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A B S T R A C T

A recycling process for recovering cobalt from lithium-ion battery cathode production scraps is investigated 
using green solvents. The method combines electrode delamination with triethyl phosphate (TEP), dissolution of 
the recovered active material in a deep eutectic solvent (DES) composed of choline chloride and oxalic acid (1:1 
molar ratio), and selective cobalt precipitation via controlled pH adjustment with KOH. The recovered black 
mass was characterized by Powder X-ray diffraction PXRD and Thermogravimetric analysis (TGA), confirming 
structural integrity of LiCoO2 after TEP treatment and a purity of ~98.25%. Following DES leaching and pre
cipitation at pH 12, a highly crystalline mixed cobalt oxide/hydroxide phase (CoO2/Co(OH)2) was obtained with 
a purity of 99.12%. Microwave Plasma Atomic Emission Spectroscopy (MP-AES) analysis verified effective 
cobalt–lithium separation, with cobalt exclusively recovered in the solid phase. A cobalt recovery efficiency of 
57% was achieved at lab scale, with losses primarily attributed to material handling at low Technology Readiness 
Level (TRL) rather than process inefficiency. A cradle-to-gate Life Cycle Assessment (LCA) was conducted using 
primary experimental inventory data. Environmental hotspot analysis identified DES preparation and the 
leaching step as the dominant contributors across most impact categories, driven respectively by solvent pro
duction (oxalic acid and choline chloride) and electricity consumption. Sensitivity and uncertainty analyses 
confirmed model robustness and highlighted renewable energy transition and solvent optimization as key levers 
for future improvement. This early-stage LCA provides a quantitative environmental baseline to support eco- 
design and scale-up of DES-based cobalt recovery from lithium cobalt oxide (LCO) cathode waste.

1. Introduction

Lithium-ion batteries (LIBs) have become indispensable in modern 
energy storage systems, powering consumer electronics, electric vehi
cles, and renewable energy stationary storage [1–3]. LIB performance, 
energy density, and lifespan are largely determined by the composition 
and quality of the cathode materials, which include lithium cobalt oxide 

(LCO), lithium nickel manganese cobalt oxide (NMC), lithium iron 
phosphate (LFP), and lithium nickel cobalt aluminium oxide (NCA) 
[4–6]. Metals such as lithium, cobalt, nickel, and manganese are ele
ments whose extraction and refining pose substantial environmental and 
socio-economic challenges and are, therefore, listed as Critical Raw 
Materials by Europe [7–10].

By recovering valuable metals such as lithium, cobalt, nickel, and 
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manganese from spent batteries, recycling reduces the demand for raw 
material extraction, mitigates environmental damage caused by mining, 
and decreases the strain on natural resources [11–13]. Furthermore, 
recycling processes can stabilize the supply chain, reducing risks related 
to the geopolitical and socio-economic challenges of sourcing from 
specific regions [14,15].

In addition to spent LIB electrodes, production scraps constitute a 
significant secondary source of critical raw materials. However, because 
these scraps do not directly contribute to the material supply for battery 
manufacturing, their generation effectively increases the demand for 
primary raw materials. Consequently, the systematic recovery of pro
duction scraps can play a crucial role in mitigating supply constraints 
and strengthening the overall resilience of critical raw material source 
within the LIB value chain [16].

Recycling methods for lithium-ion battery cathodes typically fall into 
three main categories: pyrometallurgical, hydrometallurgical, and 
direct recycling [17]. Pyrometallurgical recycling involves 
high-temperature smelting to extract metals from battery materials. 
However, this process is energy-intensive, emits greenhouse gases, and 
often results in the loss of lithium due to the high temperatures, leading 
to low overall recovery efficiency [18]. Hydrometallurgical recycling 
uses chemical leaching to dissolve metals from the battery materials, 
followed by selective precipitation or solvent extraction to recover in
dividual metals. It allows for high recovery rates of lithium, cobalt, 
nickel, and manganese, often with greater purity than pyrometallurgical 
methods. Hydrometallurgical recycling is more environmentally 
friendly and energy-efficient, with lower temperatures required, but it 
involves the handling and disposal of potentially hazardous chemicals, 
which can create environmental challenges if not managed carefully 
[19]. In the Direct Recycling method, battery components are recovered 
and reconditioned with minimal chemical processing, allowing the 
cathode material to be directly reused in new batteries. This approach 
preserves the complex structures of the cathode material, potentially 
reducing the need for re-synthesis and conserving energy. The main 
advantage of direct recycling is that it can maintain the cathode's 
functional structure, saving energy and reducing chemical waste. 
However, it requires careful sorting and assessment of battery health, 
making it technically complex and not yet scalable for a wide range of 
battery chemistries [20].

Hence, each method has unique advantages and limitations, with 
pyrometallurgy favored for simplicity, hydrometallurgy for high re
covery efficiency, and direct recycling for preserving cathode material 
structure [21]. The hydrometallurgical route is currently the most 
widely adopted method, primarily due to its ability to achieve high 
metal purity and recovery rates. This approach typically involves four 
main stages: i) pre-treatment of spent LIBs; ii) separation of the active 
material from the current collector; iii) leaching; and iv) recovery of 
valuable metals from the leachate material [17].

LIB electrodes are composed of active materials, carbon, and binder, 
the so-called black mass, cast on metal current collectors. The commonly 
used binder is poly (vinylidene difluoride) (PVdF), which conventionally 
needs N-methyl− 2-pyrrolidone (NMP) as solvent, both very toxic for 
humans and the environment. Europe included NMP in the list of very 
high concern substances and set severe limits on its use. The presence of 
F-containing polymers generates volatile and toxic fluorocarbons during 
traditional incineration, as well as the LIBs’ disposal might generate 
harmful substances and incombustible waste materials that need to be 
landfilled [22,23].

Physical separation of the black mass (BM) from the current collector 
is among the most effective options for pre-treating LIBs and isolating 
valuable components, offering both economic and environmental ad
vantages. Organic solvents with strong affinity for the polymer binder 
such as N-Methyl− 2-pyrrolidone (NMP), Dimethylacetamide (DMAC), 
Dimethylformamide (DMF), and Dimethyl Sulfoxide (DMSO), are 
commonly employed to weaken adhesion between the current collector 
and the active material, often under sonication. However, the waste 

solutions generated in this process pose environmental risks and there
fore require proper treatment [24]. This has driven the development of 
greener alternatives. Citrus juices and, more recently, Cyrene, a 
bio-derived green solvent, have been proposed as environmentally 
friendly options, opening pathways toward more sustainable electrode 
separation and recovery processes [25,26]. Triethyl phosphate (TEP) is 
also emerging as a greener alternative to conventional organic solvents 
for PVdF dissolution and BM direct recovery [27].

Leaching is the central step of hydrometallurgy, where metals in 
cathode active materials are dissolved into ionic form, after which they 
can be recovered through chemical methods. Despite its effectiveness, 
hydrometallurgy is associated with significant environmental burdens 
due to the use of hazardous chemicals, long processing times, costly 
extractants, and the generation of secondary wastes such as acidic ef
fluents, sludge, and high-salinity solutions, all of which must be 
managed appropriately [28].

Over the past two decades, deep eutectic solvents (DES) have 
emerged as promising candidates for addressing the environmental and 
economic challenges associated with LIB recycling [29]. DESs are a wide 
family of eutectic mixtures composed of neutral or ionic substances 
combined in specific molar ratios, which interact through hydrogen 
bonds and that deviate from the ideal thermodynamic behaviour [30]; in 
many formulations, DES components are low-cost, non-toxic and 
biodegradable [31,32].

Despite the growing body of literature on DES-based leaching of 
spent LIB cathodes, comprehensively reviewed by Chakrabarti et al., 
2026 [33], two relevant gaps remain unaddressed. First, most studies 
focus on end-of-life battery black mass, whereas manufacturing scraps 
from LCO cathode production have received comparatively little 
attention as a feedstock for hydrometallurgical recovery. Second, while 
a limited number of works have coupled DES leaching with life cycle 
assessment (LCA), these have predominantly targeted NCM chemistries 
or non-LCO feedstocks, and have relied on secondary or simulated 
process data; as noted by Chakrabarti et al., 2026, robust process-level 
LCAs for DES-based battery recycling remain scarce and represent 
major research need [33–35]. In contrast, the present study investigates 
a targeted recycling strategy for real LCO cathode production scraps, 
combining TEP-assisted delamination for active material recovery with 
a choline chloride–oxalic acid DES-based leaching route for cobalt 
extraction. Furthermore, the environmental assessment is developed 
using primary experimental inventory data collected directly from 
laboratory-scale operations, including measured electricity consump
tion, rather than relying exclusively on literature-based or simulated 
datasets. This integrated experimental and environmental evaluation 
provides a more representative baseline for assessing the sustainability 
challenges and optimization opportunities of DES-based cobalt recovery 
processes at an early technology development stage. To the best of the 
authors' knowledge, no study has yet reported an integrated experi
mental and environmental assessment of DES-based cobalt recovery 
from LCO manufacturing scraps using primary laboratory-scale in
ventory data.

The present work addresses this gap by reporting both the optimi
sation of a DES leaching process for cobalt recovery from LCO cathode 
scraps and a cradle-to-gate LCA conducted on primary experimental 
data, with the aim of identifying environmental hotspots at an early 
stage of process development and providing a reference baseline for 
future scale-up assessments. Given the high solubility of transition metal 
oxides in many DESs [36], in this work, cobalt is recovered from LCO 
cathode scraps using a DES composed of choline chloride as the 
hydrogen bond acceptor and oxalic acid as the hydrogen bond donor. 
The recycling strategy includes electrode delamination with the green 
solvent TEP, dissolution of the recovered active material BM in the DES, 
and subsequent cobalt precipitation through controlled pH adjustment. 
An LCA study was then carried out to quantify the potential environ
mental impacts associated with the DES-enabled recovery of cobalt from 
primary LCO cathode scraps. Given the low Technology Readiness Level 
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(TRL) of the process, this assessment represents an early-stage LCA 
intended to identify the most impactful stages of the proposed recycling 
pathway and to inform subsequent optimization and eco-design for 
future scale-up.

Overall, while most previous studies have focused on recovering 
valuable metals from end-of-life LIB black mass through conventional 
hydrometallurgical or DES-based processes [37–39], the present work 
investigates real LCO cathode manufacturing scraps as an alternative 
and underexplored secondary resource focusing on an easy-to-be 
upscaled process performed at circum-ambient conditions by green 
solvents. Indeed, the proposed recycling strategy integrates green sol
vents of TEP-assisted electrode delamination with a choline chlor
ide–oxalic acid DES leaching process. TEP enables the selective 
separation of the black mass from the aluminium current collector while 
preserving the structural integrity of the LiCoO2 active material and 
simultaneously recovering the PVDF binder, thereby minimizing mate
rial degradation during the pretreatment stage [27]. Subsequently, co
balt is selectively recovered from the TEP-recovered black mass as 
crystalline mixed phase cobalt oxide/hydroxide through DES leaching 
followed by controlled pH precipitation. In addition to experimental 
process development, this study addresses a significant gap in literature 
by coupling the recycling route with a cradle-to-gate LCA analysis based 
entirely on primary laboratory-scale inventory data, including experi
mentally measured material and energy consumption. This integrated 
experimental and environmental assessment establishes a quantitative 
baseline for identifying environmental hotspots and guiding the 
eco-design and future scale-up of TEP/DES-based recycling processes for 
LCO production scraps. On the other word, the objective of this work 
was not to optimize the DES leaching parameters, but rather to evaluate 
the feasibility of integrating the TEP pretreatment with DES-based co
balt recovery and to perform a comprehensive environmental assess
ment of the overall recycling process.

2. Materials and methods

2.1. Reagents and materials

The cathode consisted of a lithium cobalt oxide electrode scrap 
shown in Fig. 1 (EV-ion resources 2003). Triethyl phosphate (TEP, pu
rity ≥99%) and oxalic acid (≥99%) were purchased from Sigma-Aldrich; 
choline chloride (> 98%) was purchased from Thermo Scientific, and 
potassium hydroxide (KOH, Assay (acidimetric): ≥ 85.0%) was pur
chased from Merck. All the reagents were used without further 
purification.

2.2. Recycling process

Fig. 2 summarizes the processes that we have followed to recover 
Cobalt from the Electrode scraps. Each step is detailed in the following 
sections.

2.2.1. Recovery of LCO BM from LCO electrode scraps via triethyl 
phosphate (TEP)

Physical separation of the BM from the current collector was per
formed by TEP treatment [27]. Specifically, several LiCoO2 electrode 
pieces with an area of 1 cm² each were cut from the electrode roll and 
placed in the TEP for 1 h at 100 ◦C while stirring. The aluminium foils 
were separated from the solution by using a sieve. The resulting sus
pension was centrifuged at 6000 rpm for 10 min to separate the TEP 
solution containing carbon and binder. Afterwards, the collected pre
cipitate was washed three times with water and dried at 60 ◦C in a 
thermostatic oven. The recovered BM was collected and labelled as LCO 
recovered.

2.2.2. BM leaching by DES and cobalt recovery
The DES was prepared by combining choline chloride (60.75 wt%) 

and oxalic acid (39.25 wt%), corresponding to a 1:1 molar ratio [40], 
followed by continuous stirring at 55 ◦C for 2 h [41]. The formation of 
the deep eutectic solvent was confirmed once the mixture became fully 
liquid, transparent, and homogeneous, thereby indicating complete 
hydrogen-bond interaction between the hydrogen bond acceptor 
(choline chloride) and the hydrogen bond donor (oxalic acid) compo
nent [41–43]. Afterwards, 1 g of the LCO recovered BM was added to the 
40 g DES solution (solid to liquid ratio (S/L) 1:40 wt%) at 55◦C while 
stirring for 48 h. The solution turned dark green. Finally, the resultant 
dark green suspension was centrifuged at 6000 rpm for 10 min to 
separate the undissolved part, and a green viscous liquid was formed. It 
was collected and placed in a beaker and the solution pH was progres
sively increased with the aim of precipitating cobalt oxide/hydroxide by 
adding small aliquots of KOH 5 M, while stirring at 50◦C. The suspension 
was centrifuged at 6000 rpm for 10 min to separate the precipitate and 
solution after one hour of stirring. The brown precipitate was collected 
and dried at 80 ◦C overnight. The precipitate was filtered and washed 
with water to remove residues of oxalate species and ensure effective 
cobalt recovery.

2.3. Materials characterization

The thermogravimetric analysis (TGA) and Powder X-ray diffraction 
(PXRD) were conducted for the characterization of all recovered mate
rials. TGA was performed under O2 flow (60 mL/min) with a thermal 
ramp of 10 ◦C/min, using a TA Instruments Q50. PXRD measurements 
were carried out using a PANalytical Empyrean diffractometer equipped 
with a PIXcel3D detector and Cu Kα radiation (λ = 1.5418 Å, 40 kV, 
40 mA). Data were recorded in Bragg–Brentano geometry over a 2θ 
range of 5–100◦ with a step size of 0.02626◦ and a counting time of 
44.625 s per step. A 0.02 rad Soller slit was used on the diffracted beam 
side. Pulse Height Distribution (PHD) Levels range has been set between 
45% and 80% to avoid Cobalt fluorescence due to X-Ray excitation.

Microwave plasma–atomic emission spectroscopy (MP-AES) was 
performed using an Agilent 4210 instrument (Agilent Technologies, 
USA) equipped with solvent-resistant tubing, a double-pass cyclonic 
spray chamber, and an inert flow-blurring nebulizer (OneNeb). Plasma 
generation was sustained with high-purity nitrogen supplied by an 
Agilent 4107 Nitrogen Generator (Agilent Technologies, CA, USA). Li 
and Co were quantified at 610.365 and 340.512 nm, respectively, 
selected for optimal signal-to-noise ratios and minimal spectral in
terferences. Ultrapure water blanks and two quality control standards 
(5 mg L⁻¹ Li and Co in 2% (v/v) HNO₃) were analysed to monitor system 
cleanliness and carryover. Calibration standards were prepared from 
1000 mg L⁻¹ stock solutions obtained from Supelco (Li in 0.5 mol L⁻¹ 
HNO₃) and VWR (Co in 2% HNO₃). Background correction was auto
matically applied using Agilent MP Expert software (Agilent Technolo
gies, CA, USA). For MP-AES analyses, samples were prepared as follows. 
Approximately 0.2 g of each sample was weighed into a 100 mL glass 
beaker and treated with 20 mL of concentrated nitric acid (65% HNO₃). 
After a 20 min pre-digestion at room temperature, the beaker was Fig. 1. The production roll scraps of the LiCoO2 electrode.
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covered with a watch glass and heated on a hot plate to gentle reflux. 
Digestion was carried out at 80 ◦C for 3 h, with additional HNO₃ added 
as needed to maintain reflux and prevent drying. After cooling to room 
temperature, the digest was filtered through ashless filter paper 
(Whatman, 150 mm × 100 mm) and diluted to the required volume with 
5% (v/v) HNO₃ prior to MP-AES analysis.

2.4. LCA study

The LCA methodological framework, outlined in ISO 14040 and ISO 
14044 standards, consists of four iterative phases [44,45]. The goal and 
scope definition phase establishes the purpose of the study, the func
tional unit, the system boundaries, the required data quality, and the 
allocation procedures to be applied. The life cycle inventory (LCI) phase 
involves the systematic collection of data on resource inputs, in
termediates, auxiliary materials, energy consumption, emissions, and 
waste streams. These data are used to construct mass and energy bal
ances that describe the system and to determine the elementary input 
and output flows, including the application of allocation methods where 
relevant. The life cycle impact assessment (LCIA) phase converts these 
elementary flows into potential environmental impacts by applying 
characterization factors and organizing them into impact categories, 
such as global warming expressed in kilograms of CO₂-equivalent. 
Finally, the interpretation phase evaluates the outcomes of the LCI and 
LCIA, identifies the most influential contributors to environmental im
pacts, and assesses the robustness of the analysis through sensitivity and 
uncertainty evaluations.

2.4.1. Goal and scope definition
The system under study is a lab-scale process for recovering cobalt 

from LCO cathode scrap. The corresponding LCA aims to identify the 
unit processes that contribute most significantly to potential environ
mental impacts across the selected impact categories. As suggested by 
Arvidsson et al., because the environmental assessment is conducted 
prior to scale-up at a low Technology Readiness Level (TRL), this study 
can be classified as an early-stage or lab-scale LCA [46]. Accordingly, 
several limitations commonly associated with lab-scale LCA studies 
arise. In particular, energy-related impacts tend to be overestimated due 
to the inherently low efficiency of lab-scale unit operations, which do 
not take advantage of energy recovery opportunities, such as heat 
released during reactions or physicochemical processes like dissolution 
in a solvent. Consequently, this study is not intended for comparison 
with other processes delivering the same function, but rather to inform 
researchers involved in process development, supporting eco-design 
efforts and identifying where optimization efforts should be focused. 
This study also represents a case of waste LCA, as it focuses exclusively 
on the End-of-Life phase of the component treated and assumes that the 
material entering the recycling system is burden-free, in line with the 
zero-burden assumption [47,48].

In waste LCA studies, the functional unit can be defined in different 

ways depending on the primary function of the process or the aspect to 
be emphasized [48]. In this study, an output-based functional unit of 1 g 
of cobalt hydroxide was selected (which also corresponds to reference 
flow), thereby emphasizing the ability to recover a valuable product 
from an end-of-life material. Cobalt hydroxide was selected, rather than 
the cobalt oxide/hydroxide mixture in order to be more conservative.

The system boundary encompasses all unit processes from the 
shredded virgin cathode scrap through to the drying of cobalt hydroxide, 
the final product of the process. Accordingly, the following stages are 
explicitly excluded: upstream extraction, production, and transport of 
the materials required to manufacture the cathode, transport of cathode 
scrap from the production site to the research laboratory, any further 
transformation of the recovered cobalt hydroxide for subsequent ap
plications and its downstream use and end-of-life stages. Lab-scale ac
tivities deemed not relevant to the goal of the study, such as fume hood 
operations or the use of consumables, were likewise excluded from the 
system boundaries.

Foreground data describing the recycling system were collected 
directly from laboratory experiments. Background processes were 
modelled using datasets from the ecoinvent database (v. 3.11) [49], 
selected to ensure the highest possible degree of geographical and 
technological representativeness, as verified through the supporting 
documentation and by prioritizing market datasets representative of the 
region in which the process was developed. Data gaps were addressed 
through consultation of the scientific literature and, where necessary, by 
constructing original datasets [50]. For the model construction and 
impact quantification, the SimaPro software (version 10.2.0.0) was 
used. For the assessment of data quality and derivation of the associated 
uncertainty, the quality pedigree matrix, proposed by (Weidema and 
Wesnæs, 1996), was used [51]. This method evaluates five aspects 
related to each data: reliability, completeness, temporal correlation, 
geographical correlation, and technological correlation.

2.4.2. Life cycle inventory
Masses or volumes of substances and mixtures used as inputs, in

termediate mixtures, wastes, and products and co-products in output 
were measured and reported. Furthermore, energy consumption was 
evaluated on site using a smart meter, a device that allows real-time 
monitoring of energy consumption. In cases where the same instru
ment was used repeatedly for the same period of time, only one mea
surement was performed, e.g., in the case of centrifugation. For 
prolonged equipment use, particularly the oven, energy consumption 
was measured over a shorter period and then scaled to the total oper
ating time, assuming constant temperature. We also followed the 
methodology proposed by Rossi et al. [52], allocating, when feasible, the 
energy consumption to the volume occupied by the reagent within the 
instrumentation (such as, for example, during heating in the oven). On 
this matter, a sensitivity analysis was carried out to see how impacts 
change without the energy allocation factor.

After on-site data collection, the data were reorganized and 

Fig. 2. Schematic of the cobalt recovery process.
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processed. A spreadsheet was created containing all the collected data, 
divided by stage (Figure S2), each further subdivided into inputs and 
outputs, in order to proceed with the calculation procedures. Based on 
the operational procedure, the process flow sheet was divided into 13 
stages representing individual unit processes. Once the inventory was 
completed (more details on Supplementary Material, Table S1-S15), the 
reference flow was scaled linearly to fulfil the function of the process 
(1 g of cobalt hydroxide as an output).

Since LCI data for choline chloride and triethyl phosphate production 
process is not available in the database, processes were modelled ac
cording to commercial patents (CN103374028A; CN1078231A), 
following an industrial scale-up framework [53–55].

A dataset related to the production of oxalic acid was also built to 
carry out a sensitivity analysis later on in the study (see Table S16 of the 
Supplementary Material). The dataset built was adapted from the 
dataset available in IDEA database named "oxalic acid dibutyl ester {JP} 
| 163239152pJPN | U" [56]. In the original dataset the final product is 
dibutyl oxalate but oxalic acid can be obtained through hydrolysis, thus 
recovering in the organic phase butanol. Separation was modelled by 
adding water to the dataset and assuming a 95% success of butanol re
covery, following methodology suggested by (Hischier et al., 2005) 
[57]. Emissions to air were calculated from input flows, as the original 
dataset does not contain any information about it.

In process units where a complete inventory was available, the mass 
balance check enabled the calculation of any material losses, which were 
subsequently treated as waste. In process units with missing data (for 
example, air emissions during oven operations), the missing quantities 
were assumed to originate from reactions occurring within the unit 
process or from physical phenomena such as evaporation, thereby 
satisfying the mass balance.

2.4.3. Life cycle impact assessment
ReCiPe 2016 method was selected to evaluate the environmental 

performance of the process [58]. It covers a wide range of environmental 
concerns, making it suitable for supporting eco-design of the process 
under study. Within the LCIA phase, elementary flows are translated 
into potential environmental impacts through impact indicators posi
tioned along the cause–effect chain. Two main levels of indicators are 
commonly distinguished: midpoint and endpoint indicators. Midpoint 
indicators represent intermediate environmental mechanisms occurring 
between the emission or resource extraction and the final damage, such 
as climate change, acidification, or eutrophication. They quantify the 
potential contribution of a product system to specific impact pathways 
and are generally characterized by lower model uncertainty and higher 
scientific robustness, although their direct interpretability in terms of 
environmental damage is limited. Endpoint indicators, in contrast, are 
located further downstream in the cause–effect chain and aggregate 
midpoint results into damage-oriented metrics related to Areas of Pro
tection, such as human health, ecosystem quality, and natural resources. 
While endpoint indicators provide results that are more directly relevant 
for decision-making and sustainability interpretation, they rely on 
additional modelling assumptions and therefore entail higher uncer
tainty. The combined use of midpoint and endpoint indicators within 
LCIA allows for both a mechanistically sound assessment of environ
mental interventions and a damage-oriented interpretation of their po
tential consequences.

3. Results and discussion

3.1. Recovery of LCO BM from LCO electrode scraps via triethyl 
phosphate (TEP)

Table 1 reports the mass balance of the TEP-assisted separation 
applied to LCO electrode scrap. From an initial mass of 17.97 g, 13.16 g 
of black mass and 2.97 g of aluminium foil were recovered. The recov
ered aluminium suggests an initial black mass content of about 15 g, 
corresponding to a recovery yield of 87.7%. This confirms the efficiency 
of the TEP treatment in enabling effective separation of the active ma
terial from the current collector.

Considering the amount of recovered Al, it can be postulated that the 
mass of BM present in the pristine electrode was 15 g. Hence the 
recovered BM percentage resulted 87.7%, demonstrating the effective
ness of TEP in promoting binder dissolution and facilitating electrode 
separation.

Powder X-ray diffraction (PXRD) analysis was employed to assess the 
crystalline structure of the LCO electrode scrap and the corresponding 
recovered BM powders. Fig. 3a compares the powder XRD patterns of 
the pristine BM mechanically detached from the LCO scrap (red line, 
LCO scrap) and the BM recovered by TEP treatment. (blue line, LCO 
recovered). The diffraction peaks at 2θ = 18.9◦, 37.4◦, 38.4◦, 39.1◦, 
45.2◦, 49.4◦, and 59.1◦ are attributed to the (003), (101), (006), (012), 
(104), (051), and (009) planes of LiCoO2 hexagonal crystalline phase, 
(reference code ICDD 96–450–5483). As observed, the diffraction pro
files exhibit identical peak positions and relative intensities, indicating 
that the crystalline structure of LCO remains intact after the TEP 
treatment.

Thermogravimetric analysis (TGA) was performed to evaluate the 
percentage of active material, binder (PVDF) and carbon additive in the 
pristine and recovered BMs, as well as the recovery efficiency. Fig. 3b 
presents the TGA curve, under O2, of the pristine BM, mechanically 
detached from the LCO electrode scraps. Two major weight losses were 
observed: a first loss of approximately 6% between 350–500 ◦C, attrib
uted to PVDF binder decomposition [59], and a second loss of about 3% 
between 500–650 ◦C, corresponding to carbon additive degradation 
[60]. Accordingly, the active LCO material content results in roughly 
91% of the total black electrode mass (aluminium current collector 
excluded). Fig. 3c shows the TGA profile of the LCO powder recovered 
using TEP. The signal related to PVDF is no longer present, confirming 
the complete removal of binder materials during the recovery process. 
Only a mass loss of 1.75% above 500 ◦C can be observed which corre
sponds to a carbon additive residue. Thus, it can be inferred that the 
recovered material comprises approximately 98.25% pure LiCoO2.

Table 2 presents the quantitative analysis of cobalt and lithium 
concentrations in both the pristine production scraps and the recovered 
BM, as determined by MP-AES. The elemental composition of the 
recovered LCO material after TEP treatment shows slightly higher cobalt 
and lithium contents (510.9 and 82.6 mg g⁻¹, respectively) compared to 
the pristine BM scraps (481.5 and 78.02 mg g⁻¹, respectively). This dif
ference can be attributed to the mechanical scraping of the BM from the 
current collector in the pristine samples, which results in partial 
contamination with aluminium species. Consequently, the initial mass 
of the pristine LCO scraps includes both active electrode material and 
small amounts of aluminium from the current collector, leading to an 
apparent dilution of the measured Co and Li concentrations relative to 
the recovered LCO.

Table 1 
Summary of the mass balance obtained during the TEP-based separation of the black mass from the current collector for LiCoO2 (LCO) electrode scrap.

LCO scraps mass (including Al 
current collector) (g)

TEP 
(mL)

TEP solvent 
(g)

TEP including carbon and 
binder (g)

Recovered black mass 
powder (g)

Recovered black mass 
powder (%)

Recovered Al 
foil (g)

17.97 180 192.6 174.15 13.16 87.7 2.97
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3.2. BM leaching by DES and cobalt recovery

During the leaching process, the choline chloride–oxalic acid DES 
provides both the chemical environment and the reactive species 
required for LiCoO2 dissolution. Choline chloride functions as the 
hydrogen-bond acceptor, forming the eutectic liquid and facilitating the 
transport and stabilization of dissolved metal ions by chlorine 
complexation. Oxalic acid acts as the hydrogen-bond donor, generating 
an acidic medium that promotes proton-assisted disruption of the 
LiCoO2 lattice while simultaneously providing oxalate ligands that co
ordinate dissolved cobalt species, thereby shifting the dissolution equi
librium toward metal extraction [61,62]. Following leaching, W. Ma 
et al. have shown that cobalt–oxalate complexes readily undergo hy
drolysis in aqueous media, releasing Co2+ species whose coordination 
environment is strongly pH-dependent [40]. In particular, increasing 
water content weakens cobalt–oxalate coordination and promotes 
ligand exchange, as demonstrated by the hydrolysis and dissociation of 
cobalt–oxalate precipitates into aqueous Co²⁺ species [40]. Under the 
highly alkaline conditions employed in this work (5 M KOH, pH ≈ 12), 
the released Co²⁺ preferentially coordinates with hydroxide ions, leading 
to the displacement of oxalate ligands and the precipitation of cobalt (II) 

hydroxide [Co (OH)2] or oxides.
As described in 2.2.2, after DES-leaching, the pH of the dark green 

viscous liquid was progressively increased. A distinct colour transition 
from dark green to purple, violet, and finally brown was observed as the 
pH increased (Figure S1).

Fig. 4a reports the powder XRD patterns of the powder obtained at 
pH 12 and confirms the formation of a crystalline phase. The diffraction 
peaks located at 2θ = 19.1◦, 32.5◦, 38◦, 51.5◦, 58◦ and 61.7◦ correspond 
to the (001), (010), (011), (012), (110) and (111) planes of CoO2 
(reference code 96–900–9102) and Co(OH)2 (reference code 
96–101–0268). Hence, we can argue that the recovered powder could be 
a mixed phase of hydroxide and oxides. The absence of significant im
purity peaks in the powder XRD spectra confirms the effective removal 
of residual compounds, including triethyl phosphate and potassium 
oxalate during cobalt recovery from LCO electrode scraps.

The powder purity was further assessed by TGA that was performed 
in O2 flow in order to detect the presence of any organic or carbon 
residue. The TGA curve of the recovered cobalt compound powder re
ported in Fig. 4b exhibits two distinct weight loss events that indicate 
that the main component is a mixed hydroxide/oxide cobalt powder. 
Indeed, it reflects the sequential dehydration and desorption of oxygen 
from CoO2. The pronounced weight loss near 200 ◦C can be associated 
both to dehydration of Co (OH)₂ to cobalt oxide and to the conversion of 
CoO2 into CoO(OH) and Co3O4 [63]. The mass loss at ca 850◦C can be 
related to the transformation of Co3O4 into CoO [63–65]. The total 
weight loss of approximately 0.88% indicates a minimal residue origi
nating from the ChCl–OA DES system.

The cobalt and lithium content in the recovered cobalt oxide/hy
droxide and in the supernatant liquid phases obtained from DES treat
ment at pH 12 was evaluated by MP-AES. Specifically, Table 3 reports 
the concentrations of cobalt and lithium in the recovered cobalt oxide/ 
hydroxide, and in the supernatant solution before (S1) and after 

Fig. 3. (a) comparative powder XRD analysis of the pristine BM mechanically detached from the LCO scrap (BM, mechanically detached, red line) and the BM 
recovered by TEP treatment (BM recovered by TEP, blue line). TGA curves of (b) mechanically and (c) TEP-recovered BM powder from LCO scraps.

Table 2 
Analysis via MP-AES of cobalt and lithium concentration in mechanically and 
TEP-recovered BM from LCO production scraps. The data are expressed in mg 
per g of BM.

BM Samples Concentration (mg g− 1)

Co Li

Concentration (RSD%)
Mechanically recovered 481.5 (1.76%) 78.0 (0.79%)
TEP recovered 510.9 (0.13%) 82.6 (0.21%)
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centrifugation (S2), and in the solution collected from the washing step 
of the precipitate (S3). Notably, lithium is present only in the liquid 
phases, while cobalt is present only in the solid precipitate. This con
firms the effective separation of cobalt and lithium during the DES 
treatment at pH 12. We attempted to recover Lithium, by using CO₂ and 
Na₂CO₃ to form Li2CO3. At first, we successfully experimentally simu
lated the process with synthetic solutions, then we applied the process to 
our real wastes. Unfortunately, in the latter case we were unable to 
precipitate Li2CO3 because it requires a Li+ concentration above 
approximately 5 g L⁻¹ , which is one order of magnitude higher than the 
value that we reached in our system. Indeed, the MP-AES data reported 
in Table 3, indicates that the total Li in the solution from DES is 0.341 g/ 
L.

Table 3 reports an amount of Co that is 77% than the theoretical 
stoichiometric value expected for CoO2 (648 mg of cobalt per g of 
CoO2). This might be due to a not complete extraction of Co during 
sample preparation for MP-AES.

The overall cobalt mass balance was evaluated by considering the 
cobalt initially present in the TEP-recovered black mass and the amount 
recovered as cobalt oxide/hydroxide after DES leaching and precipita
tion. From MP-AES analyses, the content of cobalt in 1.0 g of recovered 
black mass containing is 510.9 mg g⁻¹ (Table 2). After DES leaching and 
subsequent precipitation, 459 mg of cobalt oxide/hydroxide was ob
tained, corresponding to approximately 290 mg of cobalt, which brings 
about an overall cobalt recovery efficiency of 57% ± 10% (RSD, n = 3). 
Such a low recovery efficiency is mainly attributed to material losses 
occurring during multiple laboratory-scale processing steps, including 
separation of solid residues after leaching, centrifugation, washing, and 
transfer of viscous DES-containing solutions. These losses are particu
larly relevant at low Technology Readiness Level (TRL), where process 
handling is not yet optimized and recovery operations are performed on 
a small scale. Importantly, the high purity of the recovered cobalt hy
droxide confirmed by XRD and TGA indicates that the limitation is 

primarily related to material recovery and process handling rather than 
ineffective cobalt dissolution or precipitation chemistry.

Hence, the 57% efficiency is not limited by chemical boundaries but 
is a typical artifact of low Technology Readiness Level (TRL) material 
handling at the laboratory scale (losses during sequential filtration, 
multiple washings, and transferring viscous liquids). Quantified lab- 
handling mass losses have been systematically tracked in the LCI ta
bles (Table S1-S15).

Table 4 summarizes representative literature on cobalt recovery 
from Co-based cathode materials, both powders and spent LIBs, using 
both conventional mineral acid leaching and DES-based approaches, 
together with the operating conditions and recovery/extraction 
efficiencies.

The comparison highlights that conventional concentrated mineral 
acid systems and several DES-based processes often report cobalt re
coveries above 90%. However, these studies differ substantially from the 
present work in several important aspects. Most literature reports 
evaluate leaching efficiency from cathode powders, both pristine active 
materials, while we are processing real cathode scraps, that include 
current collector and BM. In addition, the reported works frequently 
employ elevated temperatures (110–170 ◦C), hydrothermal reactors, 
concentrated mineral acids, oxidizing/reducing agents, microwave- 
assisted process or electrochemical deposition [40,66–71]. In contrast, 
the present study processes LCO production roll scraps using green 
solvents and circum-ambient conditions (55 ◦C and atmospheric 
pressure).

3.3. Life cycle assessment (LCA) of the cobalt recovery process

The results were obtained at both the midpoint and endpoint levels, 
to gain better insight into how the different process steps influence the 
final environmental impacts. LCIA results in absolute values obtained 
are reported in Table S17 and Table S18 of the Supplementary Material.

To visualize and highlight the environmental hotspots of the system, 
a heat map (Fig. 5) for each level was developed. Please note that some 
process units have similar operations (e.g., centrifugation steps) though 
they were not grouped together because the units considered involve 
different amounts and types of inputs. The heat map at the midpoint 
level (Fig. 5a) shows that Step 5 (Preparation of the DES solution) carries 
the most impacts for all categories except for Ionizing Radiation (IR, 
7.39%), Mineral Resource Scarcity (MRS, 17.69%) and Water Con
sumption (WC, 16.62%). This step is also the only one to carry more than 
half the overall impact of a category, namely for Stratospheric Ozone 
Depletion (SOD), Ozone Formation – Human Health (OFHH), Fine 
Particulate Matter Formation (FPMF), Ozone Formation – Terrestrial 
Ecosystems (OFTE) and Terrestrial Acidification (TA).

In the Global Warming (GW) category, Steps 5, 6, 10, and 12 

Fig. 4. (a) Powder XRD patterns of the cobalt compound obtained by DES leaching and precipitation at pH 12, with the reference codes for Co(OH)2 (96–101− 0268) 
and CoO2 (96–900− 9102) and (b) TGA curve of the cobalt compound powder recovered after LCO BM leaching with DES.

Table 3 
Quantitative determination of cobalt and lithium by MP-AES in the recovered 
cobalt oxide/hydroxide and in the liquid phases obtained from DES treatment at 
pH 12: S1 (solution prior to centrifugation), S2 (supernatant after precipitation 
and first centrifugation), and S3 (washing solution of the precipitate).

Samples Concentration (mg g− 1)

Co Li
Concentration (RSD%)

Recovered cobalt oxide/ hydroxide 499.3 (1.03%) 0.0 (4.51%)
Solution S1 0.0 (8.66%) 0.15 (1.68%)
Solution S2 0.0 (9.42%) 0.16 (0.40%)
Solution S3 0.0 (10.07%) 0.005 (1.42%)
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contribute approximately 67% of the total impact. Although materials in 
DES preparation play a key role, the contribution of the other three 
process units increases significantly due to the involvement of hazardous 
waste treatment. For the IR category, steps bearing the greater burden 
are Steps 6, 9 and 12, accounting for nearly 60% of the overall impacts. 
These phases are associated with the greatest energy consumption 
among all unit processes; the reason behind this can be attributed to the 
share of nuclear energy (imported mainly from France) present in the 
Italian electricity mix.

Interestingly, Step 1 (Black mass separation with TEP) carries less 
than 16% of the environmental burden in all categories except for MRS, 
where it contributes for around 48%. This is mainly due to the extraction 
and processing of phosphate rock, used in the production of phospho
rous chloride, raw material for TEP.

Steps 4 and 13 both involve drying operations and still carry the least 
of impacts across all categories. These results are influenced by the 
allocation rule applied, following (Rossi et al., 2024), with energy 
consumption allocated by volume occupied by the sample.

A sensitivity analysis was also performed to verify this assumption, 
reported in Figure S4 in Supplementary Material, with the oven energy 
consumption considered as a whole. This confirmed the robustness of 
the model since the most impactful process phases remained the same 
even after reducing the allocation factor. The endpoint-level heat map 
(Fig. 5b) confirms the trends previous stated, with Steps 5 and 6 being 

the first and second most impactful, respectively, followed by Steps 1, 10 
and 12 contributing between around 8% and 14% across all endpoint 
categories.

For these process units a contribution analysis was carried out to 
understand which type of flows are responsible of the greater environ
mental burden. To obtain aggregated results for each process unit 
considered normalization and weighting were applied to the LCIA re
sults; the outcomes expressed as percentages are shown in Fig. 6.

Steps 1, 5 and 6 represents the units carrying the process innovations, 
involving the use of triethyl phosphate and the Deep Eutectic Solvent 
constituted of choline chloride and oxalic acid, as these represent the 
innovative reagents selected by the research group. This highlights that 
future efforts to optimize the process should be concentrated on the 
reuse and recycling of these solvents. Steps 10 and 12 both involve 
centrifugation operations and the disposal of residuals, which were 
modelled as being sent to treatment.

Within the "BM separation with TEP" unit, the production of triethyl 
phosphate (TEP) accounts for 92.2% of the total environmental impact 
associated with this phase. Tracing the upstream supply chain, the 
dominant contributors to the solvent's overall impact are the raw ma
terials required for its synthesis, specifically ammonia, phosphorus 
chloride, and ethanol. No credit was allocated for the aluminium 
recovered during this process unit, as it requires additional treatment 
steps before it can reach a marketable grade. Although material losses 

Table 4 
Comparison of cobalt recovery from Co-based cathode materials using conventional acid leaching and DES-based approaches.

Feedstock Leaching system Operating conditions Cobalt recovery / extraction efficiency Ref.

NMC622 powder from spent 
LIB

1 M H₂SO₄/H₂O₂ Acid leaching with oxidant assistance ~50.6% Co extraction [66]

Spent LIB LCO cathode 
powder

3 M H₂SO₄/H₂O₂ Acid leaching with oxidant assistance, 70 ◦C 99.50% Co recovery [67]

Fresh LiCoO2 cathode powder Choline chloride:ethylene glycol DES Optimized ChCl:EG (1:5), 160 ◦C, 48 h, 
followed by Co electrodeposition

maximum faradaic efficiency of about 
80% for cobalt deposition.

[68]

Spent LIB cathode powder Choline chloride:ethylene glycol:benzoic 
acid ternary (1:1.6:0.4) DES

Optimized at 443.15 K (~170 ◦C), 3 h ~100% Co leaching efficiency [69]

Fresh LiCoO2 cathode powder Choline chloride:citric acid:H2O DES Water-assisted DES leaching using a 
hydrothermal reactor

99.76% Co recovery after precipitation [70]

Spent LIB LCO cathode active 
material powder

Ethylene glycol:sulfosalicylic acid 
dihydrate (12:1) DES

110 ◦C, Hydrothermal autoclave, 6 h 93.5% Co leaching efficiency [71]

Lithium cobaltate LCO 
powder

Choline chloride:Oxalic acid (1:1) with 
water

Cobalt oxalate recovery Using a Microwave- 
Assisted DES

99.21% Co recovery in form of Cobalt 
oxalate

[40]

LCO production roll scraps Choline chloride:Oxalic acid DES (1:1) 55 ◦C, 48 h, KOH precipitation 57% Co recovery This 
work

Fig. 5. Heat map showing the LCIA results (in %) of the selected impact categories, both for a) midpoint and b) endpoint categories. Step 1: Black mass separation with 
TEP; Step 2: Removal of TEP from black mass; Step 3: Washing of black mass; Step 4: Black powder drying; Step 5: DES preparation; Step 6; Leaching in DES of the 
black powder; Step 7: Separation of DES from solid residues; Step 8: KOH solution preparation; Step 9: pH adjustment with KOH; Step 10: Separation of precipitate 
from supernatant; Step 11: Precipitate washing; Step 12: Removal of potassium oxalate; Step 13: Drying of cobalt hydroxide. Values in bold are those contributing 
more than 8% to the environmental impacts, for a specific impact category.
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were assumed to arise entirely from TEP evaporation, the resulting 
emissions appear to contribute only marginally to the overall impact 
profile.

Within the unit “DES Preparation”, the main environmental hotspots 
are represented by the production of oxalic acid and choline chloride, 
contributing for 75% and 23%, respectively, to the total unit process 
impact, across all categories. The high contribution of materials in 
Phases 1 and 5 was verified through additional contribution analyses 
related to the synthesis of the three substances, showing that their im
pacts in turn derive from the raw materials used for their synthesis.

In Step 6, the only input to this phase, besides the BM from the 
previous stage, is electricity. Consequently, the contribution analysis 
results consistently show that electricity accounts for 98.4% of the total 
impact of this step. As already mentioned in the Goal & Scope definition 
of the study, for lab-scale processes electricity consumption can often 
mask the impact of other flows, since when scaling up, the energy de
mand of unit processes tends to decrease while efficiency increases. 
Nevertheless, the electricity consumed in step 6 is associated with 
maintaining the leaching operations at 55◦C for 48 h, resulting in a 
significant energy demand. Therefore, improving process kinetics and 
reducing reaction time should be a priority.

For Steps 10 and 12, although they involve the same type of opera
tion, i.e., centrifugation, the impact profiles differ significantly. In Step 
10, 79.6% of the impacts arise from waste disposal, whereas in Step 12 
electricity generation accounts for almost all impacts. This difference is 
due to the nature of the output streams handled in each step. In Step 12, 
the supernatant obtained after centrifugation consists mainly of water 
and was modelled as being sent to a wastewater treatment plant. In 
contrast, in Step 10 the solid fraction containing cobalt is separated from 
the supernatant bearing lithium. At the time of writing, lithium recovery 
had not yet been optimized; therefore, this liquid stream was treated as 
hazardous waste destined for incineration.

Sensitivity analyses were conducted to assess the robustness of the 
developed model and to explore possible strategies to mitigate process 
hotspots. First, based on the contribution analyses, potential solutions 
were hypothesized to reduce the criticalities of the most impactful 
phases.

For Phase 6, instead of the actual Italian electricity mix, a mix was 
created by increase of + 20% the renewable sources in the IEA (Inter
national Energy Agency) 2023 electricity mix for Italy, representing a 
future scenario with a higher share of renewable energy. Figure S3
shows that this variation resulted in a 37.7% reduction in the total 
impact of the phase. At the midpoint level, a decrease in the scores for 
global warming, fine particulate matter formation, and fossil resource 

scarcity was observed, due to the lower use of fossil-based energy. 
Conversely, some impact categories (e.g. terrestrial ecotoxicity) showed 
an increase in environmental effects, indicating a partial burden shifting 
from one impact area to another.

A review of the ecoinvent documentation for the oxalic acid pro
duction dataset in China revealed that the industrial process selected for 
modelling, i.e. the oxidation of propylene, represents an outdated route 
that has been largely superseded in practice. Current industrial methods 
for oxalic acid production in China primarily include the CO coupling 
method, the ethylene glycol oxidation method, and the sodium formate 
method. To account for this limitation, an alternative dataset from the 
IDEA database was adapted to perform a sensitivity analysis [56], 
examining how impacts vary for the process Step 5 across all midpoint 
and endpoint categories, alongside a direct comparison between the two 
datasets. Results are reported in the form of a heat map in Fig. 7.

The DES preparation step remains one of the greatest contributors to 
overall impacts, although its relative contribution decreases compared 
to the analysis in Fig. 5, particularly for SOD, OFHH, FPMF, OFTE, and 
TA. Step 6 emerges as the dominant phase across most categories, and 
for all endpoint categories, while Step 5 ranks second, with the excep
tion of ME and TE (and marginally for OFHH, FPMF, and HCNT, where 
differences are within a few decimal points). This confirms the role of 
electricity consumption in the development of this process and likely 
constitutes the main obstacle to its scale-up.

Finally, an uncertainty analysis of the entire process was carried out 
using the Monte Carlo method, assuming a lognormal distribution with a 
95% confidence interval over 100 iterations (Table S19 in the 
Supplementary Material) [72]. Most midpoint categories exhibit a co
efficient of variation (CV) between 5.6% and 18%, while six categories 
(FE, FET, MET, HCT, LU, and MRS) show higher values ranging from 
27.2% to 39.7%. IR, WC, and HNCT display outlier CV values, which can 
be attributed to the intrinsic uncertainty associated with certain 
elementary flows linked to these categories [48].

Model’s robustness was confirmed by comparing the results obtained 
with the chosen impact method (ReCiPe 2016) and an alternative 
method (Environmental Footprint 3.1), shown in Table S20. Categories 
with the same unit of measurement were compared, minor differences in 
results (e.g., global warming ±1.94%), except for water consumption 
category. The observed difference can be attributed to the character
ization factor used in the different impact assessment methods. The EF 
3.1 impact assessment method quantifies water consumption in relation 
to the water scarcity of the specific geographic region, according to the 
AWARE (Available WAter REmaining) model. This model assesses the 
amount of water remaining in a watershed after meeting the demands of 

Fig. 6. Contribution analysis of the most impactful stages. Percentages displayed for each step represent the contribution of a corresponding flow to the total 
endpoint impacts, aggregated in a single score fashion. In Step 1, emissions contribute for 5.70E− 5% of the total impacts.
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humans and aquatic ecosystems. In contrast, the ReCiPe 2016 method is 
based on different models, including those developed by Döll and Sie
bert (2002) and Hoekstra and Mekonnen (2012) [58,73]. In this 
approach, water consumption may either coincide directly with the life 
cycle inventory flows or depend on the efficiency of water use in relation 
to the type of activity considered.

In order to identify opportunities for improving the process's envi
ronmental performance and highlight key areas for optimization, a 
simplified prospective LCA was carried out [46]. Lab-scale LCAs are 
particularly useful for identifying hotspots at early stages of technology 
development, thereby guiding optimization efforts [74]. Meanwhile, 
prospective modeling allows early-stage processes to be evaluated at a 
future, more mature scale (e.g., large-scale production). Based on the 
previous discussion, the main drivers of environmental impacts are the 
consumption of chemicals, even those deemed green and sustainable, 
and the energy required during the leaching phase. While TEP and DES 
remain promising solutions, their recycling and reuse must be carefully 
evaluated. In the lab-scale process, the unreacted TEP contains binder 
and graphite, which must be removed prior to recycling. A micro
filtration step was considered as a potential recovery method. The en
ergy demand for this operation was estimated consulting the framework 
proposed by Piccinno et al. (2018) [53].

Due to the lack of empirical data on actual recovery efficiency, 
several scenarios were developed to assess how variations in efficiency 
affect environmental impacts. Depending on the recovery rate, both the 
raw chemical inputs and the amount of material sent to hazardous waste 

incineration vary accordingly. Regarding the DES, direct reuse was 
evaluated; according to Li et al. (2023) [75], DES can be reused for 
cobalt leaching at least four times before the lithium concentration in 
the leachate reaches saturation, preventing further Co extraction. 
Although DES is reused, a make-up fraction of oxalic acid – acting as 
both a reducing agent and a complexing agent – must be added to 
compensate for the amount required to reduce all Co3+ to Co2+ [76,77]. 
Similar to TEP, the impacts were calculated across multiple DES reuse 
cycles to observe variations across different impact categories.

Overall, 24 alternative scenarios were evaluated alongside the 
baseline. Fig. 8 highlights the results for Global Warming and Mineral 
Resource Scarcity, while the remaining impact categories are provided 
in Table S21 of the Supplementary Material. For Global Warming, 
reusing DES proved to be the most effective strategy to reduce the 
overall environmental burden (achieving a 7.1% impact reduction with 
just one reuse cycle). Conversely, TEP recycling is advantageous only if 
recovery efficiency exceeds 70%; below this threshold, the energy de
mand for microfiltration makes the process even more burdensome. A 
reverse trend is observed for Mineral Resource Scarcity: TEP recycling 
consistently offers significant benefits regardless of efficiency, yielding 
impact reductions ranging from 5.7% (at 30% recovery) up to 16.9% (at 
90% recovery). On the other hand, DES reuse reduces impacts in this 
category by up to approximately 7%. Therefore, process optimization 
should prioritize the development of efficient recycling and reuse loops 
for these innovative materials. Nevertheless, as these scenarios rely 
primarily on literature data, future studies should focus on 

Fig. 7. Heat map showing the LCIA results (in %) of the selected impact categories, both for a) midpoint and b) endpoint categories. Oxalic acid production original 
dataset from ecoinvent was replaced with one adapted from IDEA database (see Table S16 for further information).

Fig. 8. Variation of the impacts (expressed as a percentage) compared to the baseline scenario, for the categories Global Warming and Mineral Resources Scarcity. 
Variations are expressed for scenarios in which recovery efficiency for TEP and reuse of DES change across different values.
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experimentally verifying the practical feasibility of these recovery 
operations.

Another major hotspot in the LCO recovery process is the high energy 
consumption measured during the leaching phase, which reached 1.28 
kWh/g at the laboratory scale. Applying the framework proposed by 
Piccinno et al. (2018) [53], a prospective scale-up model (assuming a 
1000-liter reactor) was developed to determine whether this high en
ergy demand stems from heating or from stirring difficulties caused by 
the high viscosity of DES.

The scaling framework assumes turbulent flow – defined by a Rey
nolds number (Re) greater than 10000 – to maintain a constant power 
number (Np). To verify this assumption for the targeted system, the 
Reynolds number was calculated using density and viscosity data for this 
specific DES at 55◦C from Popescu et al. (2014) [78]. The resulting value 
Re = 1.33*104) confirmed that the flow is indeed turbulent, albeit close 
to the transitional regime boundary. Using Piccinno's equation with an 
Np of 0.79, the energy required for stirring was calculated to be 0.75 
kWh/kg of cobalt hydroxide. Even under a worst-case scenario with 
non-turbulent flow and a significantly higher power number (Np = 5.5), 
the stirring energy demand would be 5.25 kWh/kg, still three orders of 
magnitude lower than the experimental lab-scale value [53].

Furthermore, heating energy requirements were estimated assuming 
a specific heat capacity of 2.6 J/kg*K (adapted from Naser et al., 2016 
[79]). The calculated thermal energy demand was 0.37 kWh/kg. These 
findings indicate that in a potential industrial scale-up, energy con
sumption for stirring will represent a far greater fraction of the energy 
balance than thermal energy. Overall, reducing leaching time remains 
the most critical target for minimizing the total energy burden of the 
process.

One of the main goals of lithium battery recycling is the reduction of 
virgin mineral extraction [80]. For this reason, the environmental per
formance of cobalt hydroxide recovery through the recycling process 
described here was compared with that of primary cobalt hydroxide 
production. Although the results (Fig. 9) may appear less promising, it is 
crucial to consider that the process is still at the laboratory scale. Hence, 
there remains room for improvement, including both optimization of 
operational parameters and refinement of lithium recovery.

Beyond conventional environmental LCA indicators, reducing pri
mary cobalt extraction may also have broader sustainability implica
tions. From a functional perspective on natural resource use, recycling 
can support the availability of materials that are essential for socio- 
economic systems, particularly for Critical Raw Materials such as co
balt [81,82]. However, these aspects relate to supply security and sys
tem resilience are not fully captured by environmental LCA, being more 
appropriately addressed through criticality assessment and within a Life 

Cycle Sustainability Assessment framework [83].

4. Conclusions

Cobalt can be effectively recovered from LCO cathode scraps by 
combining the BM detachment from the current collector with TEP and 
the leaching with choline chloride–oxalic acid. Cobalt can then be 
recovered by adding KOH to the DES solution and precipitating mixed 
phase of cobalt hydroxide/oxide. The good recovery yield, together with 
the reproducibility of the dissolution and precipitation steps, confirms 
that the DES-based process is capable of extracting cobalt from cathode 
scraps under mild conditions. These results validate the feasibility of this 
solvent system as a promising alternative to conventional hydrometal
lurgical routes for cobalt recovery.

Despite the experimental lab validation as alternatives to classic 
solvents, DESs are far from being industrially applicable. DES-based 
systems are characterized by high viscosity and slow leaching kinetics 
that complicate reliable scale-up modelling. Another issue that remains, 
[61,76] common to other studies based on the use of DES for hydro
metallurgy, is solvent recycling, which still needs to be optimized: 
lithium remains in the raffinate, and if a recycling stream is developed, 
an oxalic acid make-up may need to be implemented, since this 
component can act as an oxidant for cobalt and is therefore consumed.

A limitation of this work is that we considered Lithium-DES solutions 
as waste because of the lack of experimental data on the lithium re
covery at the lab scale. Indeed, we attempted to recover Lithium, by 
using CO2 and Na2CO3 to precipitate Li2CO3, which was not successful 
due to the low Li+ concentration (0.341 g L− 1, Table 3).

Moreover, the components typically used to formulate DESs are 
relatively expensive from an economic standpoint – a significant 
drawback for an industry like the metallurgical one, which traditionally 
relies on cheap solvents, particularly in cases where the revenue per unit 
mass of recovered material is low.

This study applied a structured LCA framework comprising goal and 
scope definition, inventory development, impact assessment, and 
interpretation to evaluate the environmental performance of a 
DES–based cobalt recovery process from LCO cathode scraps. By 
grounding the assessment in ISO 14040/44 standards and employing a 
cradle-to-gate system boundary, the LCA enabled a transparent evalu
ation of material and energy flows throughout the laboratory-scale 
process and provided a systematic foundation for identifying environ
mental hotspots.

Across the inventory and subsequent impact assessment, solvents 
and electricity emerged as the dominant contributors to environmental 
burdens. Despite the motivation for selecting TEP and ChCl–OA DES 

Fig. 9. Comparison between cobalt hydroxide production from the studied process and from primary production.
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based on their growing relevance in emerging recycling technologies, 
their production and use were shown to be consequential drivers of 
impacts, underscoring the importance of integrating solvent optimiza
tion into early process design. Electricity demand, particularly during 
dissolution and thermal treatments, further highlighted the sensitivity of 
system performance to regional energy mixes. Consequently, the 
methodological structure of the LCA clarified how upstream processes 
such as solvent synthesis and national electricity profiles exert influence 
on downstream results.

The interpretation phase demonstrated the value of iterative 
refinement for early-stage technologies. Sensitivity analyses, aligned 
with the LCA framework, confirmed the model’s robustness while 
illustrating potential mitigation strategies, including solvent reuse and 
increased reliance on renewable electricity. Complementary methodo
logical checks such as alternative impact assessment methods and Monte 
Carlo uncertainty analysis reinforced the consistency of the findings and 
delineated categories where uncertainty remains significant.

Nevertheless, several methodological limitations inherent to early- 
stage LCA studies were identified. The need to model TEP and choline 
chloride from primary raw materials due to the absence of database 
entries introduces uncertainty regarding industrial representativeness. 
Moreover, laboratory-scale conditions, absent of process optimization, 
likely overestimate environmental burdens relative to future scaled 
processes. Additionally, cross-study comparisons remain constrained by 
discrepancies in functional units and system boundaries within the 
existing LCA literature on LCO cathode recycling.

Overall, the structured LCA methodology enabled a comprehensive 
understanding of the environmental profile of this emerging cobalt re
covery route and demonstrated how methodological rigor can guide eco- 
design in early process development. Future work should integrate 
simulated or experimental scale-up, explore alternative leaching sys
tems, and incorporate DES, TEP and lithium recovery to enable a more 
complete assessment of process multifunctionality. Such developments 
would enhance the robustness of environmental performance evalua
tions and strengthen the role of LCA as a decision-support tool in 
advancing sustainable battery recycling technologies.
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