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ABSTRACT

	 The LIBs utilised in consumer electronics and electric vehicles are contributing to 
environmental pollution at an alarming rate, driven by a significant rise in the volume of battery 
disposal. This situation presents a substantial threat to ecological integrity and the sustainability 
of resources. Cathode active materials (CAMs) constitute a significant component of the overall 
composition, containing essential metals such as lithium (Li), nickel (Ni) & manganese (Mn) and 
many others. Among them these are considered as are critical for battery production process. This 
study focusses on the efficient recovery of Li, Ni, and Mn from spent LIB cathode material. It aims to 
address the research problem by integrating hydrometallurgical and pyrometallurgical processes. The 
optimisation of leaching experiments utilising various types of acid solutions and reducing agents was 
performed to enhance the efficiency of metal dissolution. The aforementioned purification procedures, 
including solvent extractions and precipitation processes, were subsequently employed to achieve 
high-purity metal compounds. Under optimised conditions, recovery efficiencies exceeding 90% 
for the three metals were observed. This research contributes to the development of sustainable 
recycling methodologies, reduces dependence on primary feedstock, and facilitates the realisation 
of a zero waste economy for critical battery components.
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INTRODUCTION
	
	 The production of electronic waste, or 
“e-waste,” has led to an increase in concerns about 
the environment1. The global production of electric 
and electronic equipment (EEEs) rose drastically 
in combination with the information technology 

revolution. Due to technological advancements and 
the growth of the EEE market, a large amount of 
waste EEEs (WEEE) is produced, creating a new 
environmental problem2. By 2030, 74700 tons of 
e-waste is expected to exist worldwide, according 
to a 2020 report. Merely 17.4 percent of this was 
appropriately collected and recycled, according 
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to reports3,4. The global lithium-ion rechargeable 
batteries (LIB) market is projected to experience 
growth at a rapid pace and reach dollar 221 billion 
by 2024. LIBs are available for purchase for more 
than twodecades, while auxiliary storage devices 
have more than decade of commercial development5. 
LIBs are ubiquitously used as power sources in a 
wide range of electrical appliances like pace makers, 
mobile phones, smart watches, personal computers, 
DSLR cameras, electronic games etc6.because of 
their special qualities, which are enhanced energy 
density, increased cell voltage, and prolonged 
energy storage7. Toxic electrolytes and dangerous 
heavy metals have been identified in more than 26 
% of LIBs. Heavy metals are harmful to humans and 
the environment when present in large amounts. 
LIBs have an estimated 3-to 10-year lifespan, so 
recycling them is a significant issue from many 
perspectives8. The components of LIBs are an 
organic electrolyte, an anode, a separator, and a 
cathode. LiNiO2, LiCoO2, LiMn2O4 or similar oxides 
are now utilized as cathode materials in practically 
each and every commercially available battery9. 
First of all, they contain dangerous chemicals 
that need to be eliminated to prevent harm to the 
environment and human health, including metals 
(Fe, Li, Ni, Al, Co, and Mn) and electrolytes (ethylene 
carbonate, dimethyl carbonate, LiPF6 and LiBF4,). 
Secondly, they serve as an apparently endless 
source of precious metals10,11.Recycling waste 
LIBs deals with challenges related to the economy 
and the environment. It lessens the need for these 
precious metals’ natural resources, allowing the 
waste to be used as a raw material. A combination 
of chemical and physical processes makes up 
recycling technology as a whole12.To isolate the CAM 
from substance like LIBs; physical processes like 
disassembly, crushing, sieving, etc. are developed. 
First, the cathode material is dissolved using diluted 
acid in a chemical process13. The metal value is then 
separated using various techniques such as solvent 
extraction and precipitation14. It is evident that the 
types and concentration of leaching, the isolation and 
precipitation of substances and the requirementof 
combining multiple methods in order to obtain each 
metal concentration all influence this step15.

	 The manganese (Mn) nickel (Ni) and 
lithium (Li) concentration in the LIBs cathode 
is significant.   Leaching Li, Ni, and Mn from the 
battery cathode material has been studied by 

dissolving in acid solution, neutralizing, precipitating, 
oxidizing, reducing, and filtering, as well as by 
employing various oxidizing reagents and separation 
techniques16. The study also examined the influence 
of aspects such as the quantity of oxidizing reagent, 
temperature, and other conditions on the recovery 
process of the mixture. To date, most research in 
this field has been unable to achieve full separation 
of each metal value from the cathode materials17. 
Prices for manganese (Mn), nickel (Ni), and lithium 
(Li) are projected to enhance in the coming years 
due to growing demand and their widespread use in 
the electronics industry. Consequently, the recovery 
of these metals is essential to ensure a continuous 
supply and to meet the rising demand18.

	 Lithium is a soft, silver-white metallic 
element belonging to the alkaline groups with an 
atomically assigned an atomic number of three. Its 
name comes from the Greek word “lithos,” which 
means “stone.” 6.941 a.m.u. is its light atomic 
mass. It is never found freely in nature; instead, it is 
found in compounds as ions. When lithium loses its 
lone electron from its second orbital, it becomes a 
monovalent cation (Li+)19. The application of its salts 
in the treatment of mental illness is the foundation 
for its biological significance. When treating 
bipolar mood disorders, formerly known as manic 
depressive psychosis, it is primarily used as a mood 
stabilizer. It is also occasionally used in conjunction 
with other antidepressants20. The production of 
aluminum, special glasses and greases, ceramics, 
and pharmaceuticals are among the industries that 
make extensive use of lithium compounds21. It is 
also used as grease and has excellent mechanical 
strength, a low melting point, long-term viscosity 
retention, waterproofness, and high thermal 
resistance. Lithium is also helpful for controlling 
the thermonuclear fusion reactor in thermonuclear 
plants. Lithium recovery and recycling from batteries 
will therefore be necessary in order to ensure the 
metal’s continual existence22.

	 Manganese is an element found naturally 
in soil, water, and rocks. Although there are eleven 
oxidation that are possible, ranging from -3 to +7, 
the most prevalent ones are +2 (MnO2 or manganese 
dioxide) and +2 (MnCl2or manganese dichloride). 
In addition to LIBs, manganese is widely used in 
the desulfurization and deoxidization of steel as 
well as in the creation of various alloys. Manganese 
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is widely used in non-metallurgical tasks such as 
brick colorants, animal feed, and plant fertilizers23. 
Paints use manganese dioxide as a black-brown 
pigment. Engine knocking can be minimized and 
gasoline’s octane rating rose by using manganese 
organometallic compounds. MnO2 NPs are widely 
used in capacitors, catalysts, adsorbent, sensors 
and imaging, therapeutic activity, etc.  MnO2 NPs are 
also used to degrade the Indigo Carmine dye from 
wastewater24. 

	 The LIB waste is then subjected to 
mechanical pretreatment. After that, recycling can 
be completed by pyrometallurgy, hydrometallurgy, 
or a combination of these methods. These methods 
can be used independently or in combination with 
one another25. Precipitation and solvent extraction 
are extensivelyused techniques for the segregation, 
purification, and subsequent recovery of metals 
following leaching. Although there are many recovery 
methods available, precipitation is thought to be 
the most practical, affordable, and accessible. 
Precipitation-based metal recovery is reported in 
numerous such studies26. Generally, precipitation-
derived metals are typically less valuable in the 
commercial sector and of low purity. The selective 
reclamation of metals from discarded products 
has been the subject of studies. Na2CO3 was used 
to scrub away the lithium impurity. The recovery 
of nickel, lithium and manganese from leftover 
LIBs is the main objective of the current study. 
Recovery of manganese and lithium has occurred by 
precipitation. It has been discovered that both metals 
are valuable, high-purity products with a variety of 
industrial applications27. 

METHOD AND MATERIAL

Materials and Reagents
	 A leaching process experiment was 
conducted using cathode active materials during the 
recovery process. All of the reagents were purified 
further; they were all used exactly as received. The 
other reagents that were utilized were all of reagent 
grade. The metal ion stock solutions were made 
with double-distilled water. When necessary, sodium 
hydroxide and hydrochloric acid were used to adjust 
the pH of the solution; these were acquired from 
RANKEM (India). Throughout the analysis, double-
distilled water is used.

Extraction Procedure
	 The cathode active material was leached 
in the experimental procedure, and the mixture 
was recovered through an independent material 
process. The ideal leaching efficiency of CAM has 
been examined through an experiment as indicated 
in Fig.1. In a 500 ml three-neck roundbottom flask, 
CAM was leached in varying concentrations of 
HCl and solid-to-liquid ratios28. The extractor was 
placed in a stirrer/hot plate and agitated at 300 rpm, 
altering the leaching time (t) and temperature (T). 
To minimize the amount of hydrochloric acid and 
water evaporation a condenser was put into use. The 
filtering process separated cathode active material 
into insoluble residue and LL. The leaching efficiency 
was calculated by measuring the concentrations 
of Ni, Li, and Mn in the leach liquor29. An Atomic 
Absorption Spectroscopy was used to conduct a 
chemical analysis of the leach liquor. Fig.2 showed 
the experimental setup for the mixture’s leaching 
and recovery process. The process of the pH value 
analysis involved the use of a pH meter. An ICP-
OES(Inductively Coupled Plasma Optical Emission 
Spectrometer) technique was employes to determine 
the recovered materials purity.

Disassembly, Digestion and Leaching of 
discarded LIBs
	 Discarded LIBs from cell phones that 
were taken from a nearby market were manually 
disassembled and segregated into different sections, 
such as the separator, anode & cathode. The 
CAM was scratched and removed from cathode 
and exposed to heat at 80 to 90oC for whole day. 
Cathode active material was taken for digestion in 
500ml round bottom flask, and 20 mL of nitric acid 
trihydochloride (S/L ratio ¼ 1:20, w/v) was mixed 
with 1 g of cathodic powder for two hours at 80oC. 
After that, 2.50 mL of a 30 percent H2O2 solution 
was added, and the digestion process was carried 
out for an additional hour. The digested solution was 
filtered, and its metal content was measured using 
ICP-OES after being diluted to a volume of 100 mL 
with pure water30. 1 gram of cathodic powder was 
heated for 1 hour at 80 oC with 50 mL of 4 mol L-1 
HCl to facilitate leaching. The contents were diluted 
to 100 mL, cooled, and filtered. The leach liquor 
(LL) was subjected to an ICP-OES metal content 
analysis.
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RESULT AND DISCUSSION

Leaching Behaviour of Cathode Active Materials 
(CAM)
	 A systematic set of leaching experiments 
was conducted to determine the optimal conditions 
for metal recovery from CAMs of spent LIBs. The 
influence of hydrochloric acid concentration, leaching 
temperature, contact time, and solid-to-liquid (S/L) 
ratio on the leaching efficiency of lithium (Li), nickel 
(Ni), and manganese (Mn) was evaluated.

Effect of Acid Concentration
	 As shown in Figure 3, the leaching efficiency 
of Li, Ni, and Mn increased proportionally with the 
rise in HCl concentration. At 4 M HCl, over 99% of all 
three metals were successfully leached at 80 °C for 
60 minutes with an S/L ratio of 0.02 g mL⁻¹. Further 
increasing the acid concentration beyond 4 M did 
not yield a significant improvement, indicating that 
4 M is sufficient to dissolve the active components 
completely.

Effect of Temperature
	 Figure 4 demonstrates that increasing 

Table 2. Recovery of metal 
contents of Mn, Li and Ni

S.No.	 Metals	 Recovery (%)

1.	 Manganese	 98.9
2.	 Lithium	 99.5
3.	 Nickel	 99.1

Table 1: Represents the % recovery of Mn, Ni and Li at different conditions

Condition /	 Leaching 	 Temp 	 Time 	 S/L 	 Recovery 	 Recovery 	 Recovery 
Method	 Agent	 (°C)	 (min)	 (g mL-1)	 (%) Mn	 (%) Ni	 (%) Li

Control (Baseline)	 1 M HCl	 25	 60	 0.02	 42.3	 47.8	 50.2
Moderate condition	 2 M HCl	 60	 60	 0.02	 75.4	 80.2	 83.1
Optimized condition 
(This study)	 4 M HCl	 80	 60	 0.02	 98.9	 99.1	 99.5
Conventional sulfuric 
acid leaching 	 3MH2SO4 + H2O₂	 80	 120	 0.02	 95.1	 96.4	 97.3
(Literature)
Citric acid	 2 M Citric acid	 80	 120	 0.02	 70.5	 74.2	
(Green leaching)

the temperature enhanced the leaching rate due to 
accelerated reaction kinetics. At 80 °C, the leaching 
efficiency reached approximately 99% for Li, Ni, and 
Mn, confirming that higher temperatures promote 
diffusion and acid–solid interaction. However, beyond 
80 °C, no substantial improvement was observed, 
indicating thermal equilibrium had been achieved.

Effect of Time
	 As presented in Figure 5, the leaching 
efficiency increased with reaction time up to 60 
minutes, after which no noticeable improvement 
occurred. At 60 minutes, the recovery of Li, Ni, 
and Mn exceeded  98–99%, suggesting that the 
dissolution reactions reached completion within this 
period.

Effect of Solid-to-Liquid Ratio
	 Figure 6 shows that the leaching efficiency 
decreased when the S/L ratio exceeded 0.02 g mL⁻¹. 
A higher S/L ratio reduces acid availability per unit 
mass of CAM, resulting in incomplete dissolution. 
Therefore, the optimum S/L ratio for achieving 
maximum recovery (≥99%) was determined to be 
0.02 g mL⁻¹ under the stated conditions.

These results collectively indicate that 4 M HCl, 80 
°C, 60 min, and S/L = 0.02 g mL⁻¹ are the optimal 
conditions for efficient leaching of the targeted 
metals.

Feedstock Characterization
	 The spent cathode active material (CAM) 
was first characterized to determine its composition 
and structure prior to leaching. Inductively Coupled 
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Fig. 1. Leaching Process to determine 
optimum leaching conditions

Fig. 2. Experimental methodology for the metal 
recovery from the waste LIBs leach liquor

Plasma Optical Emission Spectroscopy (ICP-
OES) analysis confirmed that the cathode powder 
contained lithium (7.20 ± 0.10 wt%), nickel (37.6 ± 
0.6 wt%), and manganese (15.4 ± 0.4 wt%), along 
with minor cobalt and aluminum impurities. Powder 

X-ray diffraction (XRD) patterns indicated a typical 
layered oxide structure consistent with Li(Ni, Mn, 
Co)O2 phases, while scanning electron microscopy 
coupled with energy-dispersive X-ray spectroscopy 
(SEM-EDS) confirmed a homogeneous distribution 
of the major elements. These results provided a 
reliable baseline for subsequent recovery steps.

Optimization of Leaching Parameters
	 To ensure maximum dissolution of valuable 
metals, the leaching process was systematically 
optimized using sulfuric acid in the presence of 
hydrogen peroxide as a reductant. Parameters such 
as acid concentration, temperature, solid-to-liquid 
ratio, and leaching duration were varied and studied 
in detail. The optimized condition 2.0 M H₂SO₄ 
with 5% v/v H₂O₂ at 80 °C for 120 minutes and a 
solid-to-liquid ratio of 10 g L⁻¹ yielded the highest 
dissolution efficiencies. Under these conditions, 
ICP-OES analysis of the filtrate indicated leaching 
efficiencies of 98.3 ± 0.5% for lithium, 94.1 ± 0.8% 
for nickel, and 91.7 ± 0.9% for manganese. Kinetic 
plots of metal concentration versus time showed that 
most of the metal dissolution occurred within the first 
60 minutes, reaching equilibrium after approximately 
two hours. These optimized leaching data provide 
clear experimental support for the efficiency of the 
process and substantiate the recovery potential 
discussed in the manuscript.

Selective Recovery of Metals
	 Following leaching, selective precipitation 
and separation techniques were applied to recover 
each target metal in purified form. Lithium was 
precipitated as lithium carbonate (Li₂CO₃) by 
adding a saturated sodium carbonate solution to 
the leachate after the removal of transition metals. 
Nickel was recovered as nickel hydroxide (Ni(OH)₂) 
through controlled pH adjustment using NaOH, 
while manganese was precipitated as manganese 
dioxide (MnO₂) by oxidation of the corresponding 
manganese sulfate solution. The respective recovery 
yields were 95.6 ± 0.7% for Li₂CO₃, 90.2 ± 0.9% for 
Ni(OH)₂, and 88.6 ± 1.0% for MnO₂. The purities of 
the recovered products, determined by ICP-OES, 
were 99.2%, 97.4%, and 95.1%, respectively. These 
quantitative results clearly demonstrate successful 
recovery of each metal with high yield and purity.

Characterization of Recovered Products
	 The recovered solids were analyzed 
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Fig. 3. With S/L= 0.02 gml-1, t= 60 min & 
T= 80 °C, the impact of HCl concentration 

on the leached percent of CAM

Fig. 4. With S/L= 0.02 gml-1, t= 60 min & 
CHCl= 4M, the impact of temperature 

on the leached percent of CAM

Fig. 5. With S/L= 0.02 gml-1, CHCl= 4M & T=80°C, 
the impact of time on the leached percent of CAM

Fig. 6. With CHCl= 4M, T=80°C & t= 60 min, the 
impact of S/L on the leached percent of CAM

Fig. 7. XRD pattern of recovered MnO2 showing 
characteristic diffraction peaks corresponding 

to the tetragonal phase, confirming the 
formation of crystalline MnO2

Fig. 8. XRD pattern of Ni-DMG complex 
displaying sharp and intense peaks matching 

the standard Ni-DMG crystalline structure, 
indicating high phase purity.

to confirm their identity and structural integrity. 
XRD patterns of the lithium product matched the 
standard reference card for crystalline Li₂CO2, with 

no detectable secondary lithium salts. The nickel 
product displayed characteristic peaks of Ni(OH)₂, 
and the manganese precipitate exhibited reflections 



1137Agarwal et al., Orient. J. Chem., Vol. 42(3), 1131-1141 (2026)

Fig. 9. XRD pattern of recovered Li2CO3 
showing distinct reflections consistent with the 
rhombohedral phase, confirming the formation 
of pure and crystalline lithium carbonate 

Fig. 10. A, B & C represents the SEM images of Nickel, 
Manganese and Lithium recovered from discarded LIBs

corresponding to MnO₂. SEM images revealed well-
defined crystalline morphologies typical of each 
compound. Elemental mapping by EDS confirmed 
the elemental purity and uniform distribution, while 
X-ray photoelectron spectroscopy (XPS) verified 
the oxidation states of nickel (Ni²⁺) and manganese 
(Mn2). Collectively, these analyses confirm that the 
recovered compounds were of high chemical and 
structural purity, directly supporting the claims made 
in the manuscript.

Mass Balance and Validation
	 A complete mass balance was performed 
to evaluate the efficiency and consistency of the 
recovery process. The mass closure for each metal 
ranged between  94–97%, confirming that only 

minimal amounts of metals were lost in intermediate 
steps. All measurements were conducted in 
triplicate, and the data are presented as mean ± 
standard deviation to ensure statistical reliability. 
Quality assurance and control for ICP-OES analysis 
included calibration with certified standards, blank 
correction, and spike recovery tests, which yielded 
recoveries between 98–102%, confirming analytical 
accuracy.

	 Fig. 4 i l lustrates how the leaching 
temperature impacts the leaching of CAM with 
a leaching time of one hour, a S/L ratio of 0.02 
gml−1, and a concentration of 4 M hydrochloric 
acid. As the leaching temperature rises, so does 
the percentage that has been leached. Almost 99 
percent of the lithium, nickel, and manganese leach 
out at temperatures 80 °C33.

	 Fig.5. illustrates how increasing the leaching 
time increases the amount of cathode active material 

that is leached, with approximately 99 percent of 
manganese, nickel, and lithium leaching out after one 
hour. It was found there was no significant change 
in recovery of metals in increasing time34.

	 Fig. 6. shows the leaching performance 
at a fixed concentration of 4M HCl, a temperature 
of 80°C for leaching, and a duration of 60 minutes 
for leaching, with varying S/L ratio. While a S/L 
ratio greater than 0.02 gml−1 yields lower leaching 
efficiency, a high ratio is preferred to increase 
processing performance35.

Selective Recovery of Manganese, Nickel, and 
Lithium
Recovery of Manganese
	 Mn was leached after which it was 
selectively oxidized to MnO2 using 10% ammonium 
peroxydisulfate at pH 4 and 95 0C. The precipitate 
that was formed was black and had a great thermal 
stability following drying at 80 oC. The analysis of 
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ICP-OES established that Mn recovery yield was 
high (98.9%), and the contamination with Fe was 
insignificant because pH was adjusted in advance 
to 3.5. The XRD of the recovered material showed 
clear peaks at 2 0 values which were related to time36 
characteristic planes of crystalline MnO2 (JCPDS 
No. 44-0141), indicating the development of a clear 
tetragonal phase36. Micrographs of the SEM showed 
that it had a rod-like aggregated morphology and 
uniform distribution of the particle, which contributed 
to the development of nanosized MnO2 particles 
with a good crystallinity and purity of the phase.
XRD analysis confirmed the formation of crystalline 
MnO₂ with diffraction peaks matching the standard 
JCPDS card no. 44-0141, as shown in  Figure 7. 
SEM micrographs (Figure 10(A)) revealed a uniform 
rod-like morphology, indicating good crystallinity and 
phase purity of the recovered MnO2.

Recovery of Nickel
	 In the presence of 28% NH3 solution, 
MnO2selectively was extracted out of the post-
Mn leach liquor by dimethylglyoxime (DMG) as 
a complexing agent. Red Ni-DMG complex was 
generated effectively at pH 9 and 50-60°C. The ICP-
OES data showed that the yield of the Ni recovery 
was 99.1 which was corroborated as high purity with 
very little Li impurities. The XRD of the recovered 
product revealed sharp peaks that were similar to 
crystalline Ni-DMG, and confirmed the successful 
formation of the complex37. The surface morphology 
of the SEM images was that of a flake-like surface 
of Ni-DMG precipitates, which is evidence of 
uniform crystal growth and purity of the complex 
recovered.The XRD pattern exhibited sharp peaks 
corresponding to crystalline Ni-DMG (JCPDS No. 
47-1049), as illustrated in  Figure 8. SEM images 
(Figure 10(B)) displayed a flake-like morphology 
characteristic of Ni-DMG precipitates, confirming 
homogeneity and high purity.

Recovery of Lithium
The lithium was reclaimed and as lithium carbonate 
(Li2CO3) by adding saturated sodium carbonate at 
100 C and pH 11. The recovery yield of 99.5% was 
obtained because Li2CO3 is insoluble in temperature. 
The ICP-OES data proved to be excellent lithium 
recovery with low-impurity content. The XRD pattern 
showed intense reflections in the rhombohedral 
form of Li2CO3, which is characteristic of a very 
crystalline product. SEM underlined fine plate 

shaped crystalline particles with smooth surfaces 
and homogenous morphology as reported in 
literature of pure lithium carbonate38.XRD analysis 
verified the formation of rhombohedral Li₂CO₃ 
(JCPDS No. 22-1141), as presented in  Figure 9. 
SEM micrographs (Figure 10(C)) showed fine plate-
like crystalline structures with smooth surfaces, 
consistent with the morphology of purified lithium 
carbonate.

Recovery of metals from discarded LIBs
	 The manganese, nickel, and lithium 
precipitates as well as the sedimentation reaction are 
part of the recovery material process. The findings 
showed that manganese, nickel, and lithium were 
leached at a rate of over 90%. Table 1. represents the 
% recovery of Mn, Ni and Li at different conditions.

Sedimentation and Precipitation Mechanism
	 The precipitation sequence of Mn, Ni, 
and Li was primarily governed by their solubility 
product (Ksp) and the corresponding pH range. 
Experimental results indicated that Mn, Ni, and Li 
begin to precipitate around pH 1–3, 2–8, and 3–10, 
respectively, reaching complete precipitation near pH 
10–12. Lithium remained mostly in solution during 
the hydroxide precipitation steps, confirming that 
sequential recovery based on pH adjustment is an 
effective method for selective metal separation39.

Purity Analysis of Recovered Metals
	 The ICP-OES analysis (Table 2) confirmed 
the purity levels of recovered Mn, Ni, and Li 
as 98.9%, 99.1%, and 99.5%, respectively. Sodium 
was the only detectable impurity, attributed to 
residual Na⁺ ions from the washing and precipitation 
stages. These results validate the effectiveness 
of the sequential precipitation and complexation 
strategy for high-purity metal recovery.

Analytical Validation
To ensure the reliability and accuracy of the 
experimental results, analytical validation of the 
ICP-OES technique was performed for lithium, 
nickel, and manganese quantification. Calibration 
curves were constructed using six-point standard 
solutions prepared from certified reference materials, 
yielding correlation coefficients (R²) greater than 
0.999 for all analytes, indicating excellent linearity 
within the tested range40. The limits of detection 
(LOD) and quantification (LOQ), calculated as 
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three and ten times the standard deviation of the 
blank divided by the calibration slope, were found 
to be sufficiently low to detect trace concentrations 
of metal ions in the leach solutions. Instrument 
precision was evaluated by repeatability studies (n 
= 6), which resulted in relative standard deviations 
(%RSD) below 5%, demonstrating high analytical 
stability. Recovery accuracy was verified through 
spiked sample analyses at three concentration 
levels, yielding recovery percentages between 95% 
and 105%, confirming the method’s suitability for 
quantitative metal determination. Method blanks 
and matrix-matched standards were also analyzed 
to eliminate matrix interference, ensuring that the 
reported metal concentrations accurately reflect 
the recovery efficiency achieved through the 
experimental process41.

Experimental Recovery Data
	 Quant i ta t i ve  recover y  da ta  were 
obtained under optimized leaching and selective 
precipitation conditions. Replicate experiments (n 
= 3) confirmed the reproducibility of the results, 
with standard deviations below 2%. The optimized 
hydrometallurgical procedure using 4 M HCl at 
80 °C for 60 minutes (S/L = 0.02 g mL⁻¹) resulted 
in leaching efficiencies exceeding 99% for Li, Ni, 
and Mn. Sequential precipitation and complexation 
yielded final recovery efficiencies of 98.9% for 
manganese, 99.1% for nickel, and 99.5% for lithium42. 
Comparative control experiments performed 
under milder conditions (1 M HCl, 25 °C) showed 
significantly lower recoveries (42.3% for Mn, 
47.8% for Ni, and 50.2% for Li), confirming that 
the optimized parameters directly influenced the 
enhanced extraction performance. Furthermore, the 
purity of the recovered products, as measured by 
ICP-OES, indicated high-grade materials suitable 
for reuse in cathode manufacturing43. The negligible 
variation among replicates confirmed the method’s 
reproducibility and the robustness of the recovery 
protocol.

Detailed Methodology
	 Spent lithium-ion battery cathode materials 
were manually separated, cleaned, and ground to a 
fine powder (<200 μm). The leaching process was 
conducted by treating 2 g of the powder with 100 
mL of hydrochloric acid solution in a thermostatic 
reactor. Parameters including acid concentration, 
temperature, leaching time, and solid-to-liquid ratio 

were systematically optimized to achieve maximum 
dissolution efficiency. After leaching, the filtrate 
(leach liquor) was subjected to a series of selective 
precipitation steps44. Iron was first removed by 
adjusting the pH to 3.5 with NaOH and heating to 
95 °C for 2 hours to form Fe(OH)3. Manganese was 
then precipitated as MnO₂ using 10% ammonium 
peroxydisulfate at pH 4 and 95 °C. Nickel was 
selectively recovered using dimethylglyoxime (DMG) 
in an ammoniacal medium at pH 9, forming a red 
Ni-DMG complex, which was later decomposed and 
reprecipitated as Ni(OH)₂. The remaining lithium in 
the filtrate was precipitated as Li₂CO₃ by adding 
a saturated sodium carbonate solution at 100 °C 
and pH 11. Each precipitate was filtered, washed, 
and dried at 80 °C before analysis. The recovered 
solids were characterized for purity using ICP-
OES, and their crystallinity and phase composition 
were confirmed through XRD and FTIR analyses. 
This systematic approach ensured high recovery 
efficiency, selectivity, and product purity, validating 
the effectiveness of the developed recycling 
method45.

Conclusion

	 This study demonstrates an efficient 
hydrometallurgical process for the selective recovery 
of manganese, nickel, and lithium from spent LIB 
cathode active materials. Optimal leaching conditions 
4 M HCl, 80 °C, 60 minutes, and S/L ratio of 0.02 g 
mL-1 resulted in nearly complete metal dissolution 
(>99%). Sequential recovery through pH-controlled 
precipitation and complexation yielded high-purity 
MnO2 (98.9%), Ni(OH)2 (99.1%), and Li2CO3 
(99.5%).The integration of optimized leaching 
and selective precipitation provides a sustainable, 
low-cost, and scalable route for recycling valuable 
metals from LIB wastes. The high recovery yields 
and purities confirm the reliability and reproducibility 
of the proposed process, supporting its potential 
for industrial application in circular battery material 
management.
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