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The use of lithium iron phosphate (LFP) batteries has grown considerably and with it the 

need for their efficient recycling. LFP batteries are used especially in electric vehicles due 

to their safety features and cost efficiency. Despite the need, currently the recycling rate for 

these batteries remains very low, as the cathode material lacks valuable materials, such as 

cobalt or nickel, which lowers the economic incentive. This has created a need for more 

effective and economically viable methods. 

This bachelor's thesis reviews the recycling methods used for LFP batteries and how they 

are being optimised through the use of additives. The work is based on literature sources, 

from which a comprehensive review of the field has been compiled. This thesis presents 

the structure and working principles of LFP batteries as well as four key methods of 

recycling: pyrometallurgy, hydrometallurgy, biohydrometallurgy and direct regeneration. 

The main focus is on hydrometallurgical methods and the oxidising additives used with 

them for improving selectivity, such as hydrogen peroxide, sodium persulphate and sodium 

hypochlorite. The thesis also covers some significant recent research findings in this field. 

The key takeaway from the thesis is that the choice of additive and dosage are critical 

factors for selectivity. From the recent findings, it becomes clear that the industry is 

moving towards methods that are more environmentally friendly and industrially scalable, 

in order to meet the growing need for recycling. 
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Litium rauta fosfaattiakkujen (LFP) käyttö on kasvanut huomattavasti ja samalla tarve niiden 

tehokkaalle kierrättämiselle on korostunut. LFP-akkuja käytetään etenkin sähköautoissa 

johtuen niiden turvallisuuden ja edullisen hinnan tuomista eduista. Tällä hetkellä 

kierrätysaste näille akuille on erittäin alhainen, koska katodimateriaali ei sisällä arvokkaita 

metalleja, kuten kobolttia tai nikkeliä. Tästä on syntynyt tarve entistä tehokkaammille ja 

taloudellisesti kannattavammille kierrätysmenetelmille. 

Tässä kandidaatintyössä käydään läpi LFP-akkujen kierrätysmenetelmiä sekä sitä, miten 

niitä on optimoitu erilaisilla lisäaineilla. Työ pohjautuu kirjallisuuslähteisiin ja niiden 

perusteella on tehty kattava katsaus alan menetelmiin. Työssä esitellään LFP-akkujen 

toimintaperiaate ja rakenne sekä vertaillaan neljää keskeistä kierrätysmenetelmää; 

pyrometallurgiaa, hydrometallurgiaa, biohydrometallurgiaa ja suoraa regenerointia. Työn 

pääpaino on hydrometallurgisessa liuotuksessa käytettävien hapettavien lisäaineiden, kuten 

vetyperoksidin, natriumpersulfaatin, natriumhypokloriitin ja rautasuolojen, vertailussa ja 

niiden roolissa prosessin selektiivisyyden parantamisessa. Työssä käydään myös läpi 

muutama merkittävä uusi tutkimustulos tältä sektorilta. 

Työssä tulee ilmi, kuinka lisäaineen valinta sekä annostelu suhteessa happopitoisuuteen ovat 

ratkaisevia tekijöitä selektiivisyyden osalta. Uusimmista merkittävistä löydöistä voidaan 

nähdä, että ala on siirtymässä kohti prosesseja, jotka ovat ympäristöystävällisempiä ja 

teollisesti skaalautuvia, jotta voidaan vastata kierrätyksen kasvavaan tarpeeseen. 
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1  Introduction 

Lithium-ion batteries (LIBs) have become common in everyday life, from phones and 

laptops to almost any portable electric device on the market. With the growing concerns over 

greenhouse gas emissions and the transition to zero-carbon energy, they have also found 

their way into the automotive sector. Having a higher energy density compared to other 

battery types, they are considered the leading option for electric cars (EVs) and hybrid 

electric vehicles (HEVs).  It is estimated that global lithium-ion battery production could 

more than double by 2030, driven mainly by electric vehicle manufacturing. (IEA, 2024) 

Among the many lithium-ion battery chemistries, lithium iron phosphate (LFP) has emerged 

as one of the most commonly used cathode materials in EVs, particularly in China where it 

accounted for over 70% of battery production in 2024. (Rostami et al., 2024). Compared to 

its counterparts like cobalt-or nickel-based alternatives, LFP batteries are safer due to 

containing fewer toxic chemicals and having superior thermal stability.  Being cheaper to 

produce as they rely on abundant raw materials such as iron and phosphorus rather than 

scarce minerals such as cobalt or nickel also give LFP batteries the economical edge over 

other counterparts. (Van Beek et al., 2025) 

 

 

Figure 1. Global LIB market by battery chemistry type in tonnes. (Rostami et al., 2024) 



 

 

 

With the rapid growth of the battery production, increasing number of batteries are also 

reaching the end of their life cycle and the utilization of this spent battery waste is a crucial 

matter to address. Unlike lead-acid based batteries, which have a recycling rate exceeding 

90%, the recycling rate of lithium-ion batteries remains currently only at 1%.  A significant 

number of scarce materials is being wasted, and this represents a missed economic 

opportunity. (Zanoletti et al., 2024). The recycling of these spent batteries will also help in 

the growing need for the scarce materials needed to make them like lithium, cobalt and 

nickel. With LFP batteries the main focus for recycling is lithium and iron.  

Currently recycling efforts of LFP batteries focus on the cathode material, as they make up 

most of the batteries value. The main recycling approaches include direct regeneration, bio-

hydrometallurgical methods, pyrometallurgy and hydrometallurgy, with the latter two being 

the most common. 

The purpose of this bachelor’s thesis is to review the current state of LFP battery recycling 

via hydrometallurgy, with a specific focus on how the leaching process is optimized using 

chemical additives. 

 

 

 

 

 

 

 



 

 

2  Lithium Iron Phosphate Batteries 

As one of the most widely used cathode materials for lithium-ion batteries, the demand for 

Lithium iron phosphate (LiFePO4) is growing rapidly. This interest in LFP batteries stems 

for the favourable safety characteristics they offer, which make them particularly well suited 

for electronic vehicles. These include superior thermal and chemical stability compared to 

other lithium-ion battery as well as a longer life cycle relative to other cathode chemistries.  

(Wang et al., 2022) 

Lithium iron phosphate was first introduced as a viable cathode material for a lithium-ion 

batteries by Padhi et al. in 1997. In their work, they showed that LiFePO4 forms an olivine 

crystal structure in which the lithium ions can migrate through defined one-dimensional 

channels. Padhi et al. also demonstrated that the lithium extraction and insertion are 

electrochemically reversible, establishing LiFePO4 as a candidate for battery cathodes. 

(Padhi et al., 1997) 

2.1  Structure and composition 

Like all lithium-ion batteries, LFP batteries consist of a casing, cathode and anode 

electrodes, a polymer separator and an electrolyte.  The main difference between the various 

battery chemistries lies in the cathode material. (Wang et al., 2022) 

 



 

 

 

Figure 2. Internal structure of LiFePO4 battery cell. (First Phosphate Corp., n.d.) 

 

LFP adopts an orthorhombic olivine-type crystal structure in a space group Pnma, composed 

of LiO6 and FeO6 octahedra and PO4 tetrahedra which form a rigid three-dimensional 

framework.  The oxygen, phosphate and iron atoms are bonded with strong covalent bonds 

making the structure very stable.  (Padhi et al., 1997; Satyavani et al., 2016) 

 

 

Figure 3. Three-dimensional crystal structure of LiFePO4. (Satyavani et al., 2016) 

 

In this structure, oxygen atoms are packed in a hexagonal arrangement, with lithium and iron 

occupying tetrahedral and octahedral sites, which form corner-shared FeO6 octahedra and 



 

 

edge shared LiO6 octahedra. The octahedra are linked by PO4 tetrahedra, forming the three-

dimensional crystal structure.  (Satyavani et al., 2016) 

Because lithium ions sit in well-defined channels during operation and FePO4 shares a nearly 

identical structure to LiFePO4, the framework remains essentially unchanged during 

charging and discharging. The volume change between fully lithiated and delithiated states 

is only 6.81%, which accounts for the excellent cycling stability of LFP cathodes. (Yang et 

al., 2018) 

 

2.1.1  Materials 

Lithium iron phosphate batteries consist of a LiFePO4 cathode covered with an aluminium 

foil and a graphite anode covered in copper foil. The electrolyte is typically lithium 

hexafluorophosphate LiPF6 dissolved in an organic solvent. The separator film is usually 

polypropene or polyethene, and polyvinylidene fluoride PVDF is used as the binder. (Wang 

et al., 2023) 

2.1.2  Working principles 

Lithium-ion batteries operate through reversible lithium insertion and extraction reactions 

between the cathode and anode materials. In LFP batteries, the electrochemical charge–

discharge process occurs between the LiFePO4 and FePO4 phases.  

In the fully discharged state, lithium ions are incorporated in the LiFePO4 cathode structure, 

while the anode consists of graphite. During charging, an external electric field is applied, 

causing delithiation of the LiFePO4 cathode. Lithium ions are extracted from the cathode 

structure and migrate through the electrolyte, pass through the separator, and are inserted 

into the graphite anode. The graphite anode accommodates lithium ions between its layered 

carbon planes via an intercalation process. (Padhi et al., 1997; Satyavani et al., 2016) 

At full charge, most lithium ions have been deintercalated from the LiFePO4 structure, 

resulting in the formation of a FePO4 cathode. This process occurs without significant 



 

 

structural change and the reaction at the cathode during charging is shown below in Equation 

(1): 

                         𝐿𝑖𝐹𝑒𝑃𝑂4 − 𝑥𝐿𝑖+ − 𝑥𝑒− → 𝑥𝐹𝑒𝑃𝑂4 + (1 + 𝑥)𝐿𝑖𝐹𝑒𝑃𝑂4          (1) 

 

At the anode, migrated lithium ions are intercalated into the graphite structure according to 

equation (2): 

 

                                         𝐶6 + 𝑥𝐿𝑖+ + 𝑥𝑒− ↔ 𝐿𝑖𝑥𝐶6                                                  (2) 

 

During discharging, the reactions are reversed: lithium ions are deintercalated from the 

graphite’s crystal structure and migrate back to the cathode through the electrolyte, pass the 

separator and are reinserted into the iron phosphate lattice to reform LiFePO4 structure. 

(Padhi et al., 1997) 

The flow of electrons through the external circuit via the copper and aluminium foils is what 

generate usable electrical energy in this process. These reactions take place at a voltage of 

approximately 3.4 V vs Li/Li+, with a theoretical capacity of 170 mAh/g, although in practice 

the range is between 140-160 mAh/g (Satyavani et al., 2016). While LFP has a lower 

operating voltage than its other lithium-ion counterparts, the voltage stays remarkably stable 

throughout the entire charge range, which makes it well suited for electric vehicle 

applications.  (Padhi et al., 1997; Satyavani et al., 2016) 

 

 



 

 

3  Recycling of LFP Batteries 

When the capacity of a lithium iron phosphate battery degrades below a certain threshold, it 

can no longer be used in EVs. At this point, there are several options available. Initially it 

can be used in remanufacturing, where spent battery packs are disassembled and the working 

cells of those batteries are then reassembled to form operational batteries once more. Other 

option is repurposing the battery in another less demanding application such as a stationary 

grid energy storage system. However, when the battery capacity drops below 20% or lower 

of its original value, the most viable remaining option is to recycle them to recover valuable 

materials. (Fan et al., 2020) 

With a typical service life of LFP batteries being around 5-8 years, and given the recent 

surge of electrical vehicle manufacturing, increasing volumes of spent LFP batteries are 

nearing at their end of life. Simultaneously the surge of EVS has resulted in increasing need 

for lithium as raw materials for new batteries. Since global lithium reserves are finite, the 

recycling of old batteries has become more crucial than ever. (Wang et al., 2017) 

 

 

Figure 4. Life cycle of a lithium-ion battery. (Zanoletti et al., 2024) 



 

 

 

Despite this growing need, large scale adaption of recycling LFP batteries faces several 

challenges. The most significant being economic feasibility. The low cost of the materials in 

LFP cathodes makes them less desirable than many other LIBs to recycle as they don’t 

contain high value metals like cobalt or nickel. Nevertheless, the push towards a more 

sustainable and circular system has driven a growing interest in LFP recycling. Spent LFP 

batteries often contain higher concentrations of Li and Fe than natural ores, making it a 

valuable secondary source for these materials. (Fan et al., 2023; Wang et al., 2022) 

The recycling of spent LFP batteries mainly focuses on a single or a few central elements, 

primarily on lithium as it is the most valuable. Thanks to the olivine structure of LiFePO4 

cathode, lithium can be selectively extracted from spent batteries with various different 

methods. Over time been many of these methods have been developed to recover nearly all 

off the available lithium, although each approach has its own strengths and weaknesses. 

(Jung et al., 2021; Wang et al., 2023) 

3.1  Recycling Methods 

Although there are many approaches to recycling spent LFP batteries the three main methods 

currently are pyrometallurgy, hydrometallurgy and direct regeneration. They differ in 

working principle, energy input and the chemical state of the recovered lithium but share the 

same end goal of returning lithium back into the supply chain. Recently more 

environmentally friendly approaches such as bio-hydrometallurgy have gained traction in 

the LFP recycling world. 

3.1.1  Pyrometallurgy 

Pyrometallurgy is among the most used recycling methods for spent lithium-ion batteries in 

general. It is used in recovering valuable metals like cobalt and nickel as well as metal 

oxides, using high temperatures. It involves separating and recovering the metals by 

exploiting differences in their melting and boiling points. The process is composed of three 



 

 

stages that include pyrolysis, metal reduction and gas incineration. It has many advantages 

such as low equipment need, and short process flow. (Zanoletti et al., 2024) 

However, in the case of lithium iron phosphate batteries it is less commonly used, because 

its major disadvantages being the difficulty of recovering lithium. Because pyrometallurgy 

is done in high temperatures, typically above 800°C the highly reactive lithium becomes 

volatile and is lost in the slag, significantly reducing recovery efficiency. For this reason, 

pyrometallurgy is most often used with other LIB battery chemistries, where primary targets 

of recovery are something else rather than lithium. Other drawbacks of pyrometallurgy 

include significant environmental pollution and high energy consumption. (Wang et al., 

2017; Zanoletti et al., 2024; Van Beek et al., 2025) 

3.1.2  Hydrometallurgy 

For LFP batteries hydrometallurgical methods are much more viable. They are based on 

dissolving the valuable metals in aqueous solution. The process consists of leaching, liquid-

solid separation, solution purification and metal extraction. In practice to leach lithium from 

the batteries, first the cathode material is converted through pretreatment to a black mass, 

which is then leached, using typically an acidic solution in combination with an oxidizing 

agent. Both organic and inorganic acids can be used as a leaching medium but the process 

over all remains the same. (Van Beek et al., 2023; Wang et al., 2023; Zanoletti et al., 2024) 

The main advantages of hydrometallurgical recycling is better selectivity than other methods 

and the greater purity of recovered products, since individual metals can be selectively 

targeted and extracted. The process can be carried out in relatively low temperatures, often 

near room temperature. Disadvantages of hydrometallurgical methods include the large 

volumes of toxic wastewater generated during the process and a longer recovery process 

compared to pyrometallurgy. (Zanoletti et al., 2024) 

3.1.3  Biohydrometallurgy 

Biohydrometallurgy is a relatively new approach to recycling spent lithium-ion batteries. 

Instead of adding acids directly, it uses microorganisms as catalysts to generate the leaching 

agents needed to dissolve metals biologically. The most commonly used types are sulphur-



 

 

metabolizing Acidthiobacillus bacteria and iron-oxidizing Leptospirillum bacteria. The 

approach has low operational cost and energy demand but suffers from very long processing 

times on the order of days to weeks, which makes it less viable for industrial use. (Fritze et 

al., 2026) 

 

3.1.4  Direct Regeneration 

One of the most discussed approaches alongside hydrometallurgy and pyrometallurgy is 

direct regeneration. Unlike conventional recycling methods, that break down the cathode 

material into individual metals for extraction, direct regeneration aims to restore the 

degraded electrode back to its original performance while keeping its crystal structure intact. 

The process typically involves mechanical dismantling and separation of the battery 

components, removal of contaminants, such as aluminium and copper, and regeneration of 

the cathode material through relithiation. (Ji et al., 2023) 

For lithium iron phosphate batteries, the critical step in direct recycling is the restoration of 

lithium content within the cathode. During usage, LFP cells lose capacity over time primarily 

through the cathode’s gradual lithium depletion as some lithium ions get trapped within the 

anode and are lost through side reactions with the electrolyte. (Ji et al., 2023) One of the 

most studied techniques for restoring the lithium content is solid-state thermal regeneration, 

in which the cathode powder is mixed with lithium salt and heated to drive lithium back into 

the cathode material. Other techniques include electrochemical regeneration, where lithium 

is reinserted with applied potential, as well as hydrothermal regeneration, which employs a 

lithium bearing solution under pressure and elevated temperature. (Ji et al., 2023) 

The main advantages of direct regeneration are its lower waste generation and reduced 

energy consumption compared to pyrometallurgical and hydrometallurgical methods as 

there is no leaching or complex purification processes involved. However, this approach 

faces many challenges at its current state of development. The process is difficult to 

standardise as the variability of age and state of health of spent LIBs vary greatly. The 

approach is also highly sensitive to impurities, and even trace amounts of contaminants can 

degrade the regenerated product. (Ji et al., 2023) 



 

 

 

3.2  Hydrometallurgical leaching of lithium from LFP batteries 

The mainstream process for recovering lithium from spent LFP batteries currently is acid 

leaching, in which the cathode material is dissolved in an acidic solution to remove lithium 

from the LiFePO4 structure. This approach has become favoured as it has high extraction 

efficiency, good selectivity and purity of recovered products. (Jung et al., 2021) 

 

 

Figure 5. Flowchart for a typical hydrometallurgical recovery process for spent LFP 

batteries. 

The process generally begins with a series of pretreatment steps, involving dismantling, 

separation and grinding the cathode material into powder also known as black mass. The 



 

 

powder is then leached in an acid solution, often in combination of an oxidising agent. After 

the leaching, the product goes through a solid-liquid separation, which yields a lithium-rich 

solution that is then purified from co-dissolved impurities. Lastly the lithium is recovered 

from the leachate by precipitation, typically as lithium carbonate (Li2CO3) or lithium 

phosphate (Li3PO4). (Jung et al., 2021) 

Among the many challenges with hydrometallurgy the leaching step and its optimisation is 

only the beginning, a big problem also lies at the end of the process, with purification. After 

the solid-liquid separation, the lithium-bearing solution still contains dissolved impurities 

that need to be removed, and the composition of the loaded leachate determines how 

complex the purification needs to be. Usually, residual iron and aluminium from the cathode 

must be removed so lithium can be recovered from the solution. This purification is done 

with various methods, such as pH adjustment. (Jung et al., 2021) 

The current challenge with the purification step is that the impurities introduced by different 

leaching systems impose a significant burden downstream, alongside the co-dissolution of 

iron. Sulfates, chlorides and sodium ions introduced through the choice of acid and oxidising 

agent compete with lithium ions during precipitation and lower the purity of the end product. 

(Vieceli et al., 2023) For this reason, recent process-design work has moved towards 

leaching systems that generate fewer impurities in the first place. This underlines that the 

choice of leaching system is a major factor not only for the cost and environmental impact 

but also for the complexity of purification and has a cumulative impact on the whole process. 

3.2.1  Inorganic acid leaching 

Inorganic acids are the most widely used leaching agents for lithium recovery from spent 

LFP batteries with sulfuric acid being the dominant choice due to low cost and availability. 

In these systems acid provides protons that break down the olivine structure of LiFePO4 to 

release lithium into the solution. However, acid alone dissolves the cathode material 

indiscriminately, so to achieve selective leaching, an oxidizing agent is required. The oxidant 

converts iron from Fe2+ to Fe3+ which precipitates as insoluble FePO4, this way keeping iron 

out of the leachate. (Ding et al., 2024). The most common system is sulfuric acid (H2SO4) 

used in combination with hydrogen peroxide (H2O2) as an oxidizing agent, and the overall 

leaching reaction for this system can be written as: 



 

 

 

          2 𝐿𝑖𝐹𝑒𝑃𝑂₄ +  𝐻₂𝑆𝑂₄ +  𝐻₂𝑂₂ →  𝐿𝑖₂𝑆𝑂₄ +  𝐹𝑒𝑃𝑂₄ ↓  + 2 𝐻₂𝑂                    (3) 

 

 

Figure 6. The effect of H₂SO₄ concentration to leaching to lithium and iron 

dissolution. (Li et al., 2017) 

 

There are several parameters that impact the performance of a leaching system. The effect 

of acid concentration being one of the most important and the effect of sulfuric acid 

concentration on lithium leaching has been widely investigated. As seen in figure 6, 

increasing the concentration of H2SO4 significantly enhances lithium extraction until a 

H2SO4 concentration of approximately 0.4 mol/L. Beyond this point, further increases in acid 

concentration begin to negatively affect the selectivity of the process, as iron dissolution 

increases due to the destabilization of the iron phosphate phase. This demonstrates that 

careful optimization of acid concentration is required to balance lithium recovery and 

selectivity. (Li et al., 2017) 

In addition to acid concentration, the molar ratio of hydrogen peroxide to lithium plays a 

crucial role in selective leaching. The addition of H2O2 has been shown to markedly improve 

lithium recovery, increasing extraction efficiency from approximately 50% to values 

exceeding 95% as the dosage increases. This effect is attributed to the ability of H2O2 to 



 

 

regulate the redox environment, promoting lithium release while suppressing iron 

dissolution. However, at higher H2O2/Li molar ratios, both lithium and iron extraction rates 

approach equilibrium, and further increases in H2O2 dosage do not result in significant 

improvements. (Li et al., 2017) The role of H2O2 and other oxidizing agents in the leaching 

process is examined in detail in section 3.4. 

 

 

Figure 7. The effect of temperature on lithium and iron leaching rates. (Li et al., 2017) 

 

In contrast to acid concentration, temperature has only a minor influence on lithium leaching 

under optimized chemical conditions. As shown in figure 7, high lithium extraction 

efficiencies can be achieved even at moderate temperatures, indicating that the leaching 

process is primarily controlled by chemical rather than thermal factors. (Wang et al., 2022). 

Optimized leaching conditions reported in the literature for a conventional H₂SO₄–H₂O₂ 

system include a sulfuric acid concentration of 300 g/L, a liquid-to-solid ratio of 10:1, a 

leaching temperature of 85 °C, and a leaching time of 240 minutes. Under these conditions, 

leaching efficiency of approximately 98% was achieved for lithium. (Ding et al., 2024) 

In addition to sulfuric acid, phosphoric acid H3PO4 and hydrochloric acid HCl have also 

been investigated as alternative inorganic leaching agents for LFP batteries. Phosphoric acid 

has gained attention due to its ability to enable the simultaneous recovery of lithium, iron, 

and phosphorus through controlled leaching and precipitation steps. Hydrochloric acid has 



 

 

also proven effective for lithium leaching, resulting in the formation of lithium chloride, 

from which lithium can be recovered relatively easily. However, the use of HCl presents 

challenges related to its high corrosivity and the environmental impact of chloride-

containing waste streams, which may limit its large-scale application. (Ding et al., 2024) 

3.2.2  Organic acid leaching 

Organic acid leaching has gained attention as a more environmentally friendly alternative to 

inorganic acid leaching systems for lithium recovery from spent LFP batteries.  Compared 

to inorganic acids, organic acids are generally milder, less corrosive and produce less toxic 

waste streams. In organic acid leaching, the extraction of the metals is achieved through 

chelation and complexation reactions. In these reactions the organic acid anion forms a 

soluble metal-organic complex with lithium ions, which pulls them into the solution. (Yang 

et al., 2016; Ding et al., 2024) 

The most used and studied organic acids for LFP leaching include citric acid, acetic acid and 

oxalic acid. All three have shown capability of selectively leaching lithium form LFP. For 

example, a leaching system consisting of citric acid combined with mechanical activation, 

has been shown to achieve lithium recovery rate of 97%, demonstrating how effective 

optimized organic acid leaching systems can be when dealing with spent LFP batteries. 

Formic acid (HCOO) has shown strong results for the selective leaching of lithium when 

combined with hydrogen peroxide (H2O2). This system, under optimized conditions of 0.4 

mol/L HCOOH, 3 vol-% H2O2, 60°C and 20 minutes of leaching time, achieved a lithium 

recovery rate as high as 99.9% with only 0.05% iron co-dissolution. (Ding et al., 2024) 

Acetic acid (CH3COOH) has also been shown to enable effective lithium extraction when 

combined with H₂O₂. Under conditions of 0.8 mol/L acetic acid, 6 vol-% H2O2, a solid–

liquid ratio of 120 g/L, and 30 min at 50 °C, a lithium recovery rate of approximately 95 % 

was achieved. Subsequent pH adjustment using sodium carbonate allowed lithium to be 

recovered as high-purity lithium carbonate. (Yang et al., 2016)   

As seen from above, it is notable that most organic acid systems also require an oxidizing 

agent, such as H₂O₂, to achieve selective leaching. In organic acid leaching same as inorganic 



 

 

leaching, the acid provides the protons to separate lithium into the solution, but an oxidant 

is needed to Fe²⁺ to Fe³⁺ and drive FePO₄ precipitation. 

For large scale industrial application, organic acid leaching faces several challenges to 

overcome inorganic acid systems despite promising results. The main challenges include 

higher reagent cost and generally slower reaction kinetics.  

 

 

 

 



 

 

4  Additives in leaching  

 

4.1  Role 

In conventional hydrometallurgical recovery of lithium from spent LFP batteries, the use of 

acid alone dissolves not only lithium but also dissolves iron and phosphorus simultaneously. 

This causes problems because the co-dissolved iron and phosphorus contaminate the lithium 

bearing leachate, making the recovery more difficult and costly. Oxidizing reagents play a 

major role in both the efficiency and selectivity of leaching processes using organic and 

inorganic solvents. Its main function in the leaching process is to control the redox state of 

iron by oxidizing Fe²⁺ to Fe³⁺. This oxidation promotes the formation of FePO4, which 

suppresses iron dissolution and, at the same time, facilitates the release of lithium into the 

solution. (Gerold et al., 2024) 

The mechanism mirrors the electrochemical charging process of an LFP battery, in which 

LiFePO4 is oxidised to FePO4 releasing the lithium ion, only this time it is achieved 

chemically rather than electrically. In this way oxidizing agents not only help improve 

product purity but also reduce environmental impact and economic costs by lowering the 

amount of acid needed. (Bruno et al., 2024) 

4.2  Reagents 

Various oxidizing agents are being used in leaching spent LFP batteries, the most extensively 

studied being hydrogen peroxide (H₂O₂), followed by sodium persulphate (Na₂S₂O₈) and 

sodium hypochlorite (NaClO). They all share the same function in the leaching process of 

oxidizing Fe2+ to Fe3+, but they differ considerably in process conditions, safety profile and 

cost.  

 



 

 

Table 1. Comparison of oxidizing additives used in the hydrometallurgical leaching of 

lithium from spent LFP. ‘Li (%)’ and ‘Fe (%)’ are leaching efficiencies under the optimised 

conditions reported in the cited source. 

 

Additive 
Acid 

System 

Optimised 

conditions 
Li (%) Fe (%) Main Concerns Reference 

H₂O₂ H2SO4 

0.9 mol/L H2SO4; 

H2O2/Li = 2.1; 60 

°C; 10 min; 500 rpm 

98.72 0.22 

Decomposes 

exothermically and 

unselectively; 

results sensitive to 

acid/dosage balance 

Liu et al., 2023 

Na₂S₂O₈ 
None (water 

only) 

1.05× theoretical 

Na2S2O8; 300 g/L 

S/L; 25 °C; 20 min 

99 ≈ 0 

Higher reagent cost; 

Na+ interferes with 

Li2CO3 

precipitation 

downstream 

Wang et al., 

2023 

NaClO HCl 

0.6 mol/L HCl; 

Li:H:ClO = 

1.0:1.3:0.6; 15 °C; 20 

min 

95 < 0.1 

Generates toxic Cl2 

gas under acidic 

conditions; requires 

ventilation 

Liu et al., 2023 

FeCl3/ Fe(SO4)2 None 

Stoichiometric Fe3
+; 

300 g/L S/L; 25 °C; 

30 min 

>99 
Fe → 

FePO4 

Not an additive in 

the strict sense; 

downstream spray 

pyrolysis required 

to separate the 

products 

Zhao et al., 

2025 

O2 

None (water 

only) 

pH 3.5; air flow 600 

mL/min; 10 g/L S/L; 

25 °C; 5 h 

99.3 0.02 

Slow reaction 

times; only minimal 

study at industrial 

scale 

Jin et al., 2022 

 

4.2.1  Hydrogen peroxide 

The most used reagent for the selective leaching of lithium is hydrogen peroxide, which has 

been shown to effectively enhance lithium extraction when combined with several acid 



 

 

systems, most notably sulfuric acid. The iron oxidation reaction caused by hydrogen 

peroxide is shown below: 

                                     2 𝐹𝑒²⁺ +  𝐻₂𝑂₂ +  2𝐻⁺ →  2 𝐹𝑒³⁺ +  2 𝐻₂𝑂                             (4) 

 

As shown in the reaction equation, hydrogen peroxide elevates the redox potential (ORP) of 

the solution, causing the iron to change its valance state from Fe2+ to Fe3+ which then reacts 

with PO₄³⁻ forming an insoluble FePO4, suppressing iron dissolution. (Liu et al., 2023; 

Müller et al., 2024) 

 

 

Figure 8. The effect of hydrogen peroxide on the leaching rate over time and temperature. 

(Liu et al., 2023) 

 

From a study done by Liu et al. in 2023, it is shown that under the conditions of 0.9 M 

H2SO4, a H2SO4/Li molar ratio of 0.57, a leaching time of 10 min, a leaching temperature of 

60°C, and a stirring rate of 500 rpm, the addition of H₂O₂ improves the leaching rate of 

lithium rapidly. The increase in leaching rate continues up to a H₂O₂ /Li molar ratio of 

approximately 2.1, after which further increases only marginally improve the results. Under 

these conditions and a H₂O₂ /Li molar ratio of approximately 2.1, the lithium leaching 

efficiency reached is 98.72% with an iron co-dissolution of just 0.219%. (Liu et al., 2023) 

The effect of H₂O₂ in milder conditions has also been reported. Li et al. (2017) achieved a 

lithium extraction efficiency of 96.85% under optimized conditions of 0.3 M H2SO4, a 

H2O2/Li molar ratio of 2.07, a H2SO4/Li molar ratio of 0.57, at 60°C for 120 minutes (Li et 

al., 2017) 

 



 

 

 

Figure 9. The effect of hydrogen peroxide addition on leaching rate of lithium and iron. (Li 

et al., 2017) 

 

The concentration of hydrogen peroxide is a critical process parameter as shown in the figure 

above, increasing the of H2O2/Li molar ratio from 0 to approximately 2 improves the 

leaching rate of lithium from around 50% to over 96%, while also decreasing the dissolution 

of iron from around 40% to near 0 %. (Li et al., 2017) 

However, adding H2O2 beyond the molar ratio of approximately 2, yields no further 

improvement in either lithium recovery or selectivity. It in fact can be counterproductive, as 

the leaching rate plateaus and no further improvement is gained from the additional H2O2. 

Beyond this point, excess H2O2 only raises the cost and leaves unreacted oxidant in the 

leachate, which is harmful to downstream processing. (Li et al., 2017) 

The effect of H2O2 as an additive is strongest in weak acidic range and in strong acidic 

leaching, as seen in a study by Gerald et al, the addition of hydrogen peroxide is actually 

harmful. In the study, leaching was performed using a 2 M H2SO4, so a significantly more 

concentrated acid than the typically used range of 0.2-0.3 M, increasing H2O2 concentration 

caused the lithium content in the leachate to decrease linearly from 2600 mg/l at 0 vol-% 

H2O2 down to 2000 mg/l at 16.5 vol-% H2O2. This occurs because the acid is strong enough 

by itself to dissolve the entire cathode material, and the additional FePO4 precipitation 

achieved with H2O2 also physically entraps lithium ions, removing them from the solution. 

This underlines that for optimal results the dosage of H2O2 needs to be optimized together 



 

 

with the acid concentration or the results can vary from greatly positive to even harmful 

depending on the combination. (Gerald et al, 2022) 

4.2.2  Sodium persulphate 

Having a stronger oxidation potential than H2O2, sodium persulphate (Na2S2O8) is a strong 

alternative for selective leaching of lithium. Not only is it easier to handle and store, being a 

solid at ambient conditions, but it also doesn’t require acid in the leaching process to work 

effectively. The leaching process is very rapid, reaching a 90% lithium recovery rate in only 

5 minutes at near room temperature. The function of Na2S2O8 is the same as H2O2, it oxidizes 

the iron, causing it to precipitate to FePO₄. The leaching reaction is the following: 

 

                2 𝐿𝑖𝐹𝑒𝑃𝑂₄ +  𝑁𝑎₂𝑆₂𝑂₈ →  2 𝐹𝑒𝑃𝑂₄ ↓  + 𝐿𝑖₂𝑆𝑂₄ +  𝑁𝑎₂𝑆𝑂₄                             (5) 

 

Under the optimal conditions of 1.05 times theoretical amount of Na2S2O8, a solid–to-liquid 

ratio of 300 g/L, a temperature of 25 °C and a leaching time of 20 minute, a lithium leaching 

efficiency of 99% can be achieved. These are among of the highest yields reported in LFP 

leaching literature. (Wang et al., 2023) 

The capability of Na2S2O8 to operate without any mineral acid is significant for industrial 

implementation, as it lowers the environmental impact of the leaching process and reduces 

waste neutralization costs considerably. The main drawback of using Na2S2O8 is that the 

sodium ions introduced by Na2S2O8 can interfere with Li₂CO₃ precipitation downstream, 

since sodium and lithium carbonate have overlapping solubility ranges. Other than that, the 

higher reagent cost compared to H2O2 also hinders persulfate systems. (Vieceli et al., 2023; 

Wang et al., 2023)  



 

 

4.2.3  Sodium Hypocholrite 

Sodium hypochlorite (NaClO) is an additive used for selective leaching of lithium, mainly 

in combination with hydrochloric acid (HCl). It acts as the oxidant while HCl provides the 

acidic environment. The reaction for the system is: 

               𝐶𝑙𝑂⁻ +  2𝐻⁺ +  2 𝐿𝑖𝐹𝑒𝑃𝑂₄ →  2 𝐹𝑒𝑃𝑂₄ ↓  + 2 𝐿𝑖⁺ +  𝐻₂𝑂 +  𝐶𝑙⁻                  (6) 

 

 

Figure 10. Effect of ClO⁻/Li molar ratio to the leaching yield of lithium and iron. (Liu et al., 

2023) 

 

Liu et al. (2023) demonstrated that under optimal conditions of 0.6 mol/L HCl solution, 

Li:H:ClO molar ratio of 1.0:1.3:0.6, a leaching time of 20 min at 15°C, the leaching 

efficiency for lithium reached 95% while iron remained at below 0.1%.  The amount of 

NaClO used has a big impact on the leaching results as can be seen from the figure 10. The 

increase of ClO-/Li molar ratio from 0.1 to 0.8, continuously improves the leaching yield of 

lithium from around 69% to approximately 95% at the optimal ratio of 0.6. After the optimal 

ratio of ClO-/Li is reached the yield plateaus.  The effect of NaClO can also clearly be seen 



 

 

from the leaching yield of iron, which quickly drops towards near zero with the increase of 

ClO-/Li molar ratio.  (Liu et al., 2023) 

The downside of this system and hypochlorite as an additive, is that under the acidic leaching 

conditions they can react, generating chlorine gas (Cl2), which is toxic and requires 

ventilation. The chloride ions can also complicate the purification of lithium from the 

leachate, as they can end up in the leaching product. These factors make it significantly more 

challenging to implement on a larger scale. (Liu et al., 2023) 

4.2.4  Ferric Iron salts 

Ferric salts such as FeCl3 and Fe2(SO4)3, have been shown to work effectively for selective 

leaching of lithium. They are not additives in the strict sense, because unlike H2O2 or 

Na2S2O8, which are added to an acid leaching system to improve oxidization, ferric salts 

function as the primary leaching agent themselves. The working principle is also different 

compared to the other additives, instead of working as an external oxidizing agent, they 

directly supply Fe3+ ions. The Fe3+ having a higher redox potential than LiFePO4/FePO4 

serves as the electron acceptor in the reaction.  Fe3+ accepts electrons from Fe2+ within the 

LFP lattice, releasing lithium into the solution while the iron precipitates to FePO₄. (Zhao et 

al. 2025) 

Zhao et al.  demonstrated that over 99% lithium leaching efficiency using FeCl3 within 30 

min at 25 °C and a solid/liquid ratio of 300 g/L. They combined the leaching with FeCl3 and 

spray pyrolysis, which resulted in LiCl and Fe₂O₃, that were subsequently separated by water 

leaching based on their differing solubilities. Not only is the leaching rate one of the best 

found in literature but also the lack of acid makes this approach an environmentally 

preferable option.  (Zhao et al., 2025)  

4.2.5  Molecular oxygen 

The most environmentally benign oxidant available is molecular oxygen, as it produces no 

chemical by-products, just water. The mechanism is the same as other oxidants; iron is 

oxidized so lithium gets de-intercalated from the LiFePO4 structure into the solution. 



 

 

In a study done by Jin et al. (2022), air oxidation with water leaching  under optimized 

conditions of pH 3.5, an air flow rate of 600 mL/min, 25 °C, liquid-to-solid ratio of 10 g/L 

and a leaching timer of 5 hours,  a leaching efficiency of 99.3% was achieved for lithium 

with only 0.02% co-dissolution of iron and phosphorus. The final leachate was very pure 

containing 4400 mg/l of lithium and only 2.75 mg/L iron and 2.11 mg/L phosphorus, making 

it possible to directly precipitate lithium to Li2CO3 from the leachate. (Jin et al., 2022) 

Despite being the most environmentally friendly of the approaches, oxygen-based systems 

have received just minimal attention in studies. The main reason for the lack of development 

is that oxygen inherently has lower oxidation potential compared to the other additives. This 

causes systems using oxygen to have slower reaction times.  (Jin et al., 2022) 

 

 

5  Recent breakthroughs  

For industrial scale up, there are many limitations to the systems described above. The usage 

of hydrogen peroxide produces substantial heat upon addition and leaves residual oxidant in 

the leachate, that increases the cleaning requirements downstream. Persulphates introduce 

Na and NH4+ ions that complicate purification. Even with the cleanest option, molecular 

oxygen, slow reaction kinetics make it less viable for industrial use.  These limitations have 

driven research to find new and improved solutions, the following three are among the most 

significant developments in recent years. (Li et al., 2024)  

5.1  Potassium pyrosulphate and hydrogen peroxide combination 

The effectiveness of H₂O₂ in selective leaching is well proven, but when used as an oxidant, 

a significant amount of the H₂O₂ decomposes before it can oxidize the iron. This means that 

more than the theoretical dosage is needed, which generates excess heat and unwanted 

residual downstream. Li et al. (2024) introduced potassium pyrosulphate (K₂S₂O₇) as a co-

reagent with H₂O₂ to address this problem The study found that potassium pyrosulphate 

stabilises H₂O₂ and slows down its decomposition, reducing the total amount of H₂O₂ 



 

 

needed. Together, these achieve 99.83% lithium recovery rate with only 0.34% iron co-

dissolution in just 5 minutes at 25°C.  (Li et al., 2024) 

This finding is economically important as the need for less reagent and processing 

downstream as well as fast reaction time, make it a more viable option for large-scale use. 

The process also has closed loop potential as the potassium sulphate from the leachate can 

be converted back to K₂S₂O₇ by heat treatment and recycled as the leaching agent. (Li et al., 

2024) 

5.2  hydrochloric–phosphate mixed acid leaching system 

A study by Zheng et al. (2025) introduced a leaching system based on a mixture of 

hydrochloric and phosphoric acid, that stands out as it doesn’t require a oxidising agent to 

achieve highly selective lithium leaching. Instead of adding an oxidant, such as H₂O₂, to 

drive iron precipitation, the phosphate anions already present in the leaching solution 

precipitate iron directly as FePO₄ and water, during the leaching itself. This during lithium 

extraction, iron phosphate formation happens simultaneously in a single step, rather than as 

separate stages. 

Under optimal conditions, the lithium recovery reached 100% and the rate of iron loss was 

below 4.47%. The iron phosphate recovered had a purity of 99.96% and recovered lithium 

carbonate precipitated from the leachate exceeded 99.5% purity. From a process design 

standpoint this is important, because eliminating the separate precipitation stage from the 

process, removes an entire source of secondary waste streams and reagent consumption that 

is present in other hydrometallurgical approaches. (Luo et al., 2025) 

5.3  Gas-solid NaCl vapour leaching 

One of the major drawbacks of hydrometallurgical methods for recycling LFP batteries is 

the large amount of acidic wastewater generated. Kim et al. (2025) demonstrated a gas-solid 

reaction process, that with the usage of sodium chloride vapour eliminates the need for liquid 

acid entirely. In their study, spent LFP material reacted with sodium chloride (NaCl) vapour 

at 200°C, generating HCl gas, which directly reacted with the LFP particles, extracting 



 

 

lithium as LiCl without any liquid medium needed. The LiCl is then recovered with water 

washing and converted to Li₂CO₃. (Kim et al., 2025) 

Under optimized conditions, lithium-leaching efficiency reaches 99.8% in 10 minutes with 

a selectivity of 98.8%. The Li₂CO₃ recovered had a purity of 99.5%, and regenerated LFP 

produced from the recovered materials showed 94.1% capacity retention after 150 cycles. 

Even though this approach requires a higher energy input than many other approaches, the 

lack of wastewater addresses one of the most important downsides of hydrometallurgical 

LFP recycling. (Kim et al., 2025) 

 

6  Conclusion 

The ever-rising demand for electric vehicles has made lithium iron phosphate batteries 

increasingly important. LFP batteries are safe, long-lasting, and cost-effective, and they can 

be recycled to support sustainability. Despite this, the recycling rate for LFP batteries 

remains very low, mainly because the absence of high-value materials like cobalt and nickel 

reduces the economic incentive. As the volume of spent LFP batteries keeps rising, this 

becomes a more pressing matter. 

The answer is to develop more effective and economical recycling methods, or to optimise 

existing ones using additives. Among the approaches reviewed in this thesis, pyrometallurgy 

is well established but poorly suited to LFP due to lithium losses at high temperatures. Direct 

regeneration and biohydrometallurgy are promising but still in the research phase. 

Hydrometallurgy stands out as the most developed and suitable method for LFP, it is highly 

selective and has proven to deliver strong results when combined with the right additives. 

The main takeaway from this thesis is that the choice and dosage of oxidising additives is 

critical to the success of hydrometallurgical leaching. The function of these additives is 

fundamentally the same: they oxidise Fe²⁺ to Fe³⁺, which precipitates as FePO₄, releasing 

lithium into solution while keeping iron out of the leachate. Hydrogen peroxide is the most 

researched and widely used, and it works across several acid systems to improve selectivity 

and reduce iron co-dissolution. Other oxidants such as Na₂S₂O₈, NaClO, and ferric salts have 

also shown promising results, each with their own strengths and trade-offs. 



 

 

The breakthroughs reviewed in this thesis, show that the field is heading toward more 

environmentally friendly, scalable, and economically feasible processes. These new 

approaches address the main weaknesses of conventional hydrometallurgical methods: 

reagent efficiency, process complexity, and wastewater generation. 

As the first large wave of LFP batteries from electric vehicles approaches end of life, scaling 

these laboratory results to large-scale industrial implementation remains a challenge. Based 

on the evidence reviewed in this thesis, multiple promising pathways exist to meet it. 
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