
 

 

 

THESIS FOR THE DEGREE OF LICENTIATE OF ENGINEERING 

 

Advances in the application of an early and selective 

recovery of lithium from spent lithium-ion batteries via 

hydrometallurgical methods 

 

Léa M.J. ROUQUETTE 

 

 

 

 

 

 

 

 

 

 

 

Industrial Material Recycling 

Department of Chemistry and Chemical Engineering 

CHALMERS UNIVERSITY OF TECHNOLOGY 

Gothenburg, Sweden 2023 

 

 

 

 



 

 

 

 

 

Advances in the application of an early and selective recovery of lithium from spent lithium-
ion batteries via hydrometallurgical methods 

Léa M.J. ROUQUETTE 

 

 

 

© Léa M.J. Rouquette, 2023. 

 

 

Technical report no 2023:04 

 

 

Department of Chemistry and Chemical Engineering  

Industrial Material Recycling 

Chalmers University of Technology 

SE-412 96 Gothenburg 

Sweden 

Telephone + 46 (0)70-264-2796 

 

 

 

 

Printed by Chalmers digitaldryck 

Gothenburg, Sweden 2023



i 

 

Advances in the application of an early and selective recovery of lithium from 

spent lithium-ion batteries via hydrometallurgical methods 

Léa M.J. Rouquette 

Industrial Material Recycling 

Department of Chemistry and Chemical Engineering 

Chalmers University of Technology 

Abstract 

In 2020 alone, the use of electric vehicles (EVs) contributed to more than 50 Mt CO2-eq of savings 

in GHG emissions globally. Given their performance in terms of energy and power density, 

Lithium-ion batteries (LiBs) are the technology of choice for the success of rapid EV growth. The 

demand for elements such as cobalt, nickel, copper, and lithium has increased widely. The 

concern regarding the availability of lithium is growing, and countries are rushing to establish 

policies to ensure a stable supply of critical minerals for EV battery supply chains. Lithium was 

added to a list of critical raw materials in 2020, and new regulations are pushing towards the 

recycling of more materials. The recovery target for lithium is set at 70% by 2030.   

Current recycling systems do not have a high lithium recovery rate. Pyrometallurgy does not allow 

its recycling, while the current hydrometallurgy processes exhibit lithium losses. Traditional 

flowcharts are very complex. Usually disregarded, there has not been a major push to develop a 

recycling process centred around lithium. New recycling strategies are trying to lift its importance 

by recovering lithium in the first step. Early selective and more efficient recovery of lithium from 

spent lithium-ion batteries is the main objective of the research. The focus of this study was the 

investigation of early and complete lithium recovery. Two promising methods are considered: a 

combination of a thermal treatment followed by water leaching and a full hydrometallurgical 

route involving the use of oxalic acid as a leaching agent. The experiments were carried out using 

real LiB waste.  

The use of thermal treatment on spent batteries presents many advantages. It allows for safer 

handling of the battery cell and the reduction of waste volume. Moreover, the metal oxides 

undergo a reduction forming more leachable species. At the same time, the reaction between 

lithium dioxide and carbon dioxide form lithium carbonate, a water-soluble species. The highest 

lithium recovery (62%) is achieved after pyrolysis at 700°C for 1h and water leaching at 25°C for 

1h with a solid-to-liquid ratio of 20 g/L. Aluminium is the only co-dissolved element. On the other 

hand, the use of oxalic acid led to a 98.8% leaching yield for lithium, while less than 0.5 % of cobalt 

and nickel, and 1.5% of manganese were leached when applying leaching at 60°C, 1h, 0.6 M oxalic 

acid. Moreover, aluminium is completely leached, which is one of the novel findings in this field. 

Nickel, cobalt, and manganese oxalates are insoluble and remain in the solid residue, while lithium 

oxalate is dissolved in the solution.  

Keywords: Lithium, recycling, hydrometallurgy, thermal treatment, organic acid. 
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Abbreviations and definitions 

The following abbreviations and definitions are used throughout this thesis: 

%P Leachate purity 

%Y Leaching yield, percentage extracted 

ΔG Gibbs Free Energy (in kJ) 

BEV Battery electric vehicle 

CO2 Carbon Dioxide 

DTG Differentiate Thermogravimetric 

EPR Extended producer responsibility 

EU European Union 

EV  Electric vehicle 

F- Fluorine 

FTIR Fourier-Transform Infrared Spectroscopy 

g Gram 

GHG Greenhouse gases 

GWh Gigawatt-hours 

H2O Water 

HF Hydrogen Fluoride 

ICP-OES Inductively Coupled Plasma - Optical Emission Spectrometry  

IEA International Energy Agency 

kJ Energy in kilo joules 

L Litre 

LCE Lithium carbonate 

LFP Lithium Iron Phosphate cathode material 

LH Lithium hydroxide 

Li2O Lithium oxide 

LiB Lithium-Ion Battery 

LiF Lithium Fluoride 

LIPF6 Lithium Hexafluorophosphate 

mg Milligram 

ml Millilitre 

N2 Nitrogen 

NCA Nickel Cobalt aluminium oxide cathode material 

NMC Lithium Nickel Manganese Cobalt Oxide 

ºC Degree Celsius 

PE Polyethylene 

PHEV Plug-in Hybrid vehicle 

PP Polypropylene 

rpm Rotation per minute 

S/L Solid to liquid ratios 

t tonnes 

USGS United State Geological Survey 

vol% Volume percent 

wt% Weight Percentage 

XRD X-Ray Diffraction 
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1 Introduction 

Transport is one of the major contributors of greenhouses gases (GHG). In fact, it accounted for 

37% of CO2 emissions from end‐use sectors in 2021 [1], which represents around 15% of global 

GHG emissions. In 2020 alone, the use of electric vehicles (EVs) contributed to more than 50 Mt 

CO2-eq of savings in GHG emissions globally [2]. To support and enhance the deployment of this 

technology, policies, and targets have been legislated by governments all around the world [3]. 

For example, the EU announced that by 2035, only zero-emission vehicles will be sold within its 

borders [4]. Hence, the global sales of electric vehicles (all modes; plug-in hybrid vehicles (PHEV) 

and battery electric vehicles (BEV)) have been rising strongly for the last decade. An 75% increase 

in sales was observed between 2021 and 2022 [3]. Given their performance in terms of energy 

and power density, lithium-ion batteries (LiBs) are the technology of choice for the success of 

rapid EV growth [5,6].  

LiBs currently consume about 74% of the total lithium production [3,7]. Global lithium 

consumption was projected to be about 41.5 kt in 2017 [8], while it was estimated at 93 kt in 2021 

[9]. The International Energy Agency (IEA) has evaluated future demand based on 3 different 

policy scenarios [3]: 

1) In the Stated Policies Scenario, annual lithium demand would reach about 330 kt by 2030, 

a fourfold increase relative to 2021.  

2) In the Announced Pledges Scenario, annual lithium demand would reach 500 kt, a sixfold 

increase.  

3) In the Net Zero emissions scenario, an outrageous amount is estimated: about 750 kt in 

2030.  

Lithium can be found in four types of deposits, primarily in brines and hard rocks (mostly 

pegmatite rock) but also in sedimentary rocks and seawater [10]. Approximately 78% of the global 

lithium resources are found in the brines. These salt lakes are mainly located in South America 

[11]. USGS’ Mineral Commodity Summaries 2022 reports that global lithium resources total 89 

million metric tons, and the estimated reserve of lithium is about 22 million metric tons (about 

25% of the total resources) [9]. Lithium production increased by 21% in 2021, with the main 

producing countries being Australia, Argentina, Chile, and China [9]. The EU share of the world 

reserves is only 1%, with only 0.4% of the global primary production coming from Portugal in 2019 

[12]. Hence, the EU’s reliance on lithium is estimated at 100%, meaning that Europe is entirely 

dependent on the rest of the world for lithium-processed material. Moreover, the price rose from 

USD 7,000 per ton of lithium carbonate equivalent (LCE) to USD 26,000 in November [9]. 

Considering the availability of lithium and growing demand and price, countries are rushing to 

establish policies to ensure a stable supply of critical minerals for EV battery supply chains. The 

European Commission established a list of critical raw materials based on the economic 

importance and supply risk of each material. This initiative gives better guidance and framework 

for the European strategy. It will also help research and innovation to focus on the critical 

elements [13]. Lithium was added to the list in 2020. The Battery Directive (2006/66/EC) and the 

Waste Electrical and Electronic Equipment (WEEE) Directive (2012/19/EU) regulate and give a 

legal framework for the management of batteries, and a new regulation proposal in 2020 requests 
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the re-enforcement of these legislations. One implementing act consists of establishing a battery 

passport for each industrial and EV battery placed on the market. This should allow economic 

operators to more efficiently gather and reuse the information and develop an appropriate 

framework to deploy the collection of each battery [14]. Focus is placed on the end of life of such 

waste, establishing recycling as a necessary tool in waste management. The new target for LiB 

recycling efficiency is 70% by 2030. Zooming in on the materials, 95% of the cobalt, nickel, and 

copper are expected to be recovered along with 70% of the lithium [14]. Moreover, the 

implementation of a percentage requirement for recycled material in newly produced batteries 

is pushing toward better recycling processes. In numbers, new LiBs are expected to contain 12% 

recycled cobalt, 6% recycled lithium, and 4 % recycled nickel [14]. 

The recycling of spent LiBs is indeed an obligation for multi-dimensional benefits such as keeping 

all the valuable metals in one place, reusing those metals during the manufacturing process, 

decreasing battery production costs, having a better environmental policy, saving natural 

resources, protecting the future, and conserving resources for future generations [15]. The EU, a 

big battery consumer, will have an increasing waste stock in upcoming years. Processing the waste 

will become more profitable. The Global Electric Vehicle Outlook 2022 reports that the recycling 

rate for lithium is lower than 1% [3,12] and the official end-of-life recycling input in the EU is 0% 

[12].  

Pyrometallurgy and hydrometallurgy methods can be used to process spent LiBs and recover the 

valuables elements. However, the current recycling systems do not achieve a high recovery rate 

for lithium. No lithium is recovered at all using pyrometallurgy methods, while hydrometallurgy 

methods suffer losses at each step, leading to a decrease in the total recovery. Lithium is probably 

the most critical material for EVs, followed very closely by the supply of nickel and cobalt. Until 

recently, the price of cobalt was one of the main incentives for recycling. The increase in lithium 

price serves as a motivator for recyclers to aim for its recovery. Moreover, the production of 

lithium battery-grade products is challenging, as it requires very high purity, over 99.9%.  

1.1 Goal and driving forces 

The goal of this research is to increase the total lithium recovery. With that aim, the working 

direction is to develop a new, robust, and sustainable process for the recycling of LiBs, in which 

lithium is recovered as the first step of the process, through the use of greener chemicals. Two 

main routes are investigated: a combination of pyro and hydrometallurgy and a pure 

hydrometallurgical process. Both are very promising and could lead to increased lithium recovery. 

Some specification of these methods is needed to improve and understand the process.  

Approach 1 is a thermal treatment of the black mass followed by selective water leaching. Lithium 

carbonate can be recovered after evaporative crystallization. Approach 2 consists of the oxalic 

acid leaching of the black mass.  In this work, all the major elements present in the waste will be 

tracked to know their behaviour in the process. This is very important, as some impurities such as 

aluminium and fluoride, are challenging to handle, since they have a strong affinity with lithium.  
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2 Background 

2.1 Lithium-ion battery 

As mentioned in the introduction, given their performance in terms of energy and power density, 

LiBs are the technology of choice for the success of rapid EV growth [5,6]. Due to its properties, 

lithium is an ideal candidate for batteries, and so far, very few commercial lithium-free alternative 

batteries exist on the market with the same type of properties. The substitution of lithium is not 

expected at a large scale in the upcoming years. Nevertheless, we can mention that sodium-ion 

batteries are gaining increased attention [3], as a potential alternative to LiBs. Moreover, next-

generation batteries, such as solid-state batteries, still require lithium in their products. The 

research is ongoing, and there could be many breakthroughs in the future.  

There are three main categories of cathode materials that are relevant nowadays: nickel-based 

chemistry batteries, comprising NMC (LiNixMyCozO2, Lithium Nickel-Manganese-Cobalt Oxide) and 

NCA (LiNi0.8Co0.15Al0.05O2, Lithium Nickel-Cobalt-Aluminium Oxide), LCO (LiCoO2, Lithium Cobalt 

Oxide), and LFP (LiFePO4, Lithium Iron Phosphate). NMC chemistry is currently the most popular 

technology used in EVs [16]. However, a resurgence of LFP has been observed in the market.  

An NMC positive electrode is composed of lithium nickel-manganese-cobalt oxide. Their molar 

ratios can vary from one battery to another. The ratio is indicated in the name, i.e., NMC111 or 

NMC 811. The oxide particles are mixed with a polymer binder (polyvinylidene fluoride, PVDF) 

and coated onto an aluminium foil that acts as a current collector. The negative electrode is 

generally a graphite layer coated on a copper foil with the same binder polymer. The electrolyte 

in between is normally a mixture of one or more dipolar organic solvents and a lithium salt, such 

as lithium hexafluorophosphate (LiPF6). A porous polymeric membrane usually made of 

polypropylene (PP) or polyethylene (PE) acts as a separator and prevents short circuits, thereby 

ensuring cell safety [17]. The movement of the lithium ions from the positive to negative side 

provokes the movement of electrons generating the energy. A battery cell is composed of a 

certain number of successive layers of anode and cathode immersed in the electrolyte. The 

battery cells are then assembled in battery packs that make up the battery module used in EVs. 

The casing is usually made of steel, aluminium, and plastic.  

The average composition by weight for each component of the battery cells is presented in Figure 

1. The cathode active material occupies 15–40 wt% of the battery cell. The elemental composition 

varies depending on the chemistry, but an estimation range is as followed: 3–20 wt% cobalt, 2–

15 wt% nickel, 2–7 wt% lithium, and 2–10 wt% manganese [18,19]. The binder is present in a 

range of 1–4 wt%, and fluoride and phosphorous content is rarely given [19]. 
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Figure 1: Generic composition of LiB cell in weight percentage (wt%) (mix LCO and NMC) [20–22] 

2.2 Current recycling processes  

The recycling of LiBs is still limited, and current processes focus more on the recovery of cobalt, 

nickel, or other metals, disregarding lithium. For instance, Global Electric Vehicle Outlook 2022 

reports that the recycling rate for lithium is lower than 1% [3,12] and its official end-of-life 

recycling input in the EU is 0% [12]. However, it is very hard to obtain updated data and official 

statistics on the recycling LiBs and an even more precise recovery rate of the element. For 

instance, some Chinese media report that 30 to 40% of battery materials are recycled [23]. In 

2019, in pv magazine, Hans Eric Melin, Director of Circular Energy Storage said, “We know from 

our data that about 100,000 tons of waste batteries were recycled last year, that’s about 50% of 

what reached end-of-life” [24]. This section will explain briefly the existing recycling processes 

developed. 

To create a sustainable and economically viable recycling process, the very first issue is the 

establishment of a good and robust collection and sorting system. The heterogeneity of the 

battery types available represents a major challenge to the setup of a performant collection 

infrastructure. Indeed, a very large variety of sizes, shapes, capacities, and battery chemical 

compositions can be found on the market [18]. The diversity of battery chemistry is the most 

challenging aspect, as not all recycling processes can handle every type of battery. Some 

decentralized collection and sorting points are emerging in Europe. This would be beneficial for 

the overall recycling framework. Implementation of rules such as the battery passport would also 

improve traceability, and thereby the collection of EV batteries. 

2.2.1 Pre-treatment  

Once the batteries are collected, they undergo different types of treatments. They are first, 

discharged for safety reasons, i.e., to avoid fire or electric shock. There are three predominant 

methods on the market: the use of salt-water baths (such as sodium chloride or sulphate), a 

controlled discharge by external circuits, and thermal treatment. The lithium ions move towards 

the cathode, making the spent cathode active material enriched in lithium [22].  
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Thermal treatment 

Thermal treatment consists of applying relatively high temperatures (between 300°C and 700°C) 

under a controlled atmosphere. In the presence of airflow, it is called incineration, while pyrolysis 

is performed under an inert gas flow (argon or nitrogen). Such thermal treatment can also be 

performed under vacuum. The main advantages of applying a thermal treatment are the 

following: 

1) The batteries can be inserted without preliminary discharge. 

2) The decrease in waste volumes can help the transport, handling, and recycling of LiBs [25].  

3) The binder decomposition allows easy separation of the active material from the current 

foils [18]. This also benefits the hydrometallurgical processes, as it concentrates the black 

mass and increases the contact surface between the valuable elements and the leaching 

agent. 

4) The reduction of the complex metal oxides by carbon or carbon monoxide along with the 

formation of lithium carbonate. The latter is water-soluble and can allow selective lithium 

recovery before transition metals [11]. Moreover, the reduced oxides are more easily 

leached, which decreases the consumption of expensive reductants [26]. 

 Mechanical treatment  

The discharged batteries (with or without thermal treatment) undergo mechanical processing. 

The different components are separated based on the different physical properties, such as 

particle size, density, or conductive and magnetic properties. The main objective is to separate 

the metallic particles (casing, copper, and aluminium foils) from the cathode and anode active 

materials, a mixture called black mass [18]. Currently, the separators are removed from the 

battery waste, but they are disposed of instead of recycled. The price of the black mass then varies 

depending on the specific content of lithium, cobalt, nickel, manganese, and other materials [27]. 

Thus, the higher the concentration of valuable metals in the black mass, the more valuable it is. 

2.2.2 Pyrometallurgical route 

Current pyrometallurgical processes produce an alloy containing cobalt, nickel, copper, and iron, 

since those elements have a low oxygen affinity. This alloy must be further treated using 

hydrometallurgical techniques to separate the metals. Lithium, aluminium, and manganese have 

a high oxygen affinity and are transferred to slag [6,28]. Besides, there may be some lithium 

present in the flue dust stream due to the low vapour pressure of lithium compounds, such as 

lithium metal, lithium fluoride, and lithium carbonate, along with some volatile elements and 

fluorinated compounds. All carbon and organic compounds are burnt and leave the furnace as 

off-gases (CO and CO2) [29].  

One of the major advantages of pyrometallurgical processes is that they can handle a large 

volume of battery waste. They also provide high flexibility in term of the input material, since 

there is no need to sort collected batteries based on their chemistry (different LiBs or NiMH). 

Moreover, the spent batteries can be put in the furnaces without any prior discharging step or 

mechanical treatment. As an example, Umicore (Belgium) is currently recycling batteries using a 

https://www.fastmarkets.com/newgen/battery-materials/lithium
https://www.fastmarkets.com/newgen/battery-materials/cobalt
https://www.fastmarkets.com/newgen/battery-materials/nickel
https://www.fastmarkets.com/newgen/battery-materials/manganese
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pyrometallurgical treatment called ultra-high temperature (UHT), and recovering nickel, cobalt, 

and manganese salt using a hydrometallurgical process after smelting [30].  

However, the need for energy in such a process is concerning, and various gases are emitted. 

Furthermore, depending on the operating parameter, lithium is distributed among the flue dust 

and slag. Currently, it is not industrially recovered and is thus considered to be “lost”. Research 

for lithium recovery from those phases using hydrometallurgy is ongoing. Nevertheless, a feasible 

process is not expected in the coming years, as it will require high energy and chemical 

consumption due to the complexity of the slag [29].  

2.2.3 Hydrometallurgical route  

Compared to the pyrometallurgy route, hydrometallurgy methods make it possible to achieve 

higher recovery rates and require lower energy consumption. But it is a more complex and 

chemically intensive process. In traditional hydrometallurgical processes, the black mass from 

spent LiBs (obtained after discharging, dismantling, crushing, and sorting) is dissolved in inorganic 

acids. The metals present in the black mass are then dissolved in the leaching media. Usually, the 

addition of a reducing agent is needed to reduce the element into a more leachable oxidation 

state, i.e., from cobalt (III) to cobalt (II). The most common acid and reducing agents used are 

sulfuric acid and hydrogen peroxide, respectively [22]. The leaching conditions vary depending on 

the process chosen. The possible range parameters are as follows: acid concentration from 1 to 5 

M, hydrogen peroxide addition from 3 to 10 vol%, temperature from 50 to 90°C, time from 1h to 

6h, and a solid to liquid ratio (S/L) from 20 to 200 g/L [7]. The use of these inorganic acids is 

associated with various emissions (release of gas such as, SOx, Cl2, or NOx depending on the acid 

used) and the formation of waste streams and wastewater [20]. Some research is therefore 

ongoing in the replacement of the inorganic acid with an organic acid (citric, malic, or oxalic acid), 

avoiding gaseous emissions. They are usually considered more environmentally friendly than 

classic inorganic agents [20,31]. 

Leached metals are selectively recovered and purified using different techniques such as solvent 

extraction, ion exchange, precipitation, or crystallization. At first, impurities such as aluminium, 

copper, and iron are removed usually using sodium hydroxide, with the metals precipitated as 

hydroxide. However, other elements such as cobalt or lithium, can be co-precipitated during this 

operation. Hence, some research is being done in the use of techniques like ion exchange or 

solvent extraction to decrease the loss in that stage [22].  

Next, nickel, cobalt, and manganese can be separated using solvent extraction or precipitation. 

Solvent extraction techniques separate the metal ions using organic extractants such as D2HPA, 

Cyanex 272, Acorga M5640, PC-88A, TODGA, or P66614-Cl [7]. One possible process is the use of 

D2EPHA to recover manganese from the leachate (common operation parameter: 0.5 M of the 

extractant at a pH of 2–2.5) [18]. Cyanex 272, an organophosphorus acid extractant, is then 

frequently used in the mineral industry for the separation of cobalt from nickel in sulphate 

solutions. Cobalt is extracted at a pH of about 5, while nickel is efficiently recovered at a pH of 

about 6.5 [18]. Their main disadvantage is the complexity of such a method, with multiple 

extraction stages, and the high cost of solvent, which in many cases is toxic [22]. Another method 

is the precipitation of the metals. The chemicals used can be lithium and sodium hydroxide, or 
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carbonate. The pH control required for an operation of this kind is often complicated, and co-

precipitation of other elements can occur. For instance, lithium losses can be up to 25% in total, 

when using sodium hydroxide (pH = 11) [22].  

Finally, lithium is recovered using sodium carbonate as precipitating agent (about 2 kg of sodium 

sulphate is generated for every 1 kg of lithium carbonate produced). A significant amount of 

sodium sulphate is generated as secondary waste, which currently has no utilization and is 

disposed of. Since lithium is obtained at the end of the recycling flowsheet, different extraction 

steps lead to lithium losses. This results in lower lithium recovery.  

2.3 State-of-the-art in early recovery of lithium from LiBs 

As seen in the previous section, current recycling systems do not have a high lithium recovery 

rate. Pyrometallurgy does not allow its recycling, while the current hydrometallurgy processes 

exhibit lithium losses. Usually disregarded, there has not been a major push to develop a recycling 

process centred around lithium. The existing recycling processes are more focused on expensive 

elements like cobalt or nickel. New recycling strategies are trying to lift the importance of lithium, 

which is gaining value on the market. This will be a good incentive for recyclers. One way to 

achieve this is to recover lithium in the first step in the hydrometallurgical flowchart. The main 

drivers in the use of this procedure are: 

1) Improvement of overall lithium recovery.  

2) Recovery of transition metals together without further separation.  

3) Lower number of operation steps and thus lower cost of the recycling.  

Two approaches can enable this early and selective recovery of lithium. The research outcome in 

this field will be described further. The improvement and better understanding of selected 

methods is the main focus of the present research project.  

2.3.1 Combination of pyro and hydrometallurgy  

In this approach, the black mass is thermally treated, followed by a water leaching. Lithium 

carbonate, produced during the metal oxide reduction, is dissolved selectively in the water while 

nickel, cobalt, and manganese remain in the solid phase. Lithium carbonate crystals are then 

obtained after evaporative crystallization at 95°C. Some authors have investigated this technique, 

and the parameters corresponding to the optimal leaching yield of lithium are summarized in 

Table 1. It can be observed that a high recovery rate is expected using this technique (between 

60 to 95%), which makes it a very promising technique. Xiao et al. [32] investigated the variation 

in the leaching yield based on different cathode materials. It was shown that lower recovery was 

obtained for pure NMC material. All the optimal operating temperatures remained below 700°C, 

and the decomposition of lithium carbonate occurred over that limit. In fact, Maroufi et al. 

showed that at 800°C, all the lithium was liberated from the sample in the form of the gas [33]. 

However, the use of cold water did not have a positive influence on the dissolution.  
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Table 1: Summary of conditions for lithium dissolution after thermal treatment and water leaching 
reported in the literature (commercial cathode material *) 

Material 
Initial composition 

(wt%) 

Thermal treatment Leaching Li 
Yield 
(%) 

R
e

f. Active 
material 

Reducing 
agent 

Type 
Temp.

(°C) 
Time 
(min) 

S/L 
(g/L) 

Temp. 
(°C) 

Time 
(min) 

LiMnO2  Anode 
material 

4.8 % Li, 0.1 % Ni, 
51 % Mn 

INC 650 60 40 Amb. 20 83 [34] 

LiMn2O4 

LiCoO2 
NMC 

Anode 
material - 

Vacuum 
PYRO 

700 45 40 Amb. 30 82 
83 
66 

[32] 

*NMC 

111 

10% Coke 7.2 % Li, 20.0 % Ni, 
20.5 % Co, 19.4 % 

Mn 

PYRO 650 30 34 25 60 94 [35] 

LCO  20% 
activated 
carbon 

6.5 % Li, 1.6 % Ni, 
40.6 % Co, 1.6 % 

Mn, 7.8% Al 

PYRO 700 30 - 0 60 36 [33] 

NMC Anode + 
10% of 
graphite 

2.2 % Li, 6.2 % Al PYRO 700 60 50 80 180 60 [36] 

2.3.2 The use of oxalic acid 

The black mass obtained after mechanical treatment is directly treated with the acidic leaching. 

The most common organic acid used for lithium recovery is oxalic acid. The oxalic acid represents 

a good candidate as a leaching agent and acts as reducing agent. Moreover, it forms strong 

chelate complex with the metals which makes the mechanism of dissolution acid/complex based. 

Lithium reacts with oxalate ion to form a simple oxalate, while copper, cobalt, manganese, and 

nickel are reported to form simple and complex oxalates. However, it is more predictable to find 

simple oxalates for these metals [37].  

Some authors have investigated this technique, and the main parameters leading to the optimal 

leaching yield of lithium are summarized in Table 2. Chrul-Kyoung L. et al. reported that with 3 M 

oxalic acid, at 80°C for 90 min and a solid-to-liquid ratios (S/L) of 50 g/L, all the lithium was 

dissolved, and less than 1% of cobalt was found in the leachate as insoluble CoC2O4 without using 

any addition of reducing agent [38]. Renjie Chen et al. [39] showed that the leaching behaviour 

with NMC cathode material differed slightly from the behaviour with LCO material. The authors 

observed the presence of NMC in the leaching residue even after more than 2 hours of operation, 

and the leaching yield of lithium was limited to 81%. They indicated that a morphology change 

and size increase of the aggregate NMC oxalate formed during the process with the leaching time. 

It was concluded that products were covering some remaining NMC oxides, and they were 

preventing the reaction. Moreover, they identified a higher concentration of manganese oxalate 

in the leachate solution, as it has a higher solubility than cobalt and nickel oxalate. However, less 

than 1.5% of the NMC was found in the leachate [39]. Ka Ming et al. [40] also investigated NMC 

leaching with oxalic acid. They demonstrated the co-dissolution of manganese, at the optimum 

leaching parameters (Table 2). Approximately, 96% of lithium was dissolved along with 24% of 

manganese. Increasing acid concentration and temperature led to an increase in the manganese 

extraction. Unfortunately, the effect of time on the leaching behaviour was not studied and very 

long dissolution times were applied (12 h).  
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Table 2: Summary of conditions for lithium dissolution using oxalic acid (OA) as a leaching agent 
reported in the literature  

 Preparation of the feed 
material 

[OA] 
(M) 

S/L 
(g/L) 

Temp. 

(°C) 
Time 
(min) 

Stir 
(rpm) 

 Leaching yield (%) Ref 

Li Co Ni Mn 

LCO 
 

LCO powder from cathode 
and anode after crushing and 
magnetic separation 
(18mesh) 

3 50 80 90 300 99 
 

0.4 - - [38] 

LCO Discharged, crushed by shear 
crusher, and sieved (size 
<1.43mm) 

1 
 

15 95 150 400 98 
 

< 3 - - [41] 

NMC  
 

Dismantling and manual 
separation of the anode and 
cathode. 
Cathode foil treated with 
NMP to recover active 
material. 
Pyrolysis at 700°C. 

0.6 20 70 120 - 81 < 1.5 < 1.5 < 1.5 [39] 

NMC 
 

Commercial NMC (111, 532, 
811)  

1 10 95 12h - 96 
 

< 0.5 < 0.5 22 [40] 

2.3.3 Conclusion on the early recovery of lithium and reasoning for a research scope 

The two approaches seem to be very promising and could lead to increased lithium recovery.  

In approach 1, promising recovery rates, of up to 90%, can be expected. However, some 

specification is needed to improve the method and understand the process. Different thermal 

treatments (incineration and pyrolysis) are applied with different sources of carbon (from the 

anode, graphite, coke, or lignite) to achieve better transformation of lithium to carbonates. 

However, the suitability of the carbon additives needs to be clarified. Incineration and pyrolysis 

will be investigated to define which is the more suitable for the operation. One important source 

of carbon in the battery cell is the separator, which is usually removed in the recycling process. 

Its effect in the carbothermic reduction has not been studied, but will be investigated in this work. 

Moreover, synthetic cathode materials are mainly used in all studies. Hence, there is a lack of 

information about the effects of the impurities present in real spent LiBs over the process. 

Impurities such as fluoride can change the outcome of the operation by reacting with lithium. 

Furthermore, the behaviour of other elements, such as copper or aluminium, is not reported. 

Finally, the purity of lithium carbonate recovered after evaporative crystallization is not 

investigated nor reported.  

In approach 2, the different studies conducted previously identified the parameters influencing 

the leaching operation, such as reaction time, temperature, acid concentration, and solid-to-

liquid (S/L) ratio. Very high lithium recovery is expected, up to 98%, without the use of thermal 

treatment or a reducing agent. This constitutes a big advantage for the recycling process. The co-

extraction of manganese is reported at different levels. However, research with the industrial 

black mass would allow a better estimation of the co-dissolution. Finally, the behaviour of other 

elements, such as copper or aluminium, is not reported.  

This research will focus on achieving maximum recovery of lithium, with a deeper understanding 

of the processes since both approaches will be investigated.  
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3 Theory 

3.1 Carbothermic reduction during the thermal treatment  

3.1.1 Principle 

The carbothermic reduction is described as the reduction of oxide metals (written MO in the 

equation) to a lower oxidation stage using carbon as a reductant. The main reaction products are 

reduced metals, CO, and CO2. This phenomenon occurs above 500°C and below 700°C [42], 

following the subsequent Equation 1 and 2. Over 700°C, CO becomes pre-dominant.   

3 𝑀𝑂𝑠 + 2 𝐶𝑠 →  3 𝑀𝑠 +  𝐶𝑂𝑔 +  𝐶𝑂2,𝑔 (1) 

 𝑀𝑂𝑠 +  𝐶𝑂𝑔 →   𝑀𝑠 +  𝐶𝑂2,𝑔 (2) 

The black mass can contain from 10 to 45 wt% of graphite and carbon [22]. This is a good source 

of carbon for the carbothermic reduction. Another additional source of carbon can come from 

the organic solvent present in the electrolyte and the separator, which is made mainly of PP and 

PE. The black mass can contain from 3 to 10 wt% of separator [22]. Beyond a temperature of 

500°C, the PP and PE undergo a complete decomposition forming, CO, CO2, and H2O. Hence, no 

additional contaminants are expected when the separator is processed with the rest of the cell.  

3.1.2 Incineration 

Incineration involves mostly exothermic reactions [25]. During the incineration, the presence of 

oxygen causes the combustion of graphite and organic components to form CO and CO2 

(Equations 3–5) [47]. The formation of the latter is favoured at a temperature below 700°C. The 

metal oxides are reduced under the reducing atmosphere. LiCoO2 is reduced by C and CO and 

formed Co3O4, Li2CO3, CoO, and CO2. LiMn2O4 is reduced to Mn3O4, MnO2, MnO, and Li2CO3. LiNiO2 

had the same behaviour as LiCoO2 and is reduced to Ni3O4, Ni, and NiO. The formation of lithium 

carbonate comes from the reaction between the Li2O, product of the carbothermic reduction, and 

the CO2 [25].   

𝐶𝑠 +  𝑂2,𝑔 →   𝐶𝑂2,𝑔 (3) 

𝐶𝑠 +  1 2⁄  𝑂2,𝑔 →   𝐶𝑂 𝑔  (4) 
2 𝐶𝑂𝑔 + 𝑂2,𝑔 →  2 𝐶𝑂2,𝑔 (5) 

𝐿𝑖2𝑂𝑠 +  𝐶𝑂2,𝑔  →  𝐿𝑖2𝐶𝑂3,𝑠 (6) 

3.1.3 Pyrolysis 

Pyrolysis is reported to involve mostly endothermic reactions [25,43]. During pyrolysis, the carbon 

present in the samples triggers the carbothermic reduction of the metal oxides [49]. LiCoO2 is 

reduced by C and CO and formed Co, CoO, and Li2O which reacted with the CO2 produced to form 

Li2CO3 (Equations 7–10). LiMn2O4 is reduced to Mn3O4, MnO, Li2O, and Li2CO3 (Equations 14–18). 

LiNiO2 has the same behaviour as LiCoO2 and is reduced to Ni and NiO (Equations 11–13). Less 

CO2 is emitted during the operation, which is therefore considered a more sustainable process 

than incineration.  
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16 𝐿𝑖𝐶𝑜𝑂2,𝑠 + 10 𝐶𝑠 →  𝐶𝑜3𝑂4,𝑠 + 𝐶𝑜𝑂𝑠 + 12 𝐶𝑜𝑠 +  8 𝐿𝑖2𝐶𝑂3,𝑠 + 𝐶𝑂2,𝑔 + 𝐶𝑂 𝑔  (7) 

𝐿𝑖𝐶𝑜𝑂2,𝑠 + 𝐶𝑂 𝑔  + 3/10 𝐶
𝑠

 →  3/10𝐶𝑜3𝑂4,𝑠 + 3/10𝐶𝑜𝑂𝑠 + 9/10 𝐶𝑜𝑠 +  𝐿𝑖2𝐶𝑂3,𝑠 + 3/10 𝐶𝑂
2,𝑔 

(8) 

9/10𝐶𝑜3𝑂4,𝑠 + 34/25𝐶
𝑠

+ 𝐶𝑂 𝑔  →  14/5 𝐶𝑜𝑠 +  12/5𝐶𝑂2,𝑔 (9) 

3𝐶𝑜𝑂𝑠 + 𝐶𝑠 + 𝐶𝑂 𝑔  →  3 𝐶𝑜𝑠 +  2𝐶𝑂2,𝑔 (10) 

8 𝐿𝑖𝑁𝑖𝑂2,𝑠 + 6 𝐶𝑠 →  𝑁𝑖𝑂𝑠 + 7 𝑁𝑖𝑠 +  4 𝐿𝑖2𝐶𝑂3,𝑠 + 𝐶𝑂2,𝑔 + 𝐶𝑂 𝑔  (11) 

𝐿𝑖𝑁𝑖𝑂2,𝑠 + 𝐶𝑂 𝑔  + 2/3𝐶𝑠  → 2/3𝑁𝑖𝑂𝑠 + 4/3𝑁𝑖𝑠 +  𝐿𝑖2𝐶𝑂3,𝑠 + 2/3𝐶𝑂
2,𝑔 

(12) 

3𝑁𝑖𝑂𝑠 + 𝐶𝑠 + 𝐶𝑂 𝑔  →  3 𝑁𝑖𝑠 +  2𝐶𝑂2,𝑔 (13) 

10 𝐿𝑖𝑀𝑛2𝑂4,𝑠 + 7𝐶𝑠 →  𝑀𝑛3𝑂4,𝑠 + 16 𝑀𝑛𝑂 𝑠 +  𝑀𝑛𝑂2,𝑠 +  5𝐿𝑖2𝐶𝑂3,𝑠 + 𝐶𝑂2,𝑔 + 𝐶𝑂 𝑔  (14) 

2𝐿𝑖𝑀𝑛2𝑂4,𝑠 + 0.5𝐶𝑠 + 𝐶𝑂 𝑔  →  0.5𝑀𝑛3𝑂4,𝑠 + 2𝑀𝑛𝑂 𝑠 +  0.5𝑀𝑛𝑂2,𝑠 +  𝐿𝑖2𝐶𝑂3,𝑠 + 0.5𝐶𝑂2,𝑔 (15) 

2𝑀𝑛3𝑂4,𝑠 + 𝐶𝑠 →  6𝑀𝑛𝑂 𝑠 +  𝐶𝑂2,𝑔 (16) 

𝑀𝑛3𝑂4,𝑠 + 𝐶𝑂 𝑔  →  3𝑀𝑛𝑂 𝑠 + 𝐶𝑂2,𝑔 (17) 

3𝑀𝑛𝑂2,𝑠 + 𝐶𝑠 + 𝐶𝑂 𝑔  →  3𝑀𝑛𝑂 𝑠 + 2𝐶𝑂2,𝑔 (18) 

The thermal decomposition of PVDF is influenced by the oxygen content. An increase in the 

proportion of oxygen in the atmosphere decreases the maximum rate of decomposition slightly 

but has a larger effect on the temperature at which initial decomposition occurs. Decomposition 

under oxygen occurs at 320°C, while it starts at 450°C under nitrogen [44]. The main product of 

decomposition is hydrofluoric acid (HF) in the gas phase. The generation of hazardous gaseous 

substances such as HF requires that the off-gas is cleaned, hence HF is trapped and neutralized 

with water. 

During the thermal treatment, the lithium salts in the electrolyte, such as LiPF6, can decompose 

into lithium fluoride and HF at a temperature higher than 200°C in the presence of water [6]. 

𝐿𝑖𝑃𝐹6 + 𝐻2𝑂 → 𝐿𝑖𝐹(𝑠) + 𝑃𝑂𝐹3(𝑔) + 2𝐻𝐹(𝑔) (19) 

Moreover, the gaseous HF formed can react with Li2O or Li2CO3 to form lithium fluoride (Equations 

20–21). At 600°C, those reactions are spontaneous with a Gibbs Free Energy (ΔG) of -224.2 kJ and 

-135.0 kJ, respectively 1.  

𝐿𝑖2𝑂 +  2 𝐻𝐹 (𝑔) →  2 𝐿𝑖𝐹 +  𝐻2𝑂 (𝑔) (20) 

𝐿𝑖2𝐶𝑂3 +  2 𝐻𝐹 (𝑔) →  2 𝐿𝑖𝐹 +  𝐻2𝑂 (𝑔)   +  𝐶𝑂2 (𝑔) (21) 

 

 

 

1 HSC Chemistry 9 developed by Outotec was used to calculate the thermodynamic data.  
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3.2 Leaching 

3.2.1 General principle 

The goal of the leaching operation is the dissolution of a desired element, contained in a solid 

phase, into a liquid media. The leaching agent is selected for its ability to dissolve the metals 

contained in the black mass; the metals are leached into the solution which is then called 

“leachate”. The probability of an element leaching can be evaluated by considering the leaching 

mechanism; it can be oxidative or reductive leaching as well as simple chemical dissolution. The 

choice of leaching agent is also important for the rest of the process. For instance, if solvent 

extraction is applied to further separate the element in the solution, the nature of the solution is 

very important. The main driving parameters of such an operation are the temperature, S/L ratios, 

concentration of the leaching agent, rotation speed, and time. The kinetics of the dissolution can 

be investigated by measuring the leached amount of the element of interest at various points in 

time. The industrialized process generally appreciates low reaction time, as it is usually more 

profitable for their activity.  

The leaching yield (%Y) can be calculated by comparing the concentration of each element in the 

leachate to the elemental content of the solid samples determined by the total dissolution in aqua 

regia. The leaching efficiency can be calculated according to Equation 22:   

%𝑌𝑖  =
𝐶𝑖 × 𝑉

𝑚0 ×   𝑤𝑖 
 × 100 (22) 

where Ci is the concentration of the element i in the leachate (mg/L), V is the volume of solution 

(L), m0 is the weight of the sample (mg) and wi is the weight percentage of the element i in the 

sample (%). 

The purity of the leachate (%P) can be calculated using Equation 23: 

%𝑃𝑖 =  
𝐶𝑖   × 𝑉 

𝐶𝑖   × 𝑉 + ∑ 𝐶𝑗𝑗   × 𝑉 
 × 100 (23)  

where Ci is the concentration of the element i in the leachate (mg/L), Cj is the concentration of 

any other elements, j, found in the leachate (mg/L) and V is the volume of solution (L).  

3.2.2 Water leaching of thermally treated solid 

This operation relies on the dissolution of lithium compounds in water. The solubilities of certain 

lithium compounds are given in Table 3. Lithium carbonate is the main lithium compound formed 

in the thermal treatment. Another compound formed during the thermal treatment is Li2O, which 

will spontaneously react with water to form lithium hydroxide (Equation 24 - ΔG° negative).  

𝐿𝑖2𝑂 +  𝐻2𝑂 →  2 𝐿𝑖𝑂𝐻 (24) 

Lithium fluoride is almost insoluble in water. The production of lithium fluoride may therefore 

limit lithium extraction with water.  
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Table 3: Solubility of lithium compounds [45] 

 Li2CO3 LiOH LiF 

Solubility (g/L) at 20°C 13.3 110 1.2 

Solubility (g/L) at 100°C 7.2 161 1.3 

3.2.3 Oxalic acid leaching 

Oxalic acid forms strong chelating agents which make the mechanism of dissolution acid/complex 

based. Lithium reacts with oxalate ion to form a simple oxalate, while copper, cobalt, manganese, 

and nickel are reported to form simple and complex oxalates. However, it is more predictable to 

find simple oxalates for these metals [37]. The main dissolution reactions, for the leaching of LCO 

cell, are identified as observed in Equations 25–26 [41,46]:  

4 𝐻2𝐶2𝑂4 + 2𝐿𝑖𝐶𝑜𝑂2  →  𝐿𝑖2𝐶2𝑂4 + 2𝐶𝑜𝐶2𝑂4 𝑠𝑜𝑙𝑖𝑑 +  4𝐻2𝑂 + 2𝐶𝑂2 𝑔𝑎𝑠 (25) 

7 𝐻2𝐶2𝑂4 + 2𝐿𝑖𝐶𝑜𝑂2  →  2𝐿𝑖𝐻𝐶2𝑂4 +  2𝐶𝑜𝐶2𝑂4 𝑠𝑜𝑙𝑖𝑑 + 4𝐻2𝑂 +  2𝐶𝑂2 𝑔𝑎𝑠 (26) 

Oxalic acid excess is also characterized as observed in equation (27–28–29) [41]. Aluminium 

extraction can occur in the case of oxalic acid excess, as seen in Equation 29.  

𝐻2𝐶2𝑂4 +  𝐿𝑖2𝐶2𝑂4  →  2 𝐿𝑖𝐻𝐶2𝑂4 (27) 

𝐻2𝐶2𝑂4 + 𝐶𝑜𝐶2𝑂4 𝑠𝑜𝑙𝑖𝑑  →   2𝐶𝑜(𝐻𝐶2𝑂4)2 𝑙𝑖𝑞𝑢𝑖𝑑  (28) 

3 𝐻2𝐶2𝑂4 +  𝐴𝑙 →   𝐴𝑙(𝐻𝐶2𝑂4)3 + 3
2⁄  𝐻2 𝑔𝑎𝑠 (29) 

Hence, the selectivity of the operation lies in the precipitation capacity of certain oxalates. 

Manganese, nickel, and cobalt oxalate are expected to remain in the solid phase due to their low 

solubility, while lithium should be dissolved, as this can be anticipated from the solubilities data 

reported in Table 4. Aluminium, on the other hand, is reported to form only complex oxalate 

compounds which are soluble in aqueous media, thus, consequent dissolution is expected. 

Table 4: Solubility and solubility product constant (Ksp) of oxalate compounds [47] 

 Li2C2O4 CuC2O4 MnC2O4 CoC2O4 NiC2O4 

Solubility (g/L) at 18°C 6.6 - - 0.035 0.003 

Ksp - 4.4.10-10 1.70.10-7 5.7.10-8 4.2.10-10 
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4 Materials and methods 

4.1 Black mass  

Material 1 (used in Approach 1) 

Pouch NMC batteries, provided by Volvo Cars, were manually dismantled, and both the electrodes 

and the separator were cut into 2 mm pieces before being thermally treated. This process is 

illustrated in Figure 2. 

 

Figure 2: Sample preparation, from discharged battery to thermally treated sample. 

Material 2 (used in Approach 1 and 2) 

The black mass used for this study was obtained from the dismantling of 150 kg EV spent lithium-

ion batteries provided by Volvo Cars AB (Sweden). The battery packs were discharged by Volvo 

Cars AB and then dismantled down to the cell level by Stena Recycling AB in Sweden. The 

chemistry of the battery cells was NMC 111. The cells (120 kg) were then processed through three 

steps: crushing, mechanical sieving, and magnetic separation by Akkuser Oy (Finland). The 

processing temperature stayed below 50°C. The fine fraction obtained represents 58.5% of the 

initial weight and is composed of the active materials from the cathode and anode along with the 

current foils and separator.  

The fine fraction was further sieved under 500 µm in the Industrial Materials Recycling group at 

Chalmers University of Technology (Sweden) to obtain a very homogeneous powder. The main 

scope was to concentrate the active material and further remove the current collector foils. The 

sieving of the black mass was performed with a sieve shaker (Retsch) for 5 minutes at an 

amplitude of 1.2 mm in interval mode and a sieve aperture of 500 µm. 

4.2 Chemicals 

The chemicals used in this work are listed below:  

- HCl Merk Millipore Chloric acid 37% w/w used for solid digestion. 

- HNO3, Merk Millipore Nitric acid 65% w/w used for solid digestion. 

- HNO3 (Merk Suprapure Nitric acid 69% w/w) for ICP dilution.  

- Oxalic acid was prepared by dissolving solid oxalic acid dihydrate (Sigma Aldrich, ≥99%) in 

Milli-Q water.  

- Milli-Q water (18.2 MΩ•cm) was used for all aqueous dilutions. 

- Buffer solution pH 2.00, 4.00, 7.00 (20°C) (Sigma Aldrich – Certipur)  

- TISAB IV solution for fluoride determination (Sigma Aldrich) 

- Fluoride ion solution for ISE 0.1 M in fluoride, analytical standard (Sigma Aldrich) 
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4.3 Equipment 

4.3.1 Thermal treatment setup 

Thermal treatments were performed in a horizontal tube (high purity alumina tube 65 cm alumina 

tube Degussit AL23 Aliaxis) furnace (Nabertherm GmbH Tube furnace RT 50-250/13), as shown in 

Figure 3. The samples were held in an alumina crucible. Two different types of thermal treatment 

were performed: active pyrolysis under constant pure nitrogen flow of 340 mL/min and 

incineration under 340 mL/min of air. The exhaust gases were washed through the washing 

system based on the plastic-sealed bottles containing Milli-Q water. The main scope was to 

neutralize the HF formed during the processing.   

 

Figure 3: Furnace setup [21] 

4.3.2 Leaching setup 

Two types of leaching reactors were used for this work. Small glass vials with caps and magnetic 

stirrers (300 rpm) 20 mL in size were used for the preliminary experiments. The temperature was 

sustained via a heated aluminium block in which glass vials were inserted and control of the 

temperature was monitored via a thermocouple (Figure 4a). The other option was a 100 mL 

double-enveloped reactor with electric agitation for upscaled experiments (Figure 4b). In both 

cases, solid samples were introduced in the reactors when the leaching media had reached the 

defined temperature. In addition, the obtained slurry was filtered using filter VWR 516-0811 – 11 

μm particle size retention. All experiments were carried out in triplicate. 

 

Figure 4: Leaching reactor set up for small volume (20 mL - a) and large volume (100 mL - b). 
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4.3.3 Analytical tool for liquid phase characterization 

Inductively coupled plasma-mass spectrometry 

The concentration of lithium, aluminium, copper, nickel, cobalt, and manganese was measured 

using an inductively coupled plasma-mass spectrometer (ICP-OES, Thermo Fisher Scientific, 

Model iCAP™ 6000 Series). The samples were diluted with 0.5M HNO3 in the linear range of 

calibration from 0.625 to 20 ppm. An approximate 0.1 ppm limit of detection was estimated for 

the method used.  

Fluoride analysis 

The concentration of fluoride was measured with a fluoride-selective electrode (Ion-selective 

electrode, F, Metrohm) along with a reference silver/silver chloride electrode with a double 

junction system. The liquid sample was mixed with TISAB IV solution (volume ratio 1:1) before 

measurement to keep the pH and ionic strength constant. The TISAB also bound with interfering 

cations and thereby releasing any complexed fluoride. Calibration was performed before each 

measurement. 

pH electrode 

The pH of the solution was monitored during the operation using a pH electrode (Metrohm 

6.0258.600) connected to the Tiamo software to record the data. The electrode was calibrated 

with buffer solutions at pH 2, 4, and 7 before each experiment at 20°C.  

4.3.4 Analytical techniques for solid phase characterization 

Digestion of solid sample for elemental composition 

The sampling was performed using the coning and quartering technique to divide an initial sample 

into halves until the desired sample weight was achieved. This procedure helps to reduce the 

uncertainty associated with grab sampling from a container [48]. To determine the metal 

composition of the material, aqua regia (HCl/HNO3: 3/1 volume ratios) was used to digest the 

solid samples at 80 °C for 4 h. The slurry was then left to cool down overnight. After filtration (filter 

VWR 516-0811 – 11 μm particle retention) and dilution in HNO3 0.5 M, the metal content was 

analysed using ICP-OES with the same method as presented above. 

X-ray diffraction 

X-ray powder diffraction (XRPD, Siemens D5000 diffractometer) was used to characterize the solid 

samples using a Cu (λ = 1.54184 Å) radiation source, in a 2θ range of 10°–80° with a rotational 

speed of 15 rpm. The operating current and voltage used were 40 mA and 40 kV respectively. EVA 

software and the JCPDS database were used for analytical interpretation. 
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Carbon analysis 

A LECO CS744 instrument was used to determine the carbon content in the samples before 

thermal treatment. Approximately 20 mg of sample was weighed out in an alumina vial and 

introduced in the machine to be oxidized to CO2, which was then measured by an infrared 

detector. Oxygen was measured in a LECO TC-436DR analyser. Oxygen reacts with the crucible to 

form CO2 which was measured with non-dispersive infrared cells. Measurements were done in 

triplicate to estimate the measurement uncertainties in the instruments. 

Fourier-transformed infrared spectroscopy (FT-IR) 

FT-IR (Perkin Elmer Spectrum Two UATR) was used to analyse the powder over the range of 450 

to 4000cm-1 with a resolution of 2cm-1 and 16 scans.  

4.4 Design of experiments 

A factorial design of experiments can be used to optimize a chemical operation. The use of this 

methodology allowed the optimization of the experimental efforts. It is based on the assessment 

of the main parameters influencing the operation and modelling the process using a reduced 

number of tests. In addition, the response surface methodology, and contour plots can aid in the 

visual interpretation of the modelled responses.  

The effect of each factor is defined to be the change in response produced by a change in the 

level factor [49]. Each factor (X) comprised two levels (23 factorial design), and the process 

response (Y) was defined as the leaching yield of each metal (%). To apply this method, the factors 

need to be fixed beforehand, and the test order is randomized.  

The design matrix is presented in Table 5 following a cubic face-centred design, with axial points 

performed (2k axial points) at a distance of α = 1 from the central point to enable estimation of 

second terms and curvature, highlighted in green in the table. At the central level, the design was 

replicated four times to estimate the experimental error, highlighted in red.  

The coefficients of a linear second-order regression model representing the process response 

were fitted using the linear least squares method (second-order regression models with two- and 

three-way interactions), which was solved using Excel´s regression analysis tool. Only statistically 

significant variables were included in the models (p-value < 0.05) and the significance of the 

models was assessed using Analysis of Variance (ANOVA). The existence of pure curvature was 

evaluated by hypothesis testing, and the variance of the response accounted by the models was 

assessed by the coefficient of determination (R2).  
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Table 5: Design matrix  

Test Order Coded variables 

Standard Sequence of 
tests 

Random test 
sequence 

x1 x2 x3 

1 12 -1 -1 -1 

2 11 1 -1 -1 

3 3 -1 1 -1 

4 6 1 1 -1 

5 8 -1 -1 1 

6 14 1 -1 1 

7 4 -1 1 1 

8 13 1 1 1 

9 17 0 0 0 

10 10 0 0 0 

11 1 0 0 0 

12 2 0 0 0 

13 5 -1 0 0 

14 18 1 0 0 

15 15 0 -1 0 

16 7 0 1 0 

17 9 0 0 -1 

18 16 0 0 1 
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5 Experimental procedure 

The two different processes studied in this work are presented in Figure 5. Only the part frame in 

red is discussed in this thesis. The following section will detail the different operations and 

analyses performed.  

 

Figure 5. Workflow scheme for the proposed work. 

5.1 Approach 1 (Paper I) 

The solid samples were thermally treated in a horizontal tube furnace. Five grams of material 

were individually inserted into the furnace in an alumina crucible when the furnace was at the 

target temperature. Two different types of thermal treatment were performed: active pyrolysis 

(340 mL/min of N2) and incineration (340 mL/min of air). Two input materials were studied, the 

cathode and anode with and without the separator foil. For each thermal treatment type, a range 

of temperatures between 400 °C and 700 °C were tested for 30, 60, and 90 minutes. Once the 

experiment was finished, the samples were cooled down in the furnace under the same 

atmosphere. After grinding with an IKA M20 universal mill for 5 minutes, the metal content and 

composition of the homogeneous solid residue were determined after digestion. 

Water leaching was performed using Milli-Q water for each pre-treated sample with a S/L ratio of 

20 g/L. This large excess of leaching agent was chosen to achieve the maximum lithium recovery 

after thermal treatment and to minimize the effect of the sampling. The experiments were 

performed in 20 mL glass vials with a cap. The sampling was performed using the coning and 

quartering technique to divide an initial sample into halves until the desired sample weight was 

achieved. The leaching temperature varied, and specific conditions are presented in the results 

section. After leaching, the samples were immediately filtered (Syringe filter PTFE – Restek – 0.45 

μm) to separate the solid residue from the liquid phase containing the lithium salts. The metal 

content of each leachate was analysed using ICP-OES.  

Once the leachate was separated from the solid residue, it was heated to 95°C to evaporate the 

water and collect the lithium salts. An elemental composition analysis of the obtained salt was 

performed using ICP-OES measurement after its dissolution in nitric acid. This powder was then 

analysed using XRD to identify the different components. 
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5.2 Approach 2 (Paper II) 

Oxalic acid leaching experiments were performed in 20 mL glass vials with caps. After the leaching, 

the samples were immediately filtered to separate the solid residue from the liquid phase 

containing the dissolved metals, to avoid any precipitation that could occur. The metal content of 

each sample was analysed using ICP-OES.  

The leaching optimization was achieved through a factorial design of experiments, response 

surface methodology, and contour plots that assisted in the visual interpretation of the modelled 

responses. The factors and respective levels used in this study can be observed in Table 6. The 

design factors are oxalic acid concentration, leaching time, and temperature. They were chosen 

based on the range of conditions from the literature review previously presented at the end of 

section 2.3.2. When using such an approach, setting a representative working range of conditions 

was prioritized, as the model obtained is only valid within the experimental limits. The S/L ratio 

was fixed at 50 g/L to have sufficient dispersion of the slurry and efficient mixing. Black mass 

samples were obtained through the quartering method.  

Table 6: Factors and respective levels considered in the factorial design of experiments.  

Factors 
Levels 

Low Center High 
(-1) (0) (+1) 

Oxalic acid concentration (M) (x1) 0.3 0.6 0.9 
Leaching time (min) (x2) 15 60 105 

Leaching temperature (°C) (x3) 35 50 65 

A scale-up of the experiments was realized with a double-enveloped PVDF reactor of 100 mL, on 

the optimal parameter obtained in the design. Samples (0.25 mL) were taken after 1, 3, 5, 10, 30, 

60, 90, and 105 minutes and immediately filtered and diluted for ICP–OES analysis. The pH of the 

solution was monitored during the operation. When the test was completed, the solid residue 

was collected after filtration and dried for 24 h in an oven (50°C) for further material 

characterization. XRD and FT-IR were used to characterize the solid samples and ICP-OES was used 

on the dissolved residue.   



 

23 

6 Results and discussions 

6.1 Approach 1 

6.1.1 Characterization of the solid samples  

The metal composition and carbon content of the black mass, with and without the separator foil, 

before thermal treatment is presented in Table 7. The total carbon content without separator 

(Material 2) measured at 22.6%, and a clear increase of carbon content could be seen with the 

presence of separator (Material 1), measured at 40.8%. The carbon content of the separator alone 

was measured at 70% ± 3%.  

Table 7: Metal and carbon composition (wt%) of the untreated black mass with (Material 1) and 
without (Material 2) the separator. 

 wt% Li (%) wt% Al (%) wt% Cu (%) wt% Ni (%) wt% Co (%) wt% Mn (%) wt% C (%) 

Material 1 2.2 ± 0.2 6.2 ± 0.3 15.0 ± 0.4 4.3 ± 0.4 4.3 ± 0.4 9.5 ± 0.8 40.8 ± 2.8 

Material 2 3.1 ± 0.1 9.5 ± 0.9 12.7 ± 3.8 6.3 ± 0.3 6.1 ± 0.3 13.8 ± 0.6 22.6 ± 0.8 

6.1.2 Pre-investigation of water leaching conditions for untreated samples 

To define the effect of thermal treatment, the water leaching of untreated Material 1 was 

performed at 3 different temperatures (25, 40, and 60°C).  

Figure 6 The equilibrium was reached after 30 minutes, with maximum lithium recovery after 

water leaching at around 7.5%, as observed in Figure 6. In this case, the lithium found in the 

solution could only come from the LiPF6 used in the electrolyte or from the reaction between 

water and the remaining Li2O from the manufacturing process. No significant increase in lithium 

dissolution could be observed when applying the different leaching temperatures. Based on this 

observation, the following leaching experiments were performed at 25°C with a leaching time of 

1 h. This choice of parameter is part of an approach to reduce the energy costs of the process, 

also considering that lithium carbonate is more soluble at a lower temperature. Kinetics studies 

will be performed on the optimal treatment to identify when the equilibrium is reached in the 

case of a treated sample.  
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Figure 6: Lithium leachability (leaching yield) in water for an untreated sample (Material 1) at 

25°C, 40°C, and 60°C at S/L = 20 g/L and stirring speed of 300 rpm. 

6.1.3 Effect of thermal treatment on lithium leachability  

When leaching thermally treated Material 1 (with the separator), it was confirmed that the 

presence of the separator had a positive influence on the carbothermic reduction of the oxides. 

In the case of Material 2 (without the separator), lithium recovery from thermally treated samples 

did not exceed 35% (Paper I). Temperature and time did not show any significant effect. It was 

thus confirmed that the presence of separator enhances the formation of lithium carbonate due 

to the presence of a higher carbon content. For this reason, only the black mass processed with 

the separator (Material 1) will be described further.  

A general weight loss of 5 to 20% was observed after the thermal treatment (incineration and 

pyrolysis) for Material 1 [42,50], without any significant influence on the running parameters. This 

is due to the conversion of carbon, from solid phase to gas, when reacting with oxygen. The metal 

content increases after the thermal treatment, as the total mass of the sample was lifted from 

the carbon and oxygen loss.  

The speciation of the obtained treated residue (from Material 1) was done by XRD, as presented 

in Figure 7. This confirms that the Material 1 was a mixture of NMC 111 cathode material and 

anode active material with their current collector. The increase in temperature during the thermal 

treatment induces the carbothermic reduction of the metal oxides. The peaks of NMC material 

decrease with temperature of the treatment, while the peaks of reduced oxides increase. Over 

700°C, the metal oxide peaks disappear, and the lithium carbonate was determined.  
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Figure 7: XRD pattern of the pyrolyzed sample at different temperatures [21] 

Effect of incineration 

At 400°C, the leaching yield is around 20%, which is only 10% higher than the untreated material 

as can be observed in Figure 8. The carbothermic reduction of the oxide occurs above 500°C, thus 

a more reductive atmosphere is provided beyond that temperature [25]. It was observed that the 

treatment time has no significant influence on the recovery of lithium. Shorter times will therefore 

be applied for further studies, thereby reducing the energy consumption. A significant decrease 

in efficiency is observed at 700°C. Over 660°C, aluminium melts and may coat the particles, making 

it even more difficult for the oxides to react with the gases and thus hindering their carbothermic 

reduction. This behaviour was also reported by others [25]. The results showed that water 

leaching is not completely selective to lithium and some aluminium is also leached. The 
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determined purity of the solution decreased when the treatment temperature increased 

regardless of the treatment time.  

The optimal conditions observed using incineration are thermal treatment at 500°C for 90 

minutes, which leads to lithium recovery of 43% and solution purity of 90%. Under these 

conditions, the concentration of lithium and aluminium in the leachate was 215 mg/L and about 

25 mg/L, respectively.  

 

Figure 8: a) Lithium recovery (Left axis – histogram) and purity (Right axis – line) after incineration at 
different temperatures (400–700°C) and treatment time (30–90 min) followed by water leaching (S/L 
= 20 g/L, 25°C, 1 h, 300 rpm)  and b) after incineration at 700°C for 3 different treatment times and 
water leaching at 25 °C, S/L = 20 g/L 

Effect of pyrolysis  

After pyrolysis at 400°C, similar efficiencies were obtained for different treatment times with a 

recovery limitation of 20%, as can be seen in Figure 9. The same trend was obtained after 

incineration at low temperature, which supports the hypothesis concerning the absence of a 

reducing atmosphere under 500°C. Moreover, the thermal decomposition of PVDF is known to 

occur at 450°C under a nitrogen atmosphere [44,48]. At 400°C, PVDF can still be partially present 

in the sample, which could prevent good contact between the particles and the leaching media 

(water). Finally, as seen in Figure 7, at 400°C and 500°C, the three lithium-metal oxides are still 

present in the black mass, thus the carbothermic reduction is not completed. 

Unlike incineration, pyrolysis temperature seems to have a positive effect on recovery, with a 

gradual increase in the lithium leaching yield. There is no limiting factor, and the amount of 

lithium carbonate increases with treatment temperature. Prolonging the treatment time did not 

lead to an improvement in recovery. In this case, aluminium is also leached along with lithium. 

The purity decreases with an increase in treatment time and temperature. The dissolution of 

aluminium was not expected, nor it was reported previously. Identification of the aluminium 

water-soluble species formed in the thermal treatment could help to prevent its production. The 

hypothesis made so far is the reaction of the aluminium foils with HF, following the reaction 
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(Equation 30). This reaction is spontaneous at high temperatures, with a ΔG of -446.4 kJ at 600°C. 

Unfortunately, this could not be characterized by XRD, due to the detection limit of the method. 

𝐴𝑙 + 3 𝐻𝐹𝑔 → 𝐴𝑙𝐹3 + 1.5 𝐻2,𝑔 (30) 

The final leachate purity is increasing for the samples processed at 700°C, which could indicate 

that aluminium is preferentially forming less water-soluble species over its melting point (at 

660°C).  

 

Figure 9: a) Lithium recovery (Left axis – histogram) and purity (Right axis) after pyrolysis at different 
temperatures (400–700°C) and treatment time (30–90 min) followed by water leaching (S/L = 20 g/L, 
25°C, 1 h, 300 rpm) and b) after pyrolysis at 700°C for 3 different treatment times and water leaching 
at 25°C, S/L = 20 g/L 

The optimal conditions are as follows: a treatment time of 1 h at 700°C, which resulted in a 

recovery of 61% and a purity of 92%. Under these conditions, the concentration of lithium and 

aluminium in the leachate was 370 mg/L and about 50 mg/L, respectively. Taking into 

consideration that under this condition, all oxides are determined to be reduced and that the total 

lithium recovery is not reached, it indicates that lithium is present in non-water-soluble species. 

The most expected one is lithium fluoride. However, some authors reported LiAlO2 product of the 

reduction of the lithium metal oxide with the aluminium. LiAlO2 is a stable oxide reported 

insoluble in water [51]. At high temperatures, aluminium can actually act as a reductant (Equation 

31). This exothermic reaction is spontaneous, with a ΔG of -511.8 kJ at 600°C. 

𝐴𝑙 +   𝐿𝑖𝐶𝑜𝑂2,𝑠 →  𝐿𝑖𝐴𝑙𝑂2,𝑠 + 𝐶𝑜 (31) 

 However, both species (LiF and LiAlO2) are very hard to identify in the sample by means of the 

analytical methods used, since they are under the device’s limit of detection.  

Kinetics studies were performed for the most promising temperature (700°C) for both 

incineration and pyrolysis at 3 different treatment times (Figure 9b). The recovery rate of lithium 

in water reaches an equilibrium after 20 minutes of leaching and there are no water-soluble forms 

of lithium remaining in the solid phase after this time at 25°C. For aluminium, the leaching yield 
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increases as the contact time increases, although its dissolution kinetics is slower than that of 

lithium. This is an important observation as it could lead to more selective leaching by shortening 

the contact time and thus avoiding the extraction of aluminium. 

6.1.4 Solid residue composition 

After evaporative crystallization of the leachate, the solid sample was analysed using XRD to 

identify the different salts present in the sample and the elemental composition was determined 

by ICP. Both aluminium and lithium were detected in the residue, with a lithium purity of 92% 

(after pyrolysis at 700°C for 60 min). The diffraction patterns for four samples are shown in Figure 

10 (incineration and pyrolysis at 600°C and 700°C for 60 min). These patterns were compared to 

the database (ICDD) for two different lithium salts (lithium carbonate and fluoride), indicating the 

presence of lithium carbonate. The additional peaks were assigned to lithium fluoride. The 

presence of aluminium was not detected using the XRD, which can be explained by the very small 

amount of aluminium in the residue (0.5 to 2.5 w%) which is under the detection limit for XRD. 

 

Figure 10: XRD pattern of residue obtained after evaporative crystallization of the leachate. The 
leaching (25 °C, S/L = 20 g/L for 60 min) was realized on different treated materials obtained after a) 
Incineration at 700°C for 60 minutes, b) Incineration at 600°C for 60 minutes, c) Pyrolysis at 700°C for 
60 minutes and d) Pyrolysis at 600°C for 60 minutes.  

The formation of lithium fluoride can be explained by the presence of fluorine in the leachate 

solution, which would react with lithium ions coming from the dissolution of lithium carbonate. 

The fluoride content was measured by an ion-selective electrode to quantify the amount of 

lithium fluoride. After pyrolysis at 700°C for 60 minutes, there is about 1 mmol of fluoride per 

gram solid, which represents 2.3% of lithium fluoride formation against 97.7% of lithium 

carbonate. 
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This research work has brought clarity regarding the conditions needed for a high lithium recovery 

after thermal treatment and water leaching: 

1) The separator has a significant positive effect on the lithium carbonate formation. This 

has not been demonstrated before and constitutes one of the major findings of the work.  

2) Pyrolysis is favoured for carbothermic reduction. More carbon is available for the 

formation of the carbonates since carbon is not oxidized by the oxygen from the air.  

3) The production of certain lithium compounds, such as LiF and LiAlO2, limit its leachability 

with water.  

4)  The formation of lithium fluoride in the residue is problematic, and the conditions 

promoting its formation have not been determined. 

 

6.2 Approach 2 

6.2.1 Characterization of the solid sample 

The elemental composition of each fraction obtained after sieving can be seen in Table 8. The fine 

fraction presented a much smaller content of aluminium and copper.  

Table 8: Elemental composition (wt%) of different fractions from the black mass (*indicates that the 
fractions were used in the subsequent experiments). Averages and standard deviation for triplicates.  

Fraction / 
Element 

Co Ni Mn Li Cu Al Fe 
Total 
wt% 

Black Mass wt% 10.5 ± 0.3 8.2 ± 0.2 7.5 ± 0.1 3.4 ± 0.1 7.8 ± 0.1 3.5 ± 0.1 0.2± 0.1 100 

BM +500 µm wt% 5.3 ± 0.2 4.6 ± 0.1 4.3 ± 0.1 1.8 ± 0.1 19.0 ± 2.0 8.5 ± 0.9 0.1± 0.1 31 

BM -500 µm wt%* 10.8 ± 0.4 8.6 ± 0.3 8.0 ± 0.3 3.3 ± 0.1 4.3 ± 0.3 1.1 ± 0.1 0.1± 0.1 69 

6.2.2 Factorial design of experiments and regression models 

The experimental conditions tested in the factorial design of experiments and the correspondent 
responses as leching efficiency for different metals are presented in Table 9. The fitted regression 
models for each metal and the coefficients of determination (R2) are found in Table 10 (Equations 32–
37). It is important to highlight that the models are valid within the range set in the experimental 
design and that only statistically significant terms are represented in each model (p-value < 0.05). Tests 
9 to 12 correspond to the replicates in the central level of design, which allow estimation of the pure 
error, enabling the calculation of the lack of fit once the residuals are calculated. No experimental 
error could be determined for aluminium given its complete dissolution (leaching yield of 100%) in all 
the replicates in the central point.  
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Table 9: Experimental design and correspondent responses expressed as leaching efficiency of 
different metals. 

Tests 
(Std 

Order) 

Coded variables Real variables Responses (Y) - Leaching yield (%) 

x1 x2 x3 
OA 

concentration 
(M) 

Time 
(min) 

Temp (°C) Li Al Mn Co Ni Cu 

1 -1 -1 -1 0.3 15 35 39.6 41.7 5.1 1.0 3.0 4.0 

2 1 -1 -1 0.9 15 35 43.2 42.2 6.3 1.0 3.0 2.9 

3 -1 1 -1 0.3 105 35 71.1 90.4 4.0 1.1 2.5 5.4 

4 1 1 -1 0.9 105 35 87.2 90.7 4.2 0.5 0.5 0.4 

5 -1 -1 1 0.3 15 65 77.6 78.7 4.6 2.2 3.9 5.2 

6 1 -1 1 0.9 15 65 91.1 93.0 4.9 0.5 0.4 1.0 

7 -1 1 1 0.3 105 65 80.9 100.0 3.8 1.6 1.4 4.2 

8 1 1 1 0.9 105 65 96.1 100.0 5.5 0.5 0.0 4.6 

9 0 0 0 0.6 60 50 91.8 100.0 2.4 0.4 0.2 0.9 

10 0 0 0 0.6 60 50 91.7 100.0 2.3 0.5 0.5 1.0 

11 0 0 0 0.6 60 50 93.2 100.0 2.3 0.4 0.3 1.0 

12 0 0 0 0.6 60 50 91.1 100.0 2.5 0.4 0.3 0.8 

13 -1 0 0 0.3 60 50 76.3 75.6 4.4 1.9 3.5 7.3 

14 1 0 0 0.9 60 50 95.6 100.0 3.9 0.5 0.3 0.6 

15 0 -1 0 0.6 15 50 74.9 58.7 4.4 0.7 1.2 0.5 

16 0 1 0 0.6 105 50 97.9 95.6 2.2 0.4 0.0 2.4 

17 0 0 -1 0.6 60 35 74.9 70.7 4.3 0.5 0.8 0.4 

18 0 0 1 0.6 60 65 96.6 100.0 2.7 0.5 0.0 3.4 

Table 10: Regression models for leaching yield of each element with their respective R2. 

Equations R2  

𝑳𝒊 (%) = 𝟗𝟐. 𝟎𝟗 + 𝟔. 𝟕𝟔𝒙𝟏 + 𝟏𝟎. 𝟔𝟖𝒙𝟐 + 𝟏𝟐. 𝟔𝟏𝒙𝟑 − 𝟖. 𝟒𝟎𝒙𝟐𝒙𝟑 − 𝟔. 𝟑𝟑𝒙𝟏
𝟐 − 𝟓. 𝟖𝟓𝒙𝟐

𝟐

− 𝟔. 𝟓𝟎𝒙𝟑
𝟐 

0.99 (32) 

𝑨𝒍 (%) = 𝟗𝟒. 𝟒𝟑 + 𝟏𝟔. 𝟐𝟒𝒙𝟐 + 𝟏𝟑. 𝟓𝟖𝒙𝟑 − 𝟖. 𝟔𝟎𝒙𝟐𝒙𝟑 0.92 (33) 

𝑴𝒏 (%) = 𝟐. 𝟔𝟒 − 𝟎. 𝟓𝟓𝒙𝟐 + 𝟏. 𝟐𝟐𝒙𝟏
𝟐 0.88 (34) 

𝑪𝒖 (%) = 𝟏. 𝟑𝟐 − 𝟏. 𝟔𝟔𝒙𝟏 + 𝟐. 𝟐𝟖 𝒙𝟏
𝟐 0.85 (35) 

𝑪𝒐 (%) = 𝟎. 𝟒𝟖 − 𝟎. 𝟒𝟖𝒙𝟏 − 𝟎. 𝟐𝟗𝒙𝟏𝒙𝟑 + 𝟎. 𝟏𝟔𝒙𝟏𝒙𝟐𝒙𝟑 + 𝟎. 𝟔𝟑𝒙𝟏
𝟐  0.96 (36) 

𝑵𝒊 (%) = 𝟎. 𝟒𝟎 − 𝟏. 𝟎𝟏 𝒙𝟏 − 𝟎. 𝟕𝟎𝒙𝟐 − 𝟎. 𝟒𝟏𝒙𝟑 − 𝟎. 𝟑𝟕𝒙𝟏𝒙𝟑 + 𝟎. 𝟓𝟐𝒙𝟏𝒙𝟐𝒙𝟑 + 𝟏. 𝟒𝟏𝒙𝟏
𝟐   0.96 (37) 

The results for the analysis of variance of the fitted model for lithium extraction are presented in 

Table 11. The significance of the regression model can be evaluated based on the F-value. 

Moreover, a Lack of Fit test was used to assess the model adequacy, but the value is slightly below 

the significant level of 0.0441. In this case, the variance of the residual error is higher than the 

estimated variance for the experimental error. This is not surprising considering the very small 

variation observed in the central point; thus, the experimental error is very low.  

Table 11: Results for the analysis of variance of the fitted model for lithium extraction. 

ELEMENT SOURCE 
DEGREES OF 

FREEDOM 
SUM OF 

SQUARE (SS) 
MEAN 

SQUARE (MS) 
F-VALUE p-VALUE 

Lithium Total  17 4922.4 289.6 - - 

Regression 10 4889.1 488.9 102.8 0.000001 

Residual 7 33.3 4.8 - - 

Lack of Fit 4 31.0 7.7 10.0 0.0441 

Pure error 3 2.3 0.8 - - 
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The plot representing the observed response vs. the predicted response by the fitted model for 

lithium extraction is presented in Figure 11. The goodness-of-fit of the model is demonstrated in 

Figure 11. The higher the coefficient of determination, R2, the better the model fits the 

experimental data. Here, the R2 is very high (99%), which indicates that the fitted model can 

describe the variability in the data well.  

 

Figure 11: Plot representing the observed response vs. the predicted response by the fitted model 

for lithium extraction for each test number. 

The standardized effects of the evaluated variables were plotted using Excel software and are 

represented as horizontal bars in the Pareto chart shown in Figure 12a. The red dashed line 

indicates the significance level (p-value < 0.05). The standardized effects of highly significant 

variables are located further to the right of the dashed line. Time and temperature are the 

variables with the main significant effect on lithium dissolution. No three-way interaction (x1x2x3) 

or second-order acid concentration term (x1x2 and x1x3) were included in the reduced regression 

model. Moreover, the normal probability plot in Figure 12b is close to a straight line (R2 = 98%), 

indicating that the residual distribution is approximately normal. Figure 12c shows that the 

residual seems to be generally random, confirming the independence of the errors and the 

absence of correlation. No real pattern can be observed in Figure 12d, which shows that the 

residuals are structureless and unrelated to the response. Thus, the residuals are randomly 

distributed, and the modelling errors are normally and independently distributed.  
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Figure 12: Pareto chart of the standardized effects of the factors (x1: acid concentration, x2: time, and 
x3: temperature) for the regression model of Lithium (a) and Analysis of residuals: standard normal 
distribution of the residuals (b), residual versus observation order (c), residuals versus fitted values 
(d), and Response predicted by the model versus experimentally observed response (e). 

The general observation which can made from the analysis of Table 9 is that the leaching yield is 

very high for lithium and aluminium (almost completely leached in certain conditions), while it is 

very low for the rest of the transition metals. Contour plots will be used to better visualize the 

leaching behaviour of lithium and select the parameters allowing better dissolution.  

6.2.3 Response surface and contour plots 

The response surfaces and contour plots for each element were plotted using Equations 32–37. 

This method helps to highlight the relations existing between the different variables of the 

operation. The contour plots display a two-dimensional view of the response surface, where all 

points that have the same response are connected to produce contour lines of constant 

responses. In a surface plot, the response surface is viewed as a three-dimensional surface.   

The surface plots of lithium leaching yield are shown in Figure 13, including yields between 50 and 

100%. It is important to stress that its dissolution is influenced by all the factors investigated in 

this study. The oxalic acid concentration, time, and temperature have a positive effect on lithium 

dissolution. At the low level of each parameter, the yield is only around 50%, and it reaches more 

than 90% at the central level of the design. Considering the goal of reaching the complete 

dissolution of lithium with milder conditions, it is already possible to target a different set of 

parameters that will allow an extraction over 95%. Those parameters are oxalic acid concentration 

of 0.6 M at 55°C for 60 minutes or oxalic acid concentration of 0.6 M at 40°C for 105 minutes. 

Below 0.45 M of oxalic acid, less than 90% of the lithium is extracted. 
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Figure 13: Lithium contour plots a) 0.9 M of oxalic acid, b) 0.6 M, c) 0.3 M, d) 105 min, e) 60 min, f) 15 
min, g) 65°C, h) 50°C, and i) 35°C. 

 

Aluminium dissolution is not influenced by the oxalic acid concentration as seen in Equation 33. 

One contour plot is relevant to observe the factors influencing the extraction as seen in Figure 14. 

It is shown that the dissolution increases with temperature and time from 50% of extraction in 

the smaller range of time and temperature (15 min and 35°C) to over 100% of extraction when 

the temperature goes over 60°C and leaching time is long. Complete extraction of aluminium was 

not expected and not reported by previous authors, who reported aluminium as a simple impurity 

without focusing on its leaching behaviour.  
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Figure 14: Aluminium leaching yield contour plots for oxalic acid concentration set at 0.3 – 0.6 – 

0.9 M. 

The behaviour of the other elements was also tracked (Figure 15), as predicted by Ka Ming et al. 

[40] Manganese is the element most extracted by oxalic acid due to the solubility of manganese 

oxalate. In this study, 2.4% of manganese was leached at the central point, which is lower than 

the dissolution previously observed by Ka Ming et al. [40] (around 20%). This can be explained by 

the dissolution time applied in their work, which was 12 hours. Since time has a positive effect on 

the dissolution of manganese, as seen in the regression model, Equation 34. Thus, if the reaction 

proceeds for a long time, there is a greater chance of the transition metals being found in the 

leachate if there is some oxalate available to react with. Nevertheless, the leachability of 

manganese is not considered problematic since it reached low yields, and manganese is not as 

valuable as the other transition metals. Moreover, it can be precipitated as Mn(OH)2 when 

removing the aluminium from the leachate solution using sodium hydroxide. Equation 34 shows 

that the dissolution process of manganese is not influenced by temperature. At smaller 

concentrations of oxalic acid, final extraction decreased with time from about 4% to 0%. This 

highlights the two-step mechanism of the leaching. The first is the dissolution of the manganese 

as manganese oxalate and the second is its precipitation. On the other hand, higher concentration 

fosters higher leaching yield, up to 3.5%. This is because the insoluble oxalate can react with the 

oxalate excess present in the solution, forming soluble complexes.  

When looking at the other transition metals, nickel, and cobalt dissolution remains lower than 1% 

with a decrease when temperature is increased. Moreover, time influences the dissolution. The 

longer the reaction is allowed to run, the great the number of elements that can be found as 

complex oxalate in the leachate. This correlates with the observation done on manganese 

dissolution. Finally, copper dissolution is influenced only by the oxalic acid concentration and a 

dissolution of about 1% was achieved using 0.6 M of oxalic acid.  
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Figure 15: Contour plots representing leaching yield and modelled responses for manganese (a), nickel 
(b), cobalt (c), and copper (d). 

After investigation of all the elements, the best set of parameters allowing the highest lithium 

yield, but the lowest dissolution of the transition metals, was identified. It corresponds to: 

temperature = 60°C, S/L = 50 g/L, oxalic acid concentration 0.6 M. These conditions were used in 

the upscaled experiments discussed in the next section to validate the regression models, as well 

as produce leaching residue to further investigate and confirm the leaching mechanism. 

6.2.4 Upscaling the operation at optimal conditions 

Validation of the fitted models  

The leaching yields observed in the upscaled experiments under optimal conditions (temperature 

60°C, S/L ratios 50 g/L, oxalic acid concentration 0.6 M) can be seen in Figure 16.  

It is possible to observe that all the aluminium is leached in 30 minutes, which validates the 

observation made in the design of experiments and suggests the formation of aluminium oxalate 

complexes during the leaching operation. The total aluminium extraction does not represent a 

problem in the rest of the recycling process, since aluminium is normally removed before the 

separation of the transition metals. Having a leaching residue free of aluminium is convenient.  

The leaching kinetics for lithium are very fast during the first 15 minutes, after which they slow 

down. 60 minutes were required to fully leach lithium. On the other hand, the dissolution of 

manganese, cobalt, and nickel decreases with time as they precipitate as oxalates. Copper 
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dissolution increased slightly after 60 minutes. Although this behaviour was not predicted by the 

model, which indicated independence from time, the final copper dissolution was very low (4.1%). 

The pH reaches a plateau after 60 minutes, increasing from 0.8 at the beginning of the reaction 

to 1.9. It is also important to highlight that the average concentration of lithium in the leachate is 

1.7 g/L ± 0.1, compared with 0.60 g/L ± 0.01 g/L of aluminium (while 9 ppm of cobalt was detected 

and 37 ppm of copper).  

 

Figure 16: Leaching yields and pH evolution during the upscaled leaching experiment. Leaching 
conditions: temperature = 60°C, S/L = 50 g/L, oxalic acid concentration = 0.6 M. 

A comparison of the predicted leaching yields calculated using Equations 32–37 with the obtained 

experimental values is presented in Table 12. It was confirmed that the fitted models are quite 

accurate when determining the leaching yield of lithium, aluminium, and copper, but had a higher 

deviation for nickel, cobalt, and manganese as very low extraction was observed for these metals. 

Moreover, it was observed that the selectivity of the operation is higher than predicted by the 

models, which is very promising for the future development of the process.  

The leachate purification will be explored more deeply in future work. Different techniques can 

be considered, such as the precipitation of aluminium using sodium hydroxide. Lithium can then 

be recovered as lithium carbonate after precipitation with sodium carbonate, as performed in the 

work done by Ka Ming et al. [40]. 

Table 12: Leaching yield predicted (P) and experimental (E) with comparison of the STD of the 
experimental data (STD E) after 60 minutes, and the standard deviation (STD P/E) between the two 
values as well as the RSD P/E. 

Element Co Ni Mn Li Cu Al 

Yield P. (%) 0.48 0.18 2.64 97.7 1.32 100 

Yield E. (%) 0.16 0.00 1.67 98.8 1.68 100 

STD E. (%) 0.04 0.07 0.12 1.0 0.12 0 

STD P/E. (%) 0.16 0.09 0.48 0.5 0.18 0 

RSD P/E. (%) 100 - 29 1 11 - 
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Leaching residue characterization 

The leaching residue was recovered after vacuum filtration and dried. The visual colour of the 

residue turned from dark black after sampling to a lighter grey colour. An increase in weight was 

observed, as the initial sample weight inserted in the leaching reactor was 3 g, and the residue 

recovered gained about 17% ± 3% weight. The elemental composition of the leaching residue is 

shown in Table 13 and the results validate the leaching calculated yields. No trace of aluminium 

was detected, confirming its total dissolution, while only 0.4% of residual lithium was detected. 

This constitutes an important finding of this work since no other authors observed a leaching of 

aluminium as high as shown in this work. There is a decrease in the elemental composition of 

other elements (nickel, cobalt, manganese, and copper) in the residue when compared to the 

initial sample, but this gap is explained by the residue’s gain in mass due to the oxalate formation.  

Table 13: Elemental analysis of the leaching residue in %wt (* remind the feed material). 

Element / Fraction Co Ni Mn Li Cu Al Fe 

BM -500 µm wt% * 10.8 ± 0.4 8.6 ± 0.3 8.0 ± 0.3 3.3 ± 0.1 4.3 ± 0.3 1.1 ± 0.1 0.1± 0.1 

Leaching residue wt% 8.0 ± 0.1 7.1 ± 0.1 6.1 ± 0.1 0.4 ± 0.0 2.9 ± 0.1 0.0 ± 0.0 / 

The XRD pattern determined the nickel, cobalt, and manganese oxalates in the residue as seen in 

Figure 17. Copper and graphite remain in the residue as they did not react with oxalic acid. 

However, there is no evidence of remaining cathode-active material in the form of NMC 111 in 

the residue as observed by Renjie Chen et al. [39]. This difference can be explained by the 

analytical method applied. Assuming all the lithium remaining in the residue is some unreacted 

NMC cathode material and considering the very small amount of lithium (0.4%), the detection of 

NMC material by XRD is compromised under its detection limit.  

 

Figure 17: XRD pattern of the leaching residue; Graphite PDF 04-013-0292, Cu PDF 04-009-2090, 
Co(C2O4)(H2O)2 PDF 04-016-6937, Ni(C2O4)(H2O)2 PDF 04-016-6938, Mn(C2O4)(H2O)2 PDF 01-086-
6854.  
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The FT-IR spectra in Figure 18 reveals five main peaks. The first peak at 3373.5 cm-1 is attributed 

to the residual hydration of the oxalates compound (O-H stretching vibration). The peak at 1622 

cm-1 is assigned to the asymmetric O-C-O of the carboxyl group, while the peaks at 1359.5 and 

1314.5 cm-1 are associated with the symmetric of the same carboxyl function. Thus, the FT-IR 

measurement correlates with the XRD analysis showing the precipitation of nickel, cobalt, and 

manganese oxalate, and these findings were also verified in the work of Qui K. et al [46]. 

 

Figure 18: FT-IR analysis of the leaching residue. 

 

This work leads to some conclusive statements about the selective leaching of lithium using oxalic 

acid: 

1) The design of experiments allows the determination of the optimal factors influencing the 

reaction.  

2) 98% of the lithium is recovered in the leachate and 100 % of the aluminium is co-dissolved, 

a new finding not previously reported in the literature.  

3) Less than 0.5 % of the cobalt and nickel is dissolved and about 1.5 % of the manganese is 

co-leached. 
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7 Summary and conclusions 

The main scope of this work was to improve the total lithium recovery from LiB.  Two approaches 

were investigated: a thermal treatment followed by water leaching and oxalic acid leaching 

without prior thermal treatment. Evaluation of the operation is mainly via the leaching yield of 

lithium but the behaviour of each of the other metals was also followed along the process. It was 

shown that the lithium recovery could be significantly increase.   

In the first approach, the main outcomes of the study are the following: 

1) The separator is proven to have a positive effect on lithium recovery, acting as a source of 

carbon for the formation of lithium carbonate in the furnace between 500°C and 700°C.  

2) Pyrolysis is evaluated as being the most promising treatment, with increasing treatment 

temperature and time having a positive effect on the subsequent leaching yield of lithium. 

3) A maximal lithium recovery of 62% was obtained after pyrolysis at 700°C for 60 min and water 

leaching at 25°C with a S/L of 20 g/L. The limitation on the recovery is evaluated as the 

presence of alternative lithium compounds which are not water soluble, such as LiF or LiAlO2.  

4) A lithium purity of 92% was measured in the leachate. The only impurity co-extracted with 

lithium is aluminium, with extraction increasing with temperature and time. The hypothesis 

is that aluminium fluoride is formed, which can be leached with water.  

5) The characterization of the crystal residue shows the presence of aluminium and lithium, with 

the same purity as in the leachate. XRD analysis proves the mix of lithium carbonate and 

lithium fluoride (aluminium is not detected due to the detection limit), an estimated 2.3% of 

lithium fluoride is present in the residue.  

In the second approach, regression models representing the leaching yield of lithium, aluminium, 

copper, cobalt, manganese, and nickel were validated and contour plots helped to analyse the 

dissolution process. The main outcomes of this work are the following:  

1) A minimum of 0.45 M of oxalic acid is required to reach a lithium dissolution of over 90% at 

S/L ratios of 50g/L. 

2) Aluminium is entirely leached under most of the tested conditions, which is a novel finding of 

this study since this behaviour has never been reported by other authors as being so 

complete.  

3) High leaching selectivity was achieved for lithium versus the other metals, which presented 

very low dissolution. From the transition metals, manganese was the one more extracted, 

with only 2.4% leaching yield in the central point of the design.  

4) The optimum parameters identified in this work are 60°C, 60 minutes, and 0.6 M of oxalic acid 

at the fixed S/L of 50g/L. The final leaching yields are: 98.8% of the lithium and 100% of 

aluminium were leached, while less than 0.5 % of cobalt and nickel, and 1.5% of manganese 

were dissolved.  

5) Leaching residue analysis confirm the presence of the carboxyl group in the residue (with FT-

IR analysis), while the presence of cobalt, manganese, and nickel oxalates formed and 

precipitated during the leaching was confirmed by XRD.  
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8 Future work 

In the first approach, the preliminary work has allowed the identification of different problems. 

First, HF formation is an issue as it reacts with lithium and aluminium to form lithium fluoride and 

aluminium fluoride. Moreover, the fluoride dissolves in water, which can then react with lithium-

ion in solution and form lithium fluoride during evaporative crystallization. Thus, the purity of 

lithium carbonate produced is affected. The first working angle will be the neutralization of the 

HF directly in the furnace. Some addition of calcium carbonate in the black mass mixture will be 

considered. Secondly, the co-extraction of aluminium needs to be minimized. As explained in the 

thesis, decreasing the leaching time seems to be beneficial to decrease aluminium dissolution. If 

this is not sufficient, aluminium precipitation can be performed using sodium hydroxide on the 

leachate. Finally, a limitation in the transformation of lithium into lithium carbonate has been 

observed. The water alone cannot leach all lithium compounds. The addition of alkaline in the 

leaching agent will be examined.  

A very efficient way to achieve early selective lithium recovery from spent lithium-ion batteries 

was demonstrated in the second approach. To develop and estimate the full feasibility of the 

process at an industrial level, some additional studies will be performed. The first one will be to 

investigate the leachability of the NMC oxalates left in residue, and then their purification. The 

purification of the leachate solution containing mainly aluminium, plus lithium will then be 

studied; aluminium removal by means of sodium hydroxide precipitation will be considered and 

solvent extraction or ion exchange for lithium recovery will be investigated. 
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