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Abstract

Over the past 25 years, battery recycling has evolved significantly in response to evolving German and European legisla-
tion, which has progressively raised collection and recycling targets. These regulatory drivers have promoted research into
efficient, environmentally benign, and cost-effective processes. Battery recycling has primarily built upon the established
pillars of electronic waste processing: pyrometallurgy and hydrometallurgy. Direct smelting of batteries was quickly
adopted industrially due to its compatibility with existing facilities for other metallic wastes, despite high energy costs.
In contrast, direct hydrometallurgical routes offer high metal recovery efficiencies and lower operational costs but raise
concerns regarding wastewater management. A promising third approach, thermal preconditioning at temperatures up to
600 °C, has emerged, enabling the removal of toxic electrolytes and the chemical reduction of complex cathode materials,
thereby facilitating subsequent leaching. Each process chain presents distinct advantages and limitations, influenced by
factors such as national regulations, battery chemistry, and target products. This review reflects on 25 years of research
at IME, RWTH Aachen University, tracing the development of pyrometallurgical, hydrometallurgical, and hybrid routes,
with particular emphasis on thermal preconditioning and early-stage lithium recovery (ESLR) as key enablers of higher

lithium yields and alignment with future European Union (EU) recycling targets.
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1 Introduction

In an era where the demand for sustainable energy solutions
is more pressing than ever, lithium-ion batteries (LIBs) have
emerged as a cornerstone of modern technology, powering
everything from smartphones to electric vehicles. How-
ever, the rapid multiplication of these batteries has raised
significant concerns regarding resource depletion and envi-
ronmental impact. As such, the recovery of lithium from
spent batteries has become a crucial focus in the quest for
a circular economy. The concept of battery recycling began
to take shape globally around the same time, but Europe
took significant strides in establishing formal recycling
frameworks. In 2006, the European Union implemented
the Battery Directive (2006/66/EC) [1], which aimed to
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minimize waste from batteries and promote their recovery
and recycling. This directive required member states ensure
that at least 25% of used portable batteries are collected and
recycled by 2012, a target which has since increased. By
focusing on developing efficient recycling processes and
encouraging circular economy practices, Europe has posi-
tioned itself as a leader in sustainable battery management,
paving the way for innovative solutions to reclaim valuable
materials like lithium from spent batteries.

Prior to the adoption of EU Directive 2006/66/EC (the
Batteries Directive), German law on battery waste was pri-
marily governed by the Batterieverordnung (BattV, Battery
Ordinance), enacted on 27 March 1998 [2]. This ordinance
focused on the take-back, environmentally sound disposal,
and recycling of used batteries and accumulators to mini-
mize environmental pollution from hazardous substances
like mercury, cadmium, and lead. The BattV was in force
until it was superseded by the Batteries Act (BattG) in 2009
[3], which implemented the 2006 EU Directive. LIBs, which
emerged commercially in the early 1990s, were not explic-
itly mentioned in the 1998 BattV, however, such systems
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qualified as “accumulators” (rechargeable batteries) under
the broad definitions, so they fell within the ordinance’s
scope for take-back and general waste management.

Applied on 18 February 2024 (revoking the 2006/66/EC),
the “Regulation (EU) 2023/1542 on Batteries and Waste
Batteries” [4] represents a major overhaul, shifting to direct
EU-wide applicability without national transposition, and
categorizing batteries explicitly (portable, light transport,
traction, industrial). The key features for LIBs recycling
were set in terms of material recovery targets, recycling effi-
ciency, and collection targets. Figure 1 shows the evolution
on EU and German laws as well as the recycling efficiency
targets established by the Regulation 2023/1542, which
depict ambitious numbers in the near future.

These 25-years legislative framework has not only estab-
lished stringent recycling targets but also fostered a culture
of circularity within the academia and the industry. By man-
dating responsible disposal and recycling practices, these
policies have encouraged investments in innovative recy-
cling technologies and processes, leading to more efficient
recovery of valuable materials such as lithium, cobalt, and
nickel. This shift has spurred industrial growth, creating job
opportunities while simultaneously reducing environmental
impacts associated with battery waste. As a result, substan-
tial financial resources have been channeled into developing
sustainable solutions for battery lifecycle management, pav-
ing the way for a more resilient and circular economy that
aligns with global sustainability goals.

Since the commercialization of LIBs in the early 1990s,
recycling methodologies have evolved significantly, reflect-
ing advancements in both technology and regulatory frame-
works. Initially, LIBs recycling was limited and often
inefficient; however, over the past three decades, two pri-
mary methodologies have emerged: hydrometallurgical and

Fig. 1 Chronological evolution
and recycling efficiency targets of
battery regulations in Germany
and EU

pyrometallurgical processes. Hydrometallurgical methods
utilize wet chemistry techniques at relatively low tempera-
tures to selectively leach valuable metals from battery mate-
rials using aqueous solutions. In contrast, pyrometallurgical
approaches involve high-temperature smelting processes for
metal recovery through thermal treatment. Today, contem-
porary recycling practices predominantly employ a com-
bination of these methods to optimize metal recovery and
enhance overall efficiency. This integration allows for effec-
tive extraction of critical materials such as lithium, cobalt,
and nickel while minimizing environmental impacts associ-
ated with battery waste. Additionally, the evolution of recy-
cling techniques has seen the incorporation of comminution
steps and thermal treatment prior to main recycling stages.
Size reduction not only facilitates downstream processing
by increasing surface area but also improves material acces-
sibility during leaching or smelting and thermal treatment
removes organic compounds that causes damages during
handling. As a result, higher recovery rates are achieved,
contributing to more sustainable recycling outcomes in line
with modern circular economy principles [5—7].

Reflecting on our 25 years of research in LIBs recycling at
IME RWTH Aachen University, this review traces the evo-
lution of scientific inquiry and highlights the key findings
and developments that have significantly enhanced metal
recovery rates. An assessment of technological advance-
ments across various recycling methodologies, including
pyrometallurgical, hydrometallurgical, and hybrid routes,
exhibits emerging opportunities that align with the prin-
ciples of a future circular economy. The analysis not only
encompasses historical progress but also examines current
innovations that could further optimize recovery processes.
Ultimately, our goal is to establish a standardized process
flow for battery recycling that can serve as a benchmark for

1991 — Council Directive 91/157/EEC

1998 — Battery Ordinance (BattV, Germany)

2006 — Directive 2006/66/EC

2023 - Regulation 1542 on Batteries and Waste Batteries
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industry practices, facilitating greater efficiency and sus-
tainability in the management of LIBs waste.

2 Characteristics of End-Of-Life LIBs and
Blackmass

The main components of a lithium-ion battery (LIB) cell are
typically classified as the cathode, anode, electrolyte, cur-
rent collectors, separator, casing (or housing), and binders
[8]. The weight fraction of each component varies consider-
ably depending on the manufacturer, cathode chemistry, cell
format, and intended application. For example, in nickel-
manganese-cobalt (NMC) cells, the cathode active material
can account for up to 28 wt%, the anode active material up
to 20 wt%, and the electrolyte approximately 15 wt% of the
total cell mass.

Blackmass is the fine powdered fraction generated after
the mechanical processing (shredding and sieving) of spent
LIBs, during which it is separated from coarser components
such as current collectors (aluminum and copper foils). It
consists of a complex mixture of cathode and anode active
materials, electrolyte, binders, separator fragments, and
minor contaminants from the cell casing and current collec-
tors. As a result, blackmass is a highly heterogeneous pow-
der with typical particle sizes below 0.5 mm. For example,
blackmass obtained from lithium cobalt oxide (LCO) bat-
teries generally contains a significantly higher cobalt con-
tent than that derived from nickel-manganese-cobalt (NMC)
batteries. Table 1 shows the chemical composition of two
shredded blackmass batches from NMC 622 cells prior to
thermal treatment.

Regarding the crystallographic structure of blackmass,
X-ray diffraction (XRD) analysis typically reveals graph-
ite and complex metal oxides as the phases with the most
intense reflection peaks. In blackmass derived from NMC
622 batteries, the oxide phase LiNio.sMno.2C00.202 is com-
monly observed, often accompanied by other individual
oxide phases such as LiNiO..

3 Direct Pyrometallurgical Route

In the early 2000s, research into LIBs recycling was still in
its nascent stages. Much of the existing expertise, includ-
ing that at the IME Process Metallurgy and Metal Recycling

Institute, was derived from pyrometallurgical processes
already established for recycling metallic wastes in other
industries. A prominent industrial example was Umicore’s
VAL’EAS process (later evolved into more advanced vari-
ants), which integrated pyrometallurgy and hydrometal-
lurgy by directly smelting battery scrap in a shaft furnace
without extensive pretreatment. This approach achieved an
overall recycling efficiency of approximately 70%, includ-
ing thermal valorization of organic components. Noble met-
als such as cobalt, nickel, and copper reported to a metal
alloy phase, which was subsequently refined hydrometallur-
gically to produce high-purity compounds (e.g., LiCoO, and
Ni(OH),) along with solutions containing Cu, Fe, and Mn.
In contrast, less noble (or “ignoble”) metals, particularly
aluminum and lithium, predominantly partitioned to the
slag phase, which was frequently landfilled or used in low-
value applications, resulting in significant lithium losses.
Similarly, INMETCO Inc. employed pyrometallurgy in
electric arc furnaces, incorporating LIBs scrap as a second-
ary feedstock alongside other wastes. However, this method
yielded relatively low overall recycling rates, with ignoble
metals (Al, Mn, and L1i) largely entrapped in the slag, again
typically landfilled, and the primary products consisting of
iron-based alloys enriched in cobalt and nickel [11].

These early pyrometallurgical routes demonstrated
robustness and compatibility with existing industrial infra-
structure but highlighted critical limitations, particularly
the inefficient recovery of lithium and other light metals,
which prompted subsequent research toward improved
slag design, process optimization, and hybrid approaches
to enhance selectivity and sustainability [6, 12]. Recog-
nizing that lithium was lost not only to the slag phase but
also to flue dust in conventional pyrometallurgical pro-
cesses, research efforts increasingly focused on this critical
metal. It was demonstrated that optimized slag design and
process parameters could effectively enrich lithium in the
slag. Under modified conditions, analogous strategies were
applied to increase lithium concentration in the flue dust
captured by filter bags [13, 14].

Thermodynamic simulations using FactSage™ played a
central role in supporting and validating these approaches.
Initial pyrometallurgical experiments with various slag sys-
tems were conducted on both laboratory and pilot scales in
electric arc furnaces. The primary objective was to concen-
trate cobalt from LCO battery types into a metal alloy phase
while selectively partitioning lithium into the slag. Among
the tested compositions, a slag system comprising 54.5 wt%

Table 1 Chemical composition of shredded and sieved blackmass before thermal treatment

Composition in wt% Li Ni Mn Al Cu F P C
NMC 622! 2.51 14.20 4.26 4.56 5.04 4.51 3.51 0.57 34.55
NMC 6222 3.21 14.60 5.09 5.30 2.02 1.83 2.50 0.55 39.90

Source: ! [9]; 2 [10]
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CaO and 45.5 wt% SiO: (Fig. 2a — point S1), combined with
pelletized, pre-conditioned active material supplied by proj-
ect partners, yielded the most favorable results. Under these
conditions, cobalt and manganese were transferred to the
alloy phase with efficiencies of 95% and 70%, respectively
[11, 13].

Subsequent investigations extended pyrometallurgical
research to the first use of NMC battery types as input mate-
rial. Slag systems composed of CaO, SiO, and MgO were
thermodynamically simulated and experimentally tested
to evaluate their impact on metallic yields (i.e., transfer of
valuable metals to the alloy phase) and lithium enrichment
in the flue dust. The highest recoveries of nickel, cobalt, and
manganese in the alloy phase were achieved with slag com-
positions containing 40—45 wt% CaO, 4045 wt% SiO:, and
15 wt% MgO (Fig. 2b — green point). Accordingly, smelt-
ing trials were conducted using these optimized slag sys-
tems. The results demonstrated a satisfactory average metal
recovery rate of 88.5% (Fig. 3a and b), alongside effective
lithium enrichment in the flue dust, reaching 17.3 wt% Li
(compared to 82.7 wt% reporting to the slag phase) [15].

In line with the objective of recovering lithium through
pyrometallurgy, vacuum distillation was investigated. Since
lithium was not present in its elemental form within the
electrode material but rather as compounds with high boil-
ing points (e.g., LiCo0,), a reduction process was necessary
to facilitate the targeted volatilization. However, due to the
design of the condenser, additional evaporated material con-
densed on the water-cooled furnace lid and walls, resulting

a)

b) ﬂ

in only 30% transport efficiency for lithium, thereby indi-
cating poor selectivity [16]. In a recent study, a higher
efficiency of 96.87% could be achieved in a lithium volatil-
ization process at 1450 °C with chloride addition up to 2.7
times the lithium content. The waste LCO-battery type after
crushing was mixed with copper slag (fayalitic slag) and
CaCl,, where LiCl was obtained in the flue dust and char-
acterized. The LiCoO, from the cathode is reduced to Li,0,
which then reacts with CaCl,, generating the LiCl [17].

Recently, the concept of Engineered Artificial Minerals
(EnAM) has emerged as a promising strategy for lithium
recovery. In this approach, specific minerals such as lith-
ium aluminates (y-LiAlO,) have their grain size increased
through tailored slag design and processing conditions,
facilitating downstream processes for lithium recovery. Two
critical processing conditions are slow cooling rates and
the composition of each compound within the slag system
Li,0-Ca0-Si0O,-Al,05;-MnO. These parameters have dem-
onstrated efficiency through thermodynamic simulations
and smelting trials. The cooling rate of 50 °C/h resulted
in LiAlO, particles exceeding 1 mm in size (Fig. 3¢ and
d), which were subsequently treated hydrometallurgically,
achieving a selective lithium recovery efficiency of 92.5%
[18-20]. Furthermore, another study indicated that at a cool-
ing rate of 25 °C/h, the particles exhibited a coarser grain
size in granular areas with a less spherical shape, in contrast
to finer and more spherical minerals observed in the central
area at 50 °C/h [21].

Upscaling smelting trials with NMC blackmass and a
slag system consisting of Si0,-Ca0-Al,0;-CuO was also

0 0 \| 7
12000-7410;  Ca0-Al0;
Weight % Al;03—e

Fig. 2 Ternary diagrams from FactSage™ simulation for slag design in battery pyrometallurgical recycling. Phases and melting temperature lines
are also shown. Blue, red, and green dots represent slag systems investigated ([11, 15] adapted)
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Fig. 3 Pyrometallurgical methods
for processing end-of-life LIBs:
(a) electric arc furnace (2 L); (b)
products of electric arc furnace

— slag on top and metal alloy

on bottom; (c) top blown rotary
converter (TBRC) (400 L); (d)
slag product from TBRC with
LiAlO,-grains in green-fluores-
cence display. (adapted from [11]
and [22]).

conducted within the framework of the Engineered Arti-
ficial Minerals (EnAM) concept [22]. The trials utilized a
Midsize Top Blown Rotary Converter (TBRC), which oper-
ated on natural gas and oxygen, along with a cooling rate
of 25 °C/h following casting in another heated resistance
furnace. This setup facilitated the crystallization of the slag
phase. Despite some observed losses, LiAlO, constituted
17.9 wt% of the slag, with a transfer efficiency of 78% for
lithium to this phase.

4 Direct Hydrometallurgical Route

An entirely different approach involves subjecting black-
mass to aqueous media for the extraction of metals of inter-
est. By manipulating a set of relevant parameters, such as
temperature, solid-to-liquid ratio (S/L), acid or base concen-
tration, and oxidation environment, leaching efficiency and
selectivity can be assessed with significantly lower energy
consumption compared to pyrometallurgy.

Typically, the leaching of blackmass powder is preceded
by a sequence of processes including cell discharging, inert/
water shredding, and mechanical separation. However, a
notable disadvantage is the presence of binders and sepa-
rators, which hinder the leaching efficiency of metals, par-
ticularly in water. According to some investigations, only
approximately 20 wt% of lithium from NMC battery types
is effectively water-leached at both room and elevated tem-
peratures under these conditions [10]. Additionally, com-
plex compounds such as LiNi, 33Mn, 33Co, 330, are stable
and insoluble. A similar behavior has been observed in LFP
battery type during water leaching, where leaching efficien-
cies also fall below 20% [23].

Moreover, direct hydrometallurgical processes for bat-
teries are negatively impacted by electrolytes that release
toxic gases, necessitating stringent safety measures. This
concern often leads to the avoidance of direct hydrometal-
lurgy. In addition, often extreme conditions must be used,
such as strong leaching agents, extended holding time, and
bioleaching are used to overcome the electrolyte and binder
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problem. The use of electrochemically-assisted leaching
using just 2 V vs. Ag/AgNO3 with 0.5 M HCl in 25% (v/v)
glycerol and water showed an extraction efficiency for Li
from the cathode of 82% in 3 h and 40 °C [24]. Using bacte-
rial strains and only crushing and sieving, bioleaching with
pH adjustment and suitable environment for growing, the
metal extraction rates were 99% of Cu and Al (~ 24 h), 95%
of Ni (~ 24 h) and Li (~ 30 min), and 96% of Co (24 h)
[25]. With oxalic acid 0.6 mol-L™ ! leaching, S/L ratio of
50 g-L™ 1 and temperature of 60 °C, Li was 90% recov-
ered from an LCO blackmass previously crushed and sieved
under 500 um only after a duration of 7 h [26].Investigations
reveal that most companies employing hydrometallurgy as
their primary method for LIBs recycling, such as Li-Cycle,
American Battery Technology Company (ABTC), and
Aqua Metals, were established in the mid-2010s onward.
In contrast, during the early 2000s, lithium-ion battery recy-
cling was predominantly dominated by pyrometallurgical
processes or hybrid pyro-hydro approaches.

5 Hybrid Routes

While smelting processes offer several advantages, the
reduced metals are not selectively separated, necessitating
a subsequent leaching process to isolate the desired prod-
ucts. A notable example of this is the previously mentioned
UMICORE process. Since the beginning of LIBs recycling,
several companies have developed state-of-the-art hybrid
processes that combine pyrometallurgy and hydrometal-
lurgy. For instance, Xstrata has integrated battery scrap into
pyro-hydrometallurgical processes since 2001, utilizing
high temperatures for extraction, resulting in the recovery
of cobalt, nickel, and copper.

In contrast, Toxco Inc. has focused on hydrometallurgy
with cryogenic pretreatment at -200 °C, a temperature at
which lithium behaves almost inertly. Following this treat-
ment, the batteries are safely shredded, allowing for the
separation of materials: metals are collected and sold for
further extraction, while lithium components are converted
to lithium carbonate (Li,CO;) for resale [11].

Lithium can be enriched in the slag and subsequently
leached with various acids to achieve higher efficiencies. To
this end, the use of blackmass and a suitable slag design
in an electric arc furnace (EAF) operating at temperatures
exceeding 1500 °C was tested. During this process, nickel,
copper, and cobalt were separated from the slag through
carbothermic reduction prior to the hydrometallurgical
step, thereby reducing contamination levels. The smelting
resulted in a lithium yield of 82.4% in the slag, while the
yields for cobalt, nickel, and copper in the metal alloy were
81.6%, 93.3%, and 90.7%, respectively [12]. A dry leaching

@ Springer

method applied to the resulting lithium-enriched slag was
found to be the most effective approach, which avoided
silicon leaching and gel formation, demonstrating efficien-
cies close to 90%. However, aluminum was also detected in
the leaching liquor. In this process, concentrated (17.9 M)
sulfuric acid with little amount of water was used, which
allowed S/L ratios of approximately 300 g/L [27].

After the removal of lithium through hydrometallurgi-
cal steps, smelting can also be integrated into the recycling
process to obtain slag and alloys. However, as previously
mentioned, the design of the slag, furnace conditions, tem-
perature, and the ratio of blackmass to fluxes must be opti-
mized based on composition. In an electric arc furnace,
recovery rates exceeding 95% for nickel and cobalt have
been achieved using this strategy [28].

6 Preconditioning: Thermal Treatment

The presence of electrolytes, binders, and separators has
been identified as disadvantageous for the LIBs recycling
process. In addition to the need for cell deactivation to pre-
vent explosions, the removal of these compounds has been
a primary focus since the outset of our research. Initially,
vacuum thermal treatment at temperatures up to 500 °C
was commonly employed on the cells. At this temperature,
organic compounds were decomposed and eliminated as
gases in combination with an inert gas (N, or Ar). The sub-
sequent shredding step was then safely conducted, allowing
for the easy removal of aluminum-iron casings from both
cathode and anode materials.

This concept evolved further when it was observed that
cathode complex compounds would decompose into smaller
and simpler constituents under thermal energy. NMC oxides
were fragmented into individual metal oxides such as NiO,
MnO, CoO, or even reduced to their metallic forms; addi-
tionally, Li,CO; would form through reactions with graph-
ite from the anode or through direct interaction between the
formed pyrolysis coke and the active mass. Thus, thermal
treatment was envisioned for these two reasons. However,
if metallic aluminum was present, thermal treatment could
not exceed temperatures of 660 °C (melting point), resulting
in agglomeration and encapsulation of other metals within
these molten particles.

In a breakthrough research investigation within the Eco-
BatRec project (BMFTR) coordinated by Accurec GmbH,
active material was thermally treated under inert atmosphere
from mild temperatures (300 °C) up to extreme conditions
(1000 °C) without adding further components in order to
investigate phase transformations. Significant results were
obtained, in which the conversion of lithium complex
oxides into Li,CO; achieved up to 90 wt% according to
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the following chemical reactions Eqs. 1-3 (M = transition
metal). The findings demonstrated promising outcomes, as
Li,CO; was detected in the residual material from tests con-
ducted with holding times of one and five hours. In contrast
to other compounds present in the residual material, Li,CO,
is water-soluble, which facilitates selective recovery of lith-
ium through aqueous leaching [16].

4LiMO2 — 2Li2O+4M+302(g)  AGggpec = 149.6 kJ/mol*  Equation 1
O3(5)+C — COy(y) AGgppec=—395.8 kJ/mol Equation2
COg(g)+Li20 — LiaCO3  AGgppec=—87.9 kl/mol  Equation3

*when M=Ni

Notably, the content of Li,CO; evolved from 15 wt% in
the starting material to 90 wt% in the thermal treated prod-
uct, as proved by XRD phase analysis. Furthermore, only
one other lithium compound, LiMn,0,, was detected in the
product following thermal treatment [16]. This marked a sig-
nificant milestone for thermal treatment processes applied to
blackmass materials. It was here that the potential for easy
leaching of Li,CO; using water was first recognized; this
concept later was known as Early-Stage Lithium Recovery
(ESLR). In this process, lithium is selectively recovered
before other chemical elements through aqueous leaching.
Given that Li,CO; exhibits relatively high solubility com-
pared to other metals, this method presents a more environ-
mentally friendly solution by avoiding strong acids or bases
while minimizing lithium losses during downstream pro-
cessing and enabling recovery of other valuable elements.

With or without prior deactivation, full cells were ther-
mally treated in an inert atmosphere within a closed reactor
(Fig. 4). During this process, parameters such as gas, tem-
perature, holding time, and heating rates were systematically
investigated. Observations included off-gas characterization
and increased leachability of the materials. Following ther-
mal treatment, inert shredding and particle size classifica-
tion were performed. Only the cathode, anode, and a small

Heated Off-Gas Pipe

Argon
Gas Cylinder

Fig.4 Scheme of thermal treatment furnace [9]

H,0 Scrubber

number of other impurities, such as copper and aluminum
foils, were subjected to thermal treatment. Various particle
sizes were examined alongside different inert gases, tem-
peratures, holding times, and heating rates [29-32].

When examining the off-gas formation during pyroly-
sis of industrially shredded NMC 622 LIBs under an inert
argon atmosphere, the key parameters varied were tempera-
ture (376719 °C), holding time (15—115 min), and a fixed
heating rate of 300 °C/h. Off-gas analysis was conducted
via FTIR on 10 g samples under N: (2.5 L/min), revealing
temperature as the dominant factor influencing composition
and release, with minor effects from holding time. Overall,
off-gases transition from electrolyte volatiles to decomposi-
tion products (CO-, hydrocarbons, HF) and finally reduction
gases (CO, CO:) were reported [9]. Another off-gas study
with the same LIBs type (NMC 622) focused on thermal
treatment of blackmass in an oscillating quartz-tube fur-
nace. The parameter mainly evaluated was the difference in
atmosphere composition (N2, N2 + 2.5% Oz, N2 + 5% O,
and pure COz), which significantly altered off-gas. Off-gas
volumes weren’t directly quantified, but semi-quantitative
concentrations show O: addition favors oxidized products
(higher CO2/CO, lower hydrocarbons/HF), while inert con-
ditions emphasize pyrolysis gases [10].

Taking into account the thermal treatment as a key step for
conditioning the blackmass and therefore facilitating leach-
ing behavior, a few researches have addressed Lithium and
other metals leaching efficiency through organic [33, 34] and
inorganic acids. Sulphuric acid consists one of the most used
acids that perform high rates of metals extraction. At 75 °C, 1
M, S/L ratio of 100 g/L of solution, agitation, and 1 h of reac-
tion time, the leaching efficiency for Li and Mn was close to
100%,; for Al, Co, and Fe was around 70%, and finally for Ni
was lower than 50%. Interestingly, for Li and Mn the kinetics
are extremely fast, reaching the maximum leaching efficiency
in the first minutes [35]. However, the starting material was
preconditioned with shredding and electrolyte removal.

Post-Combustion

NaOH Scrubber Unit
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Sulfating roasting experiments were performed on lith-
ium-ion manganese oxide (LMO) battery blackmass to
achieve selective lithium recovery, using CaSO4 and CaCOs
as sulfating agents in a static reactor. Key parameters inves-
tigated included roasting temperature (620-720 °C), resi-
dence time (10—40 min), and the molar fraction of CaSOa
(0-100%, with the balance as CaCOs). Subsequent water
leaching was conducted at a fixed S/L ratio of 1:20, 60 °C,
for 1 h. The highest lithium leaching efficiency reached
93.4% and virtually no manganese co-dissolved in the leach
solution. Post-roasting products exhibited sintering, indica-
tive of solid-solid reactions between the pyrolyzed black-
mass and the added reactants within the tested temperature
range [36].

Following microwave treatment at 6 kW for 14 min,
a mass loss of 14.7% was observed, compared to a mass
loss of 12% achieved through conventional pyrolysis at
approximately 550 °C, which is related to the organic mat-
ter removal. Additionally, reduction degree of NMC-oxides
was found to be comparable between the two methods.
Consequently, lithium recovery rates were nearly identical,
with conventional pyrolysis yielding 54.2% and microwave
treatment achieving 55.5%. These findings indicate that the
microwave process can attain product quality equivalent to
that of conventional treatments while demonstrating high
efficiency and time savings of approximately 88% [37]. A
new technique called Flash Joule Heating (FJH) also relies
on extremely high heating rates (10°-10° K-s™") and milli-
second-to-second reaction timescales. Such method enables
selective phase transformations, reduced energy consump-
tion and CO: emissions, and, in some cases, one-step

Fig.5 Schematic representation
of ESLR process, in which black-
mass is water leached followed
by lithium carbonate precipitation

Blackmass <
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integrated recovery of critical metals while preserving cath-
ode structures for direct recycling [38].

7 ESLR

Based on the principle of high-water solubility of Li,CO,
in comparison with other Li compounds, such as LiF and
Li-NMC-oxides, the Early-Stage Lithium Recovery con-
cept was developed. Bringing Li into Li,CO; and leaching
with water in mild conditions (Fig. 5) have increased the
Li recovery in the first step of the process chain in opposi-
tion to the recovering in the end after other metals recov-
ery, which accumulated losses. However, this step must be
carried out after thermal treatment. Recovery rates of up to
70% were observed for Li on laboratory scale, and 60% in
an upscale attempt. A negative effect is the co-solubiliza-
tion of up to 30% of Fluoride, which contaminates the Li
salt product [39]. In higher S/L ratio (40 g.L" ! in opposi-
tion to 10 g.L~ ') lower recovery efficiencies of circa 50%
were reported after optimized thermal treatment [9].

Another variation of this process was the one where CO,
was added to the solution, increasing the carbonation at the
same time as decreasing slightly the pH. In such conditions
higher efficiencies of around 90% were observed [40] for S/L
ratio of 10 g/L. In comparison with supercritical CO,, where
high pressures of over 100 bar are applied, the Li recovery
rate was close to 80% when 33.3 g/L were used [41].

Using NMC 111 pouch cells pyrolyzed at 650 °C, shred-
ded, and sieved under 250 um, the ESLR process showed
up to 60% recovery rate for Li. The 5-washing cycles of
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200 mL of water to the respective ESLR filter cake showed
an increase of around 14% for the Li recovery. It was also
reported that even though the water consumption is higher,
the climate change impacts in comparison with an acid leach-
ing process is reduced by 6% [42, 43].

[37]In an investigation for emerging cobalt-free LIBs
chemistries, specifically carbon-coated lithium nickel
manganese oxide (C-LNMO), silicon/carbon lithium-rich
layered oxide (Si/C-LRLO), and titanium-niobium oxide-
modified LNMO (TiNbO-LNMO) active materials, an
initial thermal treatment step was followed by mechanical
separation, ESLR, and acid leaching for selective metal
recovery. Notably, ESLR enabled early recovery of lithium,
achieving substantial yields (up to 90%) for this critical
metal while minimizing co-dissolution of transition metals.
Overall, the integrated process attained high recovery rates
of 65-90% for nickel, manganese, lithium, and anode mate-
rials across the tested cobalt-free systems [44].

Fig. 6 Battery recycling routes
over 25 years of research

8 Conclusion

This overview of 25 years of research on battery recycling
routes demonstrates that multiple options are available, as
illustrated in Fig. 6. These options depend on various fac-
tors, including economic and technical considerations,
as well as safety aspects. Numerous pathways have been
explored, each exhibiting its own advantages and disadvan-
tages. However, the preconditioning step involving thermal
treatment has shown significant outcomes in relation to lith-
um recovery, which is a critical chemical element in today’s
context. Thermal treatment not only facilitates the complete
removal of hazardous organic compounds but also condi-
tions nickel, cobalt, manganese, and lithium for easier sub-
sequent hydrometallurgical or pyrometallurgical processes.
Additionally, this approach may offer advantages for graph-
ite recycling, as it prevents the material from being burned
off and allows for further purification through leaching.
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Given these considerations, thermal treatment combined
with Early-Stage Lithium Recovery (ESLR) emerges as a
leading strategy in battery recycling efforts aimed at achiev-
ing future European Union targets regarding efficiency rates.
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