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The rapidly increasing consumption of lithium-ion batteries (LIBs), coupled with the growing volume of
end-of-life batteries, underscores the urgent need for sustainable and environmentally benign recycling
technologies. While deep eutectic solvents (DESs) have emerged as promising green alternatives to
traditional mineral acids and organic solvents, the use of amino acid-based DESs for metal recovery from
LIB waste remains largely unexplored. This study addresses this gap by developing a novel L-proline—
lactic acid DES blended with 30% water specifically designed for efficient leaching of lithium, cobalt, and
nickel from spent LIB cathode materials. The synergistic interaction between L-proline and lactic acid
creates a unique hydrogen-bonding network that enhances metal dissolution, marking a significant
advancement over conventional DES formulations. Response Surface Methodology (RSM) was employed
to systematically assess and optimize the effects of temperature, leaching time, and stirring speed,
leading to remarkably high leaching efficiencies under mild conditions. Experimental findings recorded
leaching efficiencies of 98.32% Li, 100% Co, 99.07% Ni and, 85.63% Fe, with minimal dissolution of Mn
under optimized conditions, suggesting the selectivity of the DES for Li, Co, Ni and Fe over Mn. This

indicates the superior performance of amino acid-based DESs. Kinetic modelling further revealed that
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Accepted 20th February 2026 the leaching follows a chemical reaction-controlled mechanism, confirming direct chemical interaction

between metal ions and the DES. Overall, this study showcases an innovative and environmentally
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Introduction

Lithium ion batteries (LIBs) have become indispensable in
modern technology, powering a wide array of applications from
consumer electronics to electric vehicles (EVs) and renewable
energy storage systems. Their high energy density, lightweight
design, and long cycle life have positioned them as the
preferred energy storage solution in the transition towards
a more sustainable and electrified future.® The global demand
for lithium-ion batteries is experiencing unprecedented growth.
In 2024, the total demand surpassed 1 terawatt-hour (TWh) for
the first time, driven by record-breaking EV sales and rapid
expansion in battery energy storage systems (BESS).* Projection
indicates that the global lithium-ion battery market will reach
approximately USD 115.89 billion in 2025 and is expected to
grow to around USD 4720 billion by 2034, exhibiting
a compound annual growth rate (CAGR) of 17.69%. This surge
underscores the critical role of LIBs in achieving global deca-
rbonization goals.> However, the rapid proliferation of LIBs
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friendly DES-water system that significantly achieves sustainability, efficiency,
comprehension of lithium-ion battery recycling.

and mechanistic

brings forth significant environmental and resource challenges.
The extraction and processing of valuable metals such as Li, Co,
Ni, Mn and Fe are energy intensive and have substantial
ecological footprint. The accumulations of spent batteries
possess risks of hazardous waste and resource depletion.
Recycling emerges as a pivotal strategy to mitigate these issues,
enabling the recovery of valuable materials and reducing the
reliance on resource extraction. Hydrometallurgy is often
preferred over pyrometallurgy for metal recovery because it
operates at lower temperatures, reducing energy consumption
and greenhouse gas emissions.®® It offers higher selectivity and
recovery efficiency for valuable metals, generates less hazardous
waste, and allows for easier control of processing conditions,
making it a more environmentally friendly and economically
viable option. Deep eutectic solvents (DESs) offer a greener,
safer alternative to traditional organic solvents and ionic liquids
due to their low toxicity, biodegradability, and ease in prepa-
ration from inexpensive, renewable components. Their tunable
properties, high metal extraction efficiency, and minimal envi-
ronmental impact make them ideal for sustainable metal
recovery processes.”** However, optimizing the multiple inter-
acting factors involved in the leaching process such as
temperature, time, solid-to-liquid ratio, and DES composition is
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inherently complex. Conventionally, LIBs cathodes are leached
with inorganic acids (e.g., H,SO,4, HCI) or organic acids (e.g.,
citric, oxalic), which need additional reductants (H,0,/Fe**) and
high acid dosage, resulting in equipment corrosion and safety
issues.””™® These systems produce high volumes of acidic
wastewater and have high downstream treatment cost. Organic
acids may reduce corrosiveness to some extent, but leaching
rates are reduced, and solvent recovery is usually restricted.
Alhashim et al.*® conducted a mechanistic study on leaching
transition metals from NMC(Nickel-Manganese-Cobalt oxide)
and NCA(Nickel-cobalt-aluminium oxide) cathode materials
using an ethylene glycol (EG) and choline chloride (ChCl) DES.
The work combined experimental leaching tests with DFT
calculations and found that EG helps in weakening of the
metal-oxygen bond, while Cl™ ions coordinate to form chloro-
metalate complexes, facilitating metal dissolution. However,
the process requires high temperatures (up to 180 °C) and long
leaching durations, which limits its efficiency and scalability.
Additionally, concerns over the high viscosity of DES at lower
temperatures and limited solvent reuse were acknowledged as
challenges to be addressed before industrial application. Jafari
et al.** compared binary and ternary DES systems (ChCl : Urea,
ChCl: EG, and ChCl: Urea: EG) for recycling spent LIB cath-
odes. Their ternary DES achieved higher leaching efficiencies
(Li: 97%, Co: 41%, Ni: 40%, Mn: 34%) and showed reaction
kinetics governed by a mixed control shrinking core model. Yet,
a limitation noted was that even ternary DES required relatively
high temperatures (up to 140 °C) for efficient metal recovery,
and higher viscosities hampered mass transfer, making leach-
ing times as long as 72 hours. Tang et al.** developed a novel EG:
sulfosalicylic acid dihydrate (SAD) DES characterized by strong
coordination ability and low viscosity, achieving remarkable
extraction efficiencies (Li: 98.3%, Co: 93.5% from pure LCO)
under more moderate conditions. The study revealed that
interfacial chemical reaction was the rate-limiting step in the
leaching kinetics. Despite its efficiency, the relatively high cost
and limited availability of SAD compared to common HBDs like
urea or EG, along with stability issues at elevated temperatures,
posed significant limitations for scaling this system industri-
ally. Yan et al.*® addressed viscosity and recyclability issues by
formulating a guanidine hydrochloride-lactic acid DES modi-
fied with ascorbic acid. This system achieved nearly 100%
leaching efficiency for both LiCoO, and NCM cathodes at just
50 °C in 24 hours and maintained its properties over at least
three cycles. While effective, the limitation here lay in the
gradual need for re-supplementing reducing agents like ascor-
bic acid and the formation of by-products over cycles, which
could affect DES stability and disposal protocols. Recent studies
have highlighted the potential of water regulated DESs for
lithium-ion battery recycling. Yang et al.** employed a ternary
DES composed of betaine hydrochloride, lactic acid and water,
for leaching of metals from LiCoO, resulted in 97% Co and 99%
Liat 100 °C in 20 min. They apprehended that metal dissolution
proceeded via proton-assisted M-O bond cleavage coupled with
redox reactions facilitated by hydrogen bonding and electron
transfer. However, the process occurs at elevated temperature
and acid-assisted redox activity. This may accelerate solvent

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

degradation and raise concerns regarding long-term solvent
stability as well as recyclability. Cheng et al.>® reported that
ChCl-oxalic acid-H,O DES shows high efficiency as a lixiviant,
for leaching of both Li and Co from LCO at 130 °C and 2 h.
Despite its high efficiency, the requirement for high operating
temperature and prolonged leaching time, and changes in
solvent composition, may limit energy efficiency and cyclic
reuse. These reports demonstrate that while DES-water systems
deliver excellent leaching performance, challenges related to
thermal demand, solvent stability, and recyclability still remain,
underscoring the need for optimized DES compositions and
operating conditions.

From the study of the above literature, it is clear that even
DESs have demonstrated considerable potential in the recycling
of spent lithium-ion batteries, most studies have predominantly
focused on choline chloride-based systems combined with
organic acids, urea, or ethylene glycol as hydrogen bond donors.
Meanwhile, the application of amino acid-based DESs remains
largely unexplored, despite their inherent advantages such as
biodegradability, low toxicity, natural abundance, and excellent
metal-chelating abilities.

In this context, Response Surface Methodology (RSM) stands
out as an ideal statistical and mathematical tool for experimental
design, process optimization, and modeling of such multifactorial
systems. RSM offers several advantages over traditional one-
variable-at-a-time (OVAT) approaches. Firstly, it efficiently evalu-
ates the effects of multiple process parameters and their interac-
tions simultaneously, significantly reducing the number of
required experiments.”® This not only saves time, resources, and
experimental effort but also improves the precision and reliability
of the optimization process. RSM is well-suited for identifying the
most influential factors and their synergistic or antagonistic
effects, which is particularly valuable in complex systems like DES-
mediated metal extraction, where subtle interactions can greatly
influence leaching efficiencies. Therefore, applying RSM in this
study ensures a systematic, comprehensive, and statistically robust
optimization of the leaching process parameters, ultimately
enhancing process efficiency and sustainability.””**

The novelty of this study lies in the development and appli-
cation of a green, r-proline-lactic acid based deep eutectic
solvent blended with water for the leaching of valuable metals
from cathode active materials. Proline-lactic acid DES used in
our study is considered as green and sustainable due to the
nature of its constituents (L-proline and lactic acid). Proline is
a natural, non-toxic, and inexpensive amino acid whereas with
Lactic acid (LA) is highly green and sustainable because of its
synthesis through the fermentation of renewable biomass using
microbes. Furthermore, in this study 30% H,O was added to the
proline-lactic acid (1: 1) DES and water blended DES was used
for leaching which reflects the green nature of the solvent.
Moreover, this work uniquely integrates the use of amino acid-
based DES with RSM to statistically optimize the key leaching
parameters and also helps to evaluate the interaction effects
among process variables which influence the leaching effi-
ciency. This dual approach not only introduces a new class of
bio-based, environmentally friendly solvents into the field of
battery recycling but also reduces the consumption of
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chemicals and it provides a statistically robust optimization
framework, advancing both the scientific understanding and
practical applicability of sustainable leaching systems.

Experimental
Materials & instrumentation

L-Proline(99% purity) and lactic acid (extra pure, 90%) were
procured from Merk Life Science and used in this study without
further purification. The physical and chemical properties of
the synthesized DES were characterized using standard analyt-
ical techniques. Density, refractive index, viscosity, and elec-
trical conductivity were measured over the temperature range
25 °C-55 °C using a digital density meter (Randloph Research,
DDM 2910; accuracy: 0.0001 g cm ™, 0.03 °C), an Abbe refrac-
tometer (MA-01; +0.0001), an Ostwald viscometer (+0.001 mPa
s), and a conductivity meter (Systronics 306; range: 0.2 uS-200
mS, +0.20 °C), respectively. Spectroscopic analysis was per-
formed using FTIR (JASCO FT/IR-4600 LE Varian) for functional
group identification. Thermal stability was evaluated via ther-
mogravimetric analysis (NETZSCH STA 449 F3 Jupiter), while
elemental composition was determined by ICP-OES (Thermo
fisher Scientific 7600, ICAP 7000 series). Crystallinity of waste
material and residue were examined by XRD (Rigaku D/max
2400, Ultima IV, Japan), and morphological as well as
elemental mapping studies were conducted using FESEM (JSM-
7610F) coupled with an OXFORD windowless EDS detector.

Characterization of mixed LIBs cathode powder

The pretreatment process of the mixed LIBs collected from used
smart phones to obtain cathode powder is shown in Fig. 1(a).
The phase composition of the mixed LIB waste cathode active
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material was analyzed using X-ray diffraction (XRD) in 2 theta
range 10° to 80° Fig. 1(b). The diffraction pattern revealed
distinct peaks corresponding to multiple crystalline phases
present in the sample. Characteristic reflections of Li,CoMn;O4
with a cubic structure were identified by matching with JCPDS
no. 00-048-0261. Peaks corresponding to LiFeO, were also
observed and confirmed using JCPDS no. 00-040-1499. The
presence of a Lij gg(Mn,Ni; ,); 1,03 peak with a monoclinic
structure was detected with JCPDS no. 00-052-0458. The iden-
tification of these phases indicates the heterogeneous compo-
sition of the spent cathode active material, comprising mixed
oxide and phosphate based compounds. The particle size
distribution of the cathode active material was determined
(Fig. 1(c)), and the results are summarized as follows: Dv (50)
was recorded at 10.785 pum, indicating that 50% of the total
particle volume lies below this size. The Dv (10), Dv (90), Dv
(99), and Dv (100) values were found to be 5.514 pm, 19.237 um,
26.323 um, and 31.053 pm, respectively. The average particle
size (Dv [4,3]) of the sample was 11.647 pm. These results
indicate that the waste material primarily consists of fine to
medium-sized particles, with the majority of the particle volume
distributed within the 5-26 um range. This plays a crucial role
in influencing the efficiency of subsequent leaching.

Fig. 2 represents the FESEM images and EDX analysis of the
cathode active material. The FESEM images, captured at 1 pm, 5
um, and 10 um magnifications, reveal a predominantly globular
morphology. The cathode material surface is covered by a hazy
matrix attributed to carbon additives commonly present in
cathode material. The EDX spectrum corroborates the
elemental composition, identifying all characteristic elements
(Fe, Ni, Mn, Co, O, and C) of the cathode material. The overall
metal compositions of the mixed spent LIBs was determined by
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(a) Schematic representation of pretreatment process (b) XRD patterns of the spent mixed LIBs with typical crystalline phases (c) particle
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Fig. 2 SEM-EDX of spent mixed LIBs with the illustration of surface
morphology and elemental analysis.

digesting the sample in aqua regia (HCl : HNO; = 3 : 1) followed
by analysis using ICP-OES. The concentration of metals present
in the spent mixed LIBs cathode powder listed in Table 1.

DES preparation, characterization and thermal stability

Proline: lactic acid (1:1) DES was formulated by mixing -
proline and lactic acid. Double distilled water (10-40% (w/w))
was added to it in order to facilitate dissolution. The mixture
was subjected to constant stirring at 323.15 K. Stirring and
heating were continued until a transparent and homogeneous
liquid was obtained, confirming the successful formation of the
DES.” The content of water is a key factor for the leaching
behavior of DES.** Hammond et al., reported that the structural
integrity of most of the DESs is retained even when the water
content reaches ~42% wt%.*"** Fig. 3 illustrates the structural
presentation of Pro:LA DES, showing the hydrogen bonding
between the components on the basis of the optimized struc-
tures for r-proline-carboxylic acid HDESs given by Maharana
et al.>

The FTIR spectra of -Proline, lactic acid, and 1-Pro: LA(1: 1)
+ (10-40%) H,O DES is shown in the Fig. 4(a) and (b). The OH
stretching vibrations observed at 3380.6 cm ™" in r-proline and
3414.35 cm™ " in lactic acid have been shifted to 3383.5 cm ™" in
the DES. Similarly, N-H stretching peak of i-proline, initially
observed at 3051.8 cm ™" was shifted to 3239.83 cm™ " in the
DES. The CN stretching vibration of L-proline was shifted from
1447.31 cm™ ' to 1455.03 cm ™ ' in the DES. The C=0 stretching
bands at 1614.13 and 1719.23 cm™ " in 1-proline and lactic acid
also got shifted to 1608.34 cm™ ", while the COO™ peak of r-
proline exhibited a shift from 1373.07 cm ™" to 1397.17 cm ™" in

Table 1 Metals present after aqua regia digestion

Metals Li Co Ni Fe Mn

Concentration in g L™" 1.46 0.042 0.846 1.712 0.416

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structural presentation of the L-pro:LA DES.

@O0

the DES. These characteristic peaks' shifting clearly demon-
strate the establishment of an extensive H-bonding network
between r-proline and lactic acid, which is responsible for the
formation and stability of the DES. The broad absorption peaks
observed in the range of 3400-3200 cm " in all cases corre-
spond to the stretching vibrations of OH and NH groups. The
OH peak broadening is an indication of extensive hydrogen
bonding between the 1-proline and lactic acid. With increase in
water content, the OH stretching bands slightly shift toward
higher wavenumbers from 3379.52 cm™' at 10% to
3388.75 cm™ ' at 40%, demonstrating increase in hydrogen-
bonding interactions in presence of more water. The peaks
observed in the range 1605-1613 cm™ ' are attributed to the
stretching vibration from C=O0O groups. The slight shift and
changes in intensity of these peaks with increasing water
content suggest alterations in orientation of H-bonding within
the DES matrix. The peaks in the region of 1454-1456 cm ™"
relate to CN stretching vibrations, whereas the peaks at
1397 cm™ ' are associated with COO~ stretching vibrations.
These observations are consistent with the known behavior of
DES upon hydration, where moderate water addition facilitates
molecular mobility without causing any disruption to hydrogen
bonding network in eutectic mixture.

Leaching

Leaching experiments were performed in a three-neck round
bottom flask fitted with a magnetic stirrer and a condenser. The
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Fig. 4 FTIR spectra of lactic acid, L-proline, Pro: LA (1:1) + (10-40%)
H,O DES (a) 3800-2800 cm™* (b) 2800-800 cm™*

RSC Adv, 2026, 16, 11442-11457 | 11445


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09345g

Open Access Article. Published on 27 February 2026. Downloaded on 4/5/2026 10:47:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

lixiviant Pro: LA (1:1) + 30% H,O DES was added to the flask
containing 20 g L' cathode powder and continuous stirring
was performed while maintaining the desired reaction
temperature. After the required duration, the leachate was
filtered off and residue if any was collected. The filtrate was
analyzed to know the contents of Li, Co, Ni, Fe, and Mn using
ICP-OES. The leaching efficiency of Li, Co, Ni, Fe and Mn was
calculated using eqn (1).

(CL X VL)

L (0/0) = m

x 100 (1)
where, L% is the leaching efficiency in percentage, C, is the
concentration of the metals in g L™" after leaching, V is the
total volume of the leach solution, W is the weight of mixed
spent cathode material subjected to leaching and C, is the
initial metal content.

Results and discussion
Thermo-physical properties

The physicochemical properties of the prepared Pro: LA (1:1) +
30% H,0 DES were systematically investigated over a tempera-
ture range of 298 K to 323 K. It was observed that the density of
the DES-water was decreased from 1.1902 g cm™> to
1.1012 g cm ® with increasing temperature as shown in
Fig. 5(a). This behaviour may be attributed to the enhanced
molecular motion at elevated temperatures, which leads to
enhancement in the intermolecular spaces, thereby reducing
the overall density of the system.'** Similarly, the refractive
index values of the DES exhibited a decreasing trend from 1.462
to 1.458 with rise in temperature (Fig. 5(b)). This reduction is
a consequence of the diminished cohesive forces and increased
molecular vibrations at higher temperatures, causing a decrease
in the optical density of the medium as well as polarizability.>*>®
These temperature-dependent variations in density and refrac-
tive index reflect the thermal sensitivity of the DES and indicate
significant changes in molecular interactions within the system
as thermal energy increases. The density and refractive index
values as function of temperature were fitted to linear and
polynomial equations and the experimental values along with
the calculated ones have been presented in Fig. 5. The fitting
equations relating the parameters and temperature have been
considered as given in our previous report.* Both density and
refractive index data were found to be well fitted by second
order polynomial equations with R* value of 0.9968 and 0.9977,

(b) T * “DExperimental
4 * Peperimentl 3 % ® nppreaicted

o
Poredicted Laso0

e

.
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Fig. 5 Variation of experimental and predicted (a) p (g cm™), and (b)
np as a function of T(K).
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respectively. The high R* values reflect good correlation between
the experimental data and calculated ones.

The viscosity and electrical conductivity of the prepared DES
were examined as a function of temperature in the range of 298
to 323 K. It was observed that the viscosity of the DES decreased
from 50.893 to 41.538 mPa s on increasing temperature as
shown in the Fig. 6(a). This behaviour can be explained by the
fact that as temperature rises, the thermal energy of the system
increases, which disrupts the intermolecular hydrogen bonding
and weakens the cohesive forces between the DES components,
thereby facilitating easier molecular movement and reducing
viscosity.”” The electrical conductivity of the DES increases with
rising temperature. This enhancement in conductivity is
attributed to the greater mobility of charge carriers at elevated
temperatures due to reduced viscosity and enhanced molecular
dynamics.’® As temperature increases, the ionic species in the
DES experience less resistance to movement, leading to
improved ion transport and higher conductivity values from
5.96 to 11.231 mS m™~ " as shown in the Fig. 6(a). Fig. 6(b)
represents the Arrhenius plots of In n(mPa s) and In x(mS m ™)
as a function of 1000/T(K™"), were used to evaluate the activa-
tion energies for viscous flow and conduction. The activation
energy for viscous flow, calculated using the Arrhenius equa-
tion, was found to be 6.718 k] mol ', indicating a moderate
energy barrier for the viscous motion of DES molecules.*® The
activation energy for electrical conductivity determined from
the Arrhenius plot was found to be 21.661 k] mol *. This means
that the carriers can overcome this energy barrier and become
mobile since they have access to greater thermal energy at
higher temperature.

Preliminary experiments

The rate and extent of leaching are influenced by numerous
factors, comprising the nature of the solvent, solid particle size,
temperature, leaching time and solid porosity. The influence of
water addition on dissolving metal values from LIB cathode was
assessed using DES having different water content (10-40%) in
the leaching profile is shown in Fig. 7. The efficiency of leaching
of the metals was noted to improve remarkably with increase in
the water content up to 30%. This enhancement may be
ascribed to the decrease in viscosity of the DES-water combi-
nation, which evidently leads to a faster diffusion and mass
transfer kinetics.*® Beyond this, a slight decline in efficiency was
observed, indicating that excessive dilution disrupting the H-
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Fig. 6 (a) n(mPa s) and k(mS m™) as a function of temperature, (b)
arrhenius plots of In n(mPa s) and n k(mS m™) as a function of 1000/
TK™.
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bond network of the DES, reducing its leaching capability. The
structural and physicochemical studies of different DESs re-
ported that hydration affects their hydrogen-bonding network
strongly but non-linearly. Neutron scattering as well as EPSR
analyses revealed that water firstly integrates into the DES
structure and is preferentially organized around HBA, allowing
the DES structure to persist up to relatively high hydration
levels.* Within this regime, water reduces the viscosity and
enhances the ionic mobility while preserving the cooperative
hydrogen bonding between the DES components which is
important for effective metal dissolution. In the present inves-
tigation, at low water content (10 wt%), the hydrogen bonded
DES framework is largely intact, but the system remains highly
viscous, which restricts mass transfer and slows leaching
kinetics. At higher water content (40 wt%), water self-
association becomes increasingly dominant, leading to disper-
sion of DES aggregates and progressive loss of the defining
eutectic features. Although some DES hydrogen bonding may
remain, the solvent increasingly behaves as a water-rich
medium, resulting in weaker metal-DES interactions and
reduced the leaching efficiency. Therefore, 30 wt% water
represents an optimal content where sufficient hydration
improves fluidity and transport properties without significant
disruption of the DES hydrogen-bonding network, leading to
superior leaching performance. Thus, in this work DES with
30% water was taken to carry out all further experiments.

The thermal stability of the Pro:LA (1:1) + 30% H,O was
examined with the help of TG-DTA studies as represented in
Fig. 8. The TGA curve indicated an initial weight loss of 18.80%
occurring between 313-333 K, which is attributed to the evap-
oration of moisture and physically adsorbed water within the
DES. As the temperature increased, a noticeable endothermic
peak appeared at 413.3 K in the DTA curve, marking the onset of
the primary decomposition stage. The most significant mass
loss was recorded between 430 and 573 K, where approximately
79.7% of the total sample mass was lost, indicating extensive
thermal degradation of the DES components. These observa-
tions highlight the thermal behavior and stability limits of the
system, offering valuable insights for optimizing operating
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Fig. 7 Leaching efficiency of metal values from cathode waste versus
weight percent of water in Pro: LA (1:1) DES.
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Fig. 8 TG-DTA of the Pro: LA (1:1) + 30% H,O DES demonstrating
mass loss and heat flow corresponding to thermal stability and
decomposition peaks.

temperature to be used in thermally driven applications such as
leaching.

Three important parameters such as temperature, S/L ratio
and leaching time were varied to analyze the leaching behavior
of all metals present in LIB cathode waste using Pro: LA (1:1) +
30% H,O as shown in the Fig. 9. An increase in temperature
from 323 K to 353 K (S/L ratio = 20 g L™ ", time = 60 min)shows
positive impact on leaching efficiencies for Li (59.63 to 96.52%),
Co (64.77 to 97.35%), Ni (53.66 to 95.63%), Fe (51.47 to 40.58%)
and Mn (19.37 to 40.58%) as displayed in Fig. 9(a). As metal
leaching methods are endothermic in nature, the high reaction
temperatures produce thermodynamically favourable condi-
tions in the course of leaching.*" The influence of variation of S/
L ratio from 10 to 50 g L™ '(Temp. = 353 K and time = 60 min)
on leaching efficiency is shown in Fig. 9(b). Leaching efficiency
in cases of all metals increases up to 20 g L™" (96.52% for Li,

Lesching fficency, %

30 By
T.K /L Ratio, gL

Fig. 9 Effect of different process parameters on the leaching effi-
ciency of Li, Co, Ni, Fe and, Mn from mixed spent LIBs, (a) effect of
temperature, (b) effect of solid-to-liquid ratio, and (c) effect of
leaching time.
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Table 2 Summary of the selected input variables, their corresponding experimental levels, and associated standard deviation values

Name Units Minimum Maximum Coded low Coded high Mean Std. dev.
Time(A) minute 39.55 140.45 —1 < 60 +1 < 120 90 25.43
Temperature(B) kelvin 299.36 366.64 -1 < 313 +1 < 353 333 16.96
Stirring speed(C) rpm 497.73 1002.27 —1 < 600 +1 < 900 750 127.17

97.35% for Co, 95.63% for Ni, 81.98% for Fe, and 40.58% for
Mn) due to the better availability of lixiviant per unit mass of
solid at lower S/L ratio. However, at higher S/L ratios (30-50 g
LY, a decline in efficiency was observed, possibly due to
insufficient solvent availability and mass transfer limitations.
The effect of leaching time variation from 30 to 180 min (S/L
ratio = 20 g L', Temp. = 353 K) on leaching efficiency of
metals has been depicted in Fig. 9(c). A rapid increase in
leaching efficiency was noted up to 120 min, with 98.32% for Li,
100% for Co, 99.07% for Ni, 85.63% for Fe, and 35.42% for Mn.
Further increase in leaching time after 120 minute did not
result in any improvement in leaching efficiency, indicating
that equilibrium conditions was reached at 120 min.

Design of experiment

To assess the influence of various operational parameters on the
leaching efficiencies of Li, Mn, Fe, Co and Ni from spent lithium-
ion battery (LIB) cathodes, a design of experiments (DoE)
approach was employed using RSM via Central Composite Design
(CCD). RSM is a powerful statistical and mathematical technique
used for modelling and analysing problems where several inde-
pendent variables influence a response.**** CCD, a common and
effective design within RSM, was selected for its efficiency in
fitting a second order (quadratic) model and its ability to evaluate

the interactive effects between variables with a minimal number of
experiments. The design and statistical analysis was done using
the Design Expert Software-12(Start-Ease). Three key leaching
parameters were selected as independent variables: leaching time
(minute), temperature (Kelvin) and, stirring speed (rpm). Each
variable was studied at five levels using coded values; +1 for
factorial points, 0 for centre points, and +a (=1.6817) for axial
points. A total of 20 points, and 6 replicates at the centre to esti-
mate experimental error and ensure model reliability. The design
aimed to generate an empirical model using a second-degree
polynomial equation, incorporating linear, interaction, and
quadratic-terms. Analysis of variance (ANOVA) was used to eval-
uate the statistical significance of the model and the effects of
individual variables and their interactions on leaching efficiency.*
The experimental design was randomised to minimise bias and
reduce the influence of uncontrolled factors. The model developed
through RSM enabled the prediction and optimization of process
parameters for obtaining maximum leaching efficiency. This
approach not only provided insight into the effect of each factor
but also identified the optimal conditions for efficient leaching,
thus demonstrating the practical utility of RSM-CCD in leaching
beneficiation processes. The methodology significantly reduced
experimental work while improving understanding the process
and its performance. Regression analysis of the experimental data,
along with the generation of response surface and contour plots at

Table 3 Experimental runs with leaching efficiencies of metals present in cathode materials under different conditions

Factor 1 Factor 2 Factor 3 Leaching efficiency (%)

Run Time Temperature (K) Stirring speed (rpm) Li Co Ni Fe Mn

1 60 313 900 48.67 50.34 48.53 37.43 15.67
2 90 333 750 83.63 80.63 78.68 68.52 23.47
3 90 299.4 750 27.26 33.68 31.69 14.38 0

4 120 353 900 98.32 100 99.07 85.63 35.42
5 120 313 600 45.87 47.96 46.96 33.64 13.74
6 90 333 497.7 65.37 69.74 68.47 59.37 19.35
7 60 353 600 90.22 91.74 91.44 75.38 35.83
8 60 353 900 96.52 97.35 95.63 81.98 40.58
9 90 333 750 78.47 72.68 83.53 63.27 25.39
10 90 333 750 76.84 82.78 85.64 72.14 31.45
11 90 333 750 84.33 76.32 76.25 70.41 22.77
12 39.5 333 750 62.94 67.39 65.98 55.28 23.68
13 60 313 600 42.65 45.38 43.85 29.78 10.05
14 90 333 750 75.96 84.69 76.44 65.32 28.37
15 90 333 1002.3 85.41 87.52 86.34 73.07 32.47
16 90 333 750 73.69 74.68 82.05 70.84 20.88
17 120 353 600 93.74 95.85 93.25 78.47 37.94
18 90 366.6 750 97.12 99.02 98.37 83.96 39.68
19 120 313 900 52.6 54.37 56.77 42.84 17.09
20 140.4 333 750 86.44 88.06 87.37 71.85 33.24
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Table 4 Statistical analysis parameters obtained from ANOVA,
including R?, adjusted R?, predicted R?, adequate precision, standard
deviation, mean, and coefficient of variation for leaching model

Source Li Co Ni Fe Mn

R? 0.9690 0.9647 0.9749 0.9868 0.9428
Adjusted R? 0.9411 0.9330 0.9523 0.9750 0.8913
Predicted R* 0.8348 0.8273 0.8713 0.9488 0.7765
Adeq precision 21.4388 20.2725 23.7895 33.4327 15.6730
Std. dev. 4.99 5.10 4.33 3.15 3.55
Mean 73.30 75.01 74.82 61.68 25.35
C.V.% 6.81 6.80 5.79 5.11 14.02

optimised conditions were performed. The statistical validity of
the model was confirmed through the F-test, while the accuracy of
the model and significance were determined based on the coeffi-
cient of determination (R*) and p values at a 95% confidence level.
The selected input variables along with their experiment levels and
standard deviation values are represented in Table 2. The details of
the experimental set up along with the percentage leaching effi-
ciencies of the mixed spent cathode materials under different
conditions are presented as Table 3.

Fitting of the model through ANOVA and optimization of
process

The leaching efficiencies of Li, Co, Ni, Mn, and Fe as response
were analyzed using Analysis of Variance (ANOVA). The results
confirmed that quadratic polynomial model provides the best
fit in all cases. The significance of the model was established by
taking into account the high F-values and low p-values (p < 0.05),
indicating that the model terms were statistically significant at
a 95% confidence level. The lack-of-fit test was found to be non-
significant, confirming the adequacy of the model to represent
the experimental data. The strength of the model was further
validated by high values of R* adjusted R, and predicted R?,
demonstrating that the quadratic model was suitable for accu-
rately describing and predicting the leaching behavior of the
metals under study represented in Table 4. Based on the ANOVA
results, the regression model describing the leaching behaviour
of Li, Co, Ni, Fe, and Mn in the Pro: LA (1:1) + 30% H,O are
presented in the following eqn (2)-(6). The leaching efficiency of
metals including Li, Co, Ni, Mn and Fe was investigated by
altering three critical parameters: time, temperature, and stir-
ring speed. The results demonstrate that temperature is crucial
in improving leaching in improving leaching efficiency. At 353 K
and 120 minutes (run 4), the leaching efficiencies for Li, Co and
Ni were remarkably high 98.32%, 100% and 99.07%, respec-
tively. This is probably attributed to higher molecular motion at
elevated temperature, which accelerates the dissolution of
metal ions into the leaching solution by overcoming the acti-
vation energy barrier.

% L(Li) = +78.79 + 3.81 x A + 22.44 x B+ 4.2
x C —0.2288 x AB — 0.1263 x AC — 0.2338
X BC —1.29 x 4> = 5.71 x B> — 1.04 x C* (2)
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% L(Co) = +78.6 + 3.52 x A + 21.73 x B + 3.74
x C+0.0187 x AB — 0.0013 x AC — 0.2013
x BC —0.551 x 4> —4.57 x B> — 0231 x C* (3)

% L(Ni) = +80.45 + 3.85 x 4 + 21.63 x B+ 3.99
x C —0.7625 x AB + 0.845 x AC — 0.56
x BC— 147 x A> =558 x B> — 1.21 x C* (4)

% L(Fe) = +68.45 + 3.21 x A + 21.59 x B+ 3.93
x C—0.3162 x AB+0.2637 x AC — 0.3862
x BC —1.92 x 4> —7.01 x B> —0.9826 x C*  (5)

% L(Mn) = +25.35 + 1.33 x A + 11.71 x B + 2.44
x C—1.02x AB — 1.19 x AC — 0.8425
x BC+ 132 x A*> — 1.73 x B>+ 0.4151 x C*  (6)

Elevating stirring speed from 600 rpm to 900 rpm, the
leaching efficiency was enhanced due to more mass transfer
between cathode powder and the DES. This enhanced interac-
tion facilitates more efficient solvent infiltration into the solid
black mass, thereby promoting metal ion release. Beyond
a specific threshold (run 15), the enhancement in leaching
efficiency was minimal, indicating a limitation to the advan-
tages of agitation, presumably due to saturation of the DES
medium. Leaching duration was another pivotal factor.
Extended leaching time facilitated metal extraction, evidenced
by 120 minute runs producing superior results compared to 60
or 90 minute intervals. This is because leaching is a time
dependent process of diffusion and reaction, in which adequate
contact time guarantees that the interaction between the
leachant and the cathode powder attains equilibrium. The plots
of predicted versus actual values of leaching efficiencies (Fig. 10)
demonstrate good agreement between the experimental data
and the model outcomes for all the five metals (Li, Co, Ni, Fe,
and Mn). The close alignment of the data points along the
diagonal line indicates the reliability of the developed model in
accurate estimation of leaching efficiencies. Based on RSM-CCD
optimization results by ANOVA analysis (Table S1 given in
supporting information), temperature (p value < 0.0001) has
emerged as the most influential parameter in leaching study of
all metals, which is attributed to its contribution pronounced
influence on DES viscosity reduction enhancing mass transfer
as well as leaching kinetics. Stirring speed is the second
important parameter (p values = 0.0111 for Li, 0.0220 for Co,
0.0067 for Ni, 0.001 for Fe and 0.0298 for Mn). Leaching time (p
values = 0.0183 for Li, 0.0287 for Co, 0.0083 for Ni, 0.0037 for Fe
and 0.1974 for Mn) has the least contribution, mainly governed
the extent of reaction and approach to equilibrium, with a more
noticeable effect on Li than on transition metals than on Li.
Based on the ANOVA results, Li exhibits the lowest overall
model sensitivity (F = 34.74) compared to the Ni and Fe indi-
cating relatively weaker dependence on operating parameters
due to its faster dissolution kinetics and non-coordinating
ability. In contrast, Co (F = 30.39), Ni (F = 43.11), Fe (F =
83.32). While, Mn (F = 18.31) shows lowest model sensitivity as
it exhibited the lowest leaching efficiency among all the metals,
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Fig. 10 Predicted versus actual plots for (a) Li, (b) Co, (c) Ni, (d) Fe and (e) Mn showing good agreement between experimental and model values.

confirming that transition-metal leaching is more strongly
governed by temperature and coordination effects within the
DES system.

In order to maximize the recovery of metals from mixed spent

LIBs cathode powder using the Pro:LA (1:1) + 30% H,O, the
process was optimized using temperature, stirring speed and
leaching duration as the primary factors. Under the optimized
conditions of temperature 353 K, leaching time 120 minutes, and
stirring speed of 900 rpm, the experimental leaching efficiencies
were found as 98.52% for Li, 100% for Co, 99.07% for Ni, 85.63%
Fe, and 35.42% for Mn. These findings are in good agreement
with the predicted values using CCD, with discrepancies
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remaining below 5%, thereby supporting the precision of the
optimization process. The results demonstrate that the selected
circumstances facilitate high dissolution of Li, Co, and Ni, but Fe
exhibit comparatively less leaching and Mn dissolution was
lowest. Response surface plots shown in the Fig. 11-13 depict the
influence of leaching time, stirring speed and temperature on the
leaching efficiencies of Li, Co, Ni, Fe, and Mn.

Leaching mechanistic insights

The images of the Pro:LA (1:1) + 30% H,O before and after
leaching at different leaching duration are provided in Fig. 14.

ISSSSSISSIIARIRS
S
SRS

Fig. 11 Response surface plots showing the temperature and time on the leaching efficiency of (a) Li, (b) Co, (c) Ni, (d) Fe, and (e) Mn.
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Fig.12 Response surface plot showing the effect of stirring speed and temperature on the leaching efficiency of (a) Li, (b) Co, (c) Ni, (d) Fe, and (e)

Mn.

This shows that as time increases the color of the leachate
becomes more intense indicating increase in leaching
percentage. The changes in physico-chemical properties and
FTIR spectral characteristics provide valuable insights into the
leaching mechanistic aspects of leaching of metal values from
LIB cathode waste using eco-friendly amino acid based Pro: LA
(1:1) + 30% H,0. Leaching performance of DESs for valuable
metals is closely related to their viscosity, acidity, coordination
capability, and reducibility. The measured values (density,
refractive index, and viscosity) displayed noticeable increase
after a single leaching cycle (1.405 g cm >, 1.471, and 52.85
mPa s, against 1.1902 g cm >, 1.462 and 50.893 mPa s respec-
tively). An increase in pH from 2.551 to 3.041 after leaching
indicates proton consumption during metal dissolution. These
changes are irreversible, and are primarily attributed to the
dissolution of metal ions into the DES forming complex as

Lo

Fig. 13 Response surface plot showing the effect of stirring speed and t

© 2026 The Author(s). Published by the Royal Society of Chemistry

a result of which the values of density, refractive index and
viscosity get increased. Conductivity exhibited a sharp rise after
leaching due to the release of a larger number of ionic species.
The dissolution behavior can be explained by proton-exchange
and complexation mechanisms, Li" ions are readily released
through substitution with H' of the lactic acid, accounting their
efficient recovery. Co and Ni also dissolve completely because of
their favorable interactions with COO™~ and OH groups of DES.
In contrast, Mn remains largely undissolved due to its higher
stability and lower affinity for complexation. The FTIR spectra
of leachate (Fig. 15) provides insight into the complexation
occurring during the dissolution of cathode material when
treated with Pro: LA (1: 1) + 30% H,O. The spectra revealed that
the OH stretching vibration at 3383.5 cm ' shifted to
3341.07 cm ™. This shift was accompanied by a reduction in
peak intensity and broadening of the band. Such behavior

ime on the leaching efficiency of (a) Li, (b) Co, (c) Ni, (d) Fe, and (e) Mn.
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Fig. 14 Photographs of Pro: LA (1:1) + 30% H,O (a) before leaching
and cathode leachate (b) 30 minutes (c) 45 minute (d) 60 minutes, and
(e) 120 minutes at 353 K.

reflects the strong metal oxide dissolution, where the hydrogen
bond donors disrupt the metal-oxygen bonds in the LIB waste
cathode material and facilitate metal extraction. The N-H
stretching vibration was shifted from 3239.82 c¢cm™' to
3148.22 em™'. The shifting of N-H stretching vibration
confirms the involvement of the DES functional groups in
coordinating or interacting with dissolved metal ions. Peak
observed at 1608.34 cm ™" for the C=0 group in the Pro: LA (1:
1) + 30% H,O DES shifted to 1604.48 cm ™" after leaching. The
COO stretching frequency also shifted from 1397.17 cm ™ to
1404.89 cm ™. The CO stretching vibration peak changed from
1127.19 cm ™' to 1128.15 cm ! after leaching. Shifts in these
characteristic peaks compared to the DES system before
leaching suggest reaction between metal ions (Li, Co, Ni, Fe,
and Mn) and the DES. Mechanistically, the leaching process
begins with the replacement of Li* ions by H" from the DES due
to their high chemical reactivity, enabling preferential lithium
extraction. Simultaneously, the -COOH group of lactic acid,
known for its reducing nature, participates actively in the
dissolution of transition-metal oxides. During this redox
process, Co, Ni and Fe are reduced from their higher oxidation

3414.35
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1455.99
1404.89

1604.48 1128.15

T T T
3500 3000 2500 2000 1500 1000

Wavenumber, cm™

Fig. 15 FTIR spectra of cathode leachate after treating with Pro: LA
(1:1) + 30% H,O DES.
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Fig. 16 SEM-EDX and elemental composition of the solid residue
obtained after leaching.

states while the -COOH group undergoes dissociation releasing
hydrogen ion, contributing to the observed decrease in O-H
peak intensity. Overall, the FTIR results substantiate the
formation of DES-metal complexes and validate that metal
extraction proceeds through a combined mechanism of proton
exchange, complexation, and redox reactions.

The solid residue obtained after leaching with Pro: LA (1:1)
+ 30% H,0 was subjected to morphological and characteriza-
tion using SEM EDS. Fig. 16 presents the SEM-EDS character-
ization of leaching residues and as shown in this figure,
leaching residue mainly exhibits agglomerated features, with an
irregular shape and a rough surface. Through EDS analysis, it
was found that the leaching residues chiefly consist of elements
such as Fe, Mn, C, O with traces of Ni which is in accordance
with the leaching profile. The XRD patterns of the solid residue
after leaching are shown in Fig. 17. In the mixed cathode
material, the diffraction peaks corresponding to layered oxide
phases and LiFePO, are clearly observed, confirming the
multiphase nature of the feed material. Especially, the charac-
teristic peaks associated with Li,CoMn;Og are no longer
detected in the residue, indicating the effective breakdown of
this phase during leaching. The disappearance of these reflec-
tions may be attributed to the complete dissolution of cobalt
containing phases, suggesting a preferential and efficient
extraction of Co into the DES-water system. In contrast, the
persistence of diffraction peaks indexed to LiFePO, and residual
Mn/Fe-containing phases implies their partial stability under
the applied leaching conditions.

The UV-visible spectrum of the cathode leachate exhibited
distinct absorption bands corresponding to the d-d transitions
of the dissolved transition metal ions, as shown in the Fig. 18.
The absorption peaks observed at 333.59 nm and 719.9 nm are
due to the *Ay, (F) — to °Ty, (P) transition corresponding to the
octahedral complex of Ni**.** The distinct peak observed at
650.62 nm is characteristic of a tetrahedral Co>" complex, sug-
gesting that during the leaching process, due to coordination
with the donor sites of the DES components tetrahedral cobalt
complex is formed and it has been observed that leachate is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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blue in color. The weaker peak at 531.6 nm corresponds to Fe>*
complex because of charge transfer from DES to Fe>*.*

A comparison of the leaching performance of this work with
previously reported studies is presented in Table 5. The analysis
compares our DES-based leaching process with conventional
acid-based methods reported in the referenced works. While
comparable or superior metal recovery efficiencies were ach-
ieved in this work (98.32% Li, 100% Co, 99.07% Ni, 85.63% Fe),
our method operates under milder and safer conditions without
strong mineral acids. This reduces the generation of hazardous
acidic effluents, minimizes corrosion-related material costs,
and decreases the need for extensive wastewater treatment, an
important environmental concern noted in previous assess-
ments of wet-chemical recycling processes. The economic
evaluation also shows that the process benefits from low-cost,
recyclable DES components and avoids the use of costly
oxidants such as H,0,, improving its overall cost-effectiveness.

The recyclability of the Pro: LA (1: 1) + 30% H,O for leaching
was checked by carrying out leaching cycles and adding
precipitating agent (0.5 mol L™ " oxalic acid) to the metal-loaded
DES solution. This causes the all Co, small amounts of Ni and
Fe to form solid precipitates (e.g., metal oxalates), which was
then filtered out. The remaining DES was then reused for the
second leaching cycle. It has been observed that after two cycles
leaching efficiency for Co was decreased from 100 to 98.81%
showing good recyclability option for Co Meanwhile, there was
sharp decrease in the leaching efficiency of Li, Ni and Fe which
is due to the presence of lots of these metals in the leachate (left
after precipitation) after 1st leaching-precipitation cycle.
Therefore, the recyclability test the Pro: LA (1: 1) + 30% H,O for
separation of these metals will be validated in the extended part
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Fig. 17 XRD patterns of residue after leaching.
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Fig. 18 UV-vis spectra of cathode leachate after treating with Pro : LA
(1:1) + 30% H,O DES under optimized conditions.

of our future work by using eco-friendly extractant via solvent
extraction followed by selective precipitation.

The leaching investigation of LIB waste cathode material
using the Pro:LA (1:1) + 30% H,O DES integrated with RSM-
CCD optimization was specifically designed to address several
core limitations of conventional LIB leaching processes, namely
high acid consumption, use of corrosive reagents, poor selec-
tivity, inefficient parameter tuning, and excessive energy
demand. Traditional inorganic acid leaching usually requires
high concentration of acids, elevated temperatures, use of
harmful reducing agents and long leaching duration, often
leading to non-selective dissolution of impurities as described
in Table 5. In contrast, the present work employing Pro: LA (1:
1) + 30% H,O DES offers a mild, effective hydrogen-bonding and
coordination environment, enabling higher metal dissolution.
The application of RSM-CCD based systematic evaluation of the
parameters such as temperature, leaching time, stirring speed
and their interactive effects minimizes trial-and-error experi-
mentation and identifies optimal operating conditions with
reduced energy and solvent usage. Under optimized conditions
of temperature 353 K, leaching time 120 minutes, and stirring
speed of 900 rpm predicted by this model, leaching efficiencies
of Li, Co, Ni and Fe were found as 98.32%, 100%, 99.07% and
85.63%, respectively. It demonstrates improved efficiency using
eco-friendly Pro: LA (1:1) + 30% H,O DES comparative to re-
ported conventional leaching routes.

Leaching kinetics

Leaching reactions in metallurgical process are usually
considered as heterogeneous, as they happen across multiple
phases with well-defined boundaries between solids and
liquids. Temperature, reaction duration, and system charac-
teristics are very significant in influencing the leaching rate.”>>*
The principal reaction process involves the diffusion of the
leaching agent from the bulk to the surface of cathode of LIB
waste, where it chemically reacts with the positive electrode
particles. The spherical solid particles steadily diminish as the
reaction advances until they vanish entirely, and the resulting
products along with leftover materials will create loose
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Table 5 Comparison of leaching efficiencies of the present work with reported studies from the literature
Source Leaching condition Leaching efficiency Reference
Mixed LIB waste cathode Pro:LA (1:1) + 30% H,O DES, 98.32% Li, 100% Co, 99.07% Ni and, This work
temperature 353 K, leaching time 85.63% Fe
120 minutes, and stirring speed of
900 rpm
Spent LiFePO, batteries Optimized conditions of leaching High leaching selectivity of around 47
(0.8 mol L 'CH;COOH, 6 vol% 94.08%
H,0,, S/L ratio of 120 g L™, 50 °C,
30 min)
Spent LCO 1.5M C3H¢03, 0.5 vol% H,0,, S/L 98.9% Co, 98.5% Li 48
ratio of 20 g L', temperature 343 K
and leaching time 20 minutes
Mixed LIB waste cathode 2M C4HgOg, 4 vol% H,0,, S/L ratio 99% of Li, Co, Mn, and Ni 49
of 17 g L%, temperature 343 K and
leaching time 30 minutes
Lithium iron phosphate (SLFP) and Sulphuric acid concentration of Leaching efficiencies of Li and Mn 50
spent lithium manganate (SLMO) 0.6 mol L™, temperature of 40 °C, reached as high as 99.99% and
a SLFP: SLMO molar ratio of 1, 70.02%

slurry density of 100 g L%, and

reaction time of 120 min

particles. Lastly the leached product is reverted to the bulk
liquid through diffusion, which mostly comprises processes
like diffusion and chemical reactions. To know about these in
details, kinetic models such as shrinking-core, diffusion-based
or surface chemical approaches are widely applied. These
models allow identification of the rate-controlling step and thus
clarify whether the process is chemically controlled, diffusion-
controlled, or influenced by both mechanisms simulta-
neously.> Studying leaching kinetics not only provides insight
into the mechanism of metal dissolution in DES but also helps
to establish the rate controlling steps.> Such understanding is
crucial for optimizing process efficiency and guiding the
development of technically and economically viable leaching
strategies. Among all variables, temperature has the strongest
effect on leaching Kkinetics. Higher temperatures generally
accelerate dissolution by lowering solvent viscosity, increasing
the mobility of ions, and enhancing interfacial reactivity. The
dissolution of cathode powder in the Pro:LA (1:1) + 30% H,0
DES follows a liquid-solid leaching pathway, where solid
particles progressively diminish until complete dissolution
occurs. When the overall process is limited by diffusion through
the bulk solution, the rate equation is given as (eqn (7)):

17%=ufmm:m ?)

3
When the chemical reaction is the rate determining step, the
following reaction applies (eqn (8)):

R S (8)

The fitting of the experimental data obtained under opti-
mized conditions using the chemical reaction model exhibited
an excellent fitting, as illustrated in Fig. 19. The chemical
reaction is often a rate-controlling step, where the valuable
metal is converted into a soluble product that moves into the
bulk solution.
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The specific rate constants obtained from the kinetic plots
and temperature were plotted as given by the Arrhenius equa-
tion (eqn (9)).

Ink=InAd-— £
RT

(9)

In this expression, k represents the specific rate constant, A
represents the frequency factor, E, the activation energy, R is the
universal gas constant (8.314 Jmol 'K ), and T is the tempera-
ture in Kelvin. The activation energy calculation was done using
Arrhenius equation and the plot of In K versus 1000/T has been
included as Fig. S1 in SI. The resulted activation energies were
found to be different for each metal, confirming chemically
controlled leaching with metal-specific energy barriers. The
existence of an oxygen-accepting constituent in DES most often
the HBD is vital for cleavage of metal-oxygen bonds, which
organizes the primary stage in oxide dissolution.** Lithium
exhibits activation energy (22.45 k] mol ), reflecting its relatively
weak Li-O ionic bonding and low lattice energy, which facilitates
rapid proton exchange. Iron shows the lowest activation energy
(13.52 kJ mol '), indicating comparatively facile dissolution,
which can be attributed to the vulnerability of Fe-O bonds to
proton-assisted cleavage and reduction under acidic DES condi-
tions. In contrast, cobalt displays the highest activation energy
(38.32 k] mol '), consistent with the stronger Co-O bond
strength and higher lattice stabilization in layered oxide struc-
tures, requiring greater energy input for bond disruption and
redox transformation. Nickel shows activation energy of
25.37 kJ mol *. Habashi®® reported that the activation energy
between 4.2 k] mol " and 13 k] mol " demonstrates the diffusion
control reaction. Moreover, the activation energy between
13 k] mol ! and 42 kJ mol * reflects a mixed control reaction. In
the present study the observed values of activation energy (more
than 13 k] mol ') ensures the mixed control regime (diffusion as
well as chemical reaction) for leaching of all metals. Since the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.19 Reaction control kinetic plots showing the linear fitting of leaching data for (a) Li, (b) Co, (c) Ni, and (d) Fein Pro: LA (1:1) + 30% H,O DES

at different temperature.

experiments were executed under high stirring speed conditions
at 900 rpm, the effect of diffusion may be neglected.>

Conclusions

In this work, Pro: LA (1:1) + 30% H,O was successfully synthe-
sized and characterized for the sustainable leaching of Li, Co, Ni,
Fe, and Mn from mixed spent LIBs cathode powder. The thermo
physical properties of the DES-water system, including density,
refractive index, viscosity, and conductivity at different temper-
ature (298 K to 323 K), were systematically evaluated, and the
effect of water addition (10-40%) on its H-bonding network was
confirmed through FTIR spectroscopy. Under optimized condi-
tions of temperature 353 K, leaching time 120 minutes, and
stirring speed of 900 rpm the system achieved 98.32% Li, 100%
Co, 99.07% Ni, and 85.63% Fe recovery, demonstrating its strong
capability for efficient metal dissolution. The elevated tempera-
ture, time and stirring speed promotes intrinsic kinetics and
external mass transfer which enable nearly complete dissolution
of Li, Co and Ni. In contrast, Fe shows a relatively lower but
substantial recovery. The comparatively low Mn recovery is
consistent with the slower dissolution of higher-valence Mn
species; in the absence of strong reductant, Mn**/Mn*" phases
are less readily converted to soluble Mn**, making Mn leaching
kinetically and thermodynamically least favorable. This work

© 2026 The Author(s). Published by the Royal Society of Chemistry

establishes the potential of amino acid-based DES for green
hydrometallurgical process and paves the way for future scale-up
in LIBs battery recycling. It highlights the designing of DESs with
low viscosity, strong coordination, and high ability for optimal
dissolution along with environmentally friendly recycling
approach. Compared with choline chloride-based DES, r-proline-
lactic acid DES exhibits lower preparation cost, superior biode-
gradability, and does not require high-temperature conditions
during synthesis, which further highlights its green and
sustainable characteristics and broad application potential in the
field of hydrometallurgy for spent lithium-ion batteries. The
difficulties and possibilities associated with improving valuable
metal recovery through DESs are crucial for creating a blueprint
for pioneering uses of DES technology.
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