of solid specie, k00 the first-order 
rate constant for the surface reaction, CAL the concentration 
of liquid-phase reactant, n number of moles, ρB molar 
density (solid), Ro average particle size, and t, time. 
Equation (5) can be represented graphically as 

1 � 1 � XBð Þ
1=3

h i
as a function of time (t), where bk00CAL

n

ρBRo 

corresponds to the slope (m) of the linear equation.

Lithium, iron, and copper leaching data fits linearly with the 
proposed model in both chemical systems (R2 > 0.90, Figure 8). 
However, P-CH2O2 and Al-CH2O2 data did not fit appropri
ately (0.85> R2 ≤ 0.90). In all cases, the slope becomes steeper 
as the temperature rises, indicating that the fractional conver
sion is directly related to the temperature effect. Furthermore, 
the SCM was applied for a short period, implying that in ≤60  
minutes, the process was controlled by the chemical reaction.

Arrhenius equation (Equation 6) was used to determine the 
apparent activation energy (Ea) in metal-organic acid systems. 

Equation (6) describes the dependence between the reaction 
rate constant (k) and temperature, where A is the frequency 
factor, R is the gas constant (8.314 J/molK), and T is the 
absolute temperature (K). Arrhenius expression can also be 
represented as a linear form (ln(k) as a function of 1/T). 
Therefore, Ea is estimated from the plot data (m ¼ Ea=R) 
(Ancheyta 2017).

The estimated Ea values (based on the information in 
Figure 9) for lithium, phosphorous, iron, copper, and 

Figure 7. (a) Species distribution diagram: Fe-PO3�
4 . Elaborated using make equilibrium diagrams using sophisticated algorithms (MEDUSA) software (Puigdomenech  

2004). (b) Solid residue (after leaching with 100 g/L, 0.5 M CH2O2, 2.5 vol% H2O2, 25°C, and 250 rpm) diffractogram.
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Figure 8. Shrinking-core model adjusted data. Metal-organic acid systems (leaching experimental conditions: 0.5 M C4H6O6 or CH2O2, with 20 g/L and 250 rpm).
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aluminium in the formic acid system were 42.4, 19.3, 20.7, 
34.8, and 38 kJ/mol, while the values in tartaric acid were 
38, 16.4, 26.1, 23.4, and 37.5 kJ/mol for lithium, phosphor
ous, iron, copper, and aluminium, respectively. The results 
indicate that lithium and aluminium followed the chemical 
reaction-controlled process; however, the values for the 
other metals did not correlate suitably. For that reason, 
kinetic analysis must be enhanced; for example, using 
modified shrinking-core models could improve the estima
tion of apparent activation energy.

Conclusions

A method for lithium extraction from LFP black mass was 
presented. The study focused on analyzing the effectiveness of 
tartaric and formic acid as organic leaching agents. Both 
reagents could successfully extract 100% of lithium at room 
temperature. Nevertheless, other metals such as iron, phos
phorus, aluminum, and copper were also dissolved, and their 
dissolution improved in C4H6O6 solutions when the tempera
ture increased (40°C and 60°C), while all metals, including 
lithium, precipitated in the CH2O2 system, negatively impact
ing the extraction.

When hydrogen peroxide was employed as an oxidant, 
it benefited the inhibition of phosphorus and iron, mainly 
in formic acid solutions, in more than 90%. So, the 
experimental conditions 100 g/L, 0.5 M CH2O2, 2.5 vol% 
H2O2, 25°C, and 250 rpm promoted the formation of an 
insoluble compound, FePO4(s), without affecting lithium 
leaching efficiency. Therefore, the CH2O2+H2O2 system 
positively influenced the entire lithium extraction from 
the black mass sample. On the other hand, a kinetic 
perspective of the leaching process was presented, where 
the apparent activation energy values (Ea = 42.4 kJ/mol for 
Li-CH2O2 and Ea = 38 kJ/mol for Li-C4H6O6) determined 
that lithium extraction is directly related to chemical 
reaction-control.

Finally, this method illustrates that organic compounds 
can effectively allow complete extraction of lithium, 
achieving leaching rates comparable to mineral acids. 
Therefore, these organic species are considered an alter
native route for spent battery treatment, highlighting the 
importance of using organic, nontoxic, and eco-friendly 
substances and processes that can operate at room tem
perature, contributing to developing more sustainable 
methods.

Figure 8. (Continued).
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Appendix

Figure A1 shows the diffractogram of the untreated black mass sample. The presence of the lithium iron phosphate phase was confirmed (LiFePO4: 
COD 4001849). Moreover, other species were identified, such as graphite (PDF 00-041-1487), copper and aluminium oxides (CuO: COD 9015568 and 
Al2O3: COD 5000092), and iron diphosphate (Fe2P2O7: COD 4000291).

Figure A1. X-ray diffractogram of the black mass sample (original and untreated) provided by stena recycling AB company, Sweden.
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