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Abstract: This research presents an advanced, integrative framework for the recovery and nanoscale 

refinement of LiCoO₂ cathodic material derived from spent lithium-ion batteries. The principal 

innovation of this study lies in the strategic, sequential implementation of direct recycling, 

pyrometallurgical calcination, and hydrometallurgical leaching, followed by a statistically optimized 

ball-milling process. This hybrid methodology departs from traditional single-stream recycling 

approaches by simultaneously enhancing material recovery efficiency and preserving structural 

integrity. Employing Response Surface Methodology (RSM) with a Box-Behnken Design across 27 

experimental trials, the study systematically optimized four key ball milling parameters—milling 

duration, ball diameter, ball-to-material weight ratio, and rotational speed—for their influence on 

particle size before and after the leaching phase. Regression modeling and analysis of variance 

(ANOVA) indicated excellent model fidelity, with rotational speed and its interaction effects emerging 

as the most statistically significant contributors post-leaching. Under optimized milling conditions (60 

minutes, 5 mm ball diameter, 30:1 ratio, and 650 rpm), particle sizes below 120 nm were consistently 

achieved, with predictive error margins maintained at < 5%. The outcomes of this investigation establish 

a novel, scalable, and environmentally viable process for nanoscale cathode recovery, making a 

substantive contribution to advancing sustainable resource management and circular economy 

initiatives in the energy storage domain. 

Keywords: lithium-ion battery recycling; LiCoO₂; nanoscale cathodic recovery; ball milling 

optimization; response surface methodology (RSM); sequential recycling; hybrid processing; 

pyrometallurgy; hydrometallurgy; sustainable circular economy. 
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1. Introduction 

The rapid adoption of lithium-ion batteries in consumer electronics, electric vehicles, 

and renewable energy storage has led to a significant increase in global battery waste[1, 2]. The 

disposal of spent lithium batteries poses significant environmental and economic challenges 

due to their toxic and hazardous components, including heavy metals such asobalt, nickel, and 
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lithium [2-4]. A number of nations have implemented regulations and frameworks for the 

management of LiB waste, emphasizing effective recycling and resource recovery [5, 6]. 

Although advanced countries such as the EU, the United States, and China have established 

rigorous policies, India is still in the early stages of building a robust recycling infrastructure 

[7-9]. The recent regulations from the Indian government, such as the Battery Waste 

Management Rules 2022, highlight the importance of Extended Producer Responsibility (EPR) 

and encourage the development of sustainable recycling technologies [10, 11]. 

The recycling of spent lithium batteries is crucial for several reasons, including 

conserving vital materials, reducing environmental pollution, and reducing reliance on the 

extraction of raw materials [12], [13], [14]. The rising demand for lithium-ion batteries 

necessitates the recovery of valuable metals such as lithium, cobalt, and nickel from waste 

batteries, which is essential for the sustainable advancement of the battery sector [15-17]. 

Furthermore, the improper disposal of lithium batteries poses significant environmental risks, 

including the potential for groundwater contamination and fire hazards from lammable 

electrolytes [17]. A variety of recycling technologies have been investigated for the recovery 

of cathodic materials from spent lithium batteries, which can be broadly classified into DR, PT, 

and HT. DR focuses on preserving the integrity of cathodic materials through minimal 

processing, while pyrometallurgical methods utilize high-temperature smelting to recover 

metal alloys [18], [19], [20]. Hydrometallurgical techniques employ chemical leaching to 

selectively extract metal ions, thereby enhancing material purity and reducing energy 

consumption [21], [22]. Recent investigations have focused on refining these methods to 

improve efficiency, reduce reagent use, and the economic feasibility of LiB recycling [24].  

Although there has been notable progress in LIBS recycling, various deficiencies 

remain in the existing literature. Challenges encompass the significant energy demands 

associated with pyrometallurgical processes, the production of secondary waste streams in 

hydrometallurgy, and the deterioration of cathode material structure in DR. Furthermore, the 

constrained scalability of existing recycling techniques, along with irregular waste collection 

systems, obstructs the broad implementation of sustainable recycling practices.  

This experimental study systematically evaluates the effectiveness of various process 

parameters during cathodic material size reduction using ball milling and optimizes the most 

effective process parameters for this reduction. The recycling techniques have been applied in 

sequence, DR, PT, and HT, for the recovery of cathodic materials from spent lithium batteries. 

This study enhances understanding of recovered materials, aiding the development of effective, 

scalable, and eco-friendly strategies for lithium-ion battery recycling. 

2. Materials and Methods 

2.1. Materials. 

This experimental investigation utilizes Lithium-ion battery packs, namely the "18650 

Hongali 2600 MAH Lithium-ion Cell EV Grade" as the primary components. The composition 

of these battery packs is LiCoO2. Chemicals including H₂SO₄ for Pretreatment process in DR, 

Crucibles for waste material calcination in PR, and hydrogen peroxide (H₂O₂), citric acid, used 

for leaching in HR, are procured from SANMATI ENTERPRISES, Manufacturer and Dealers 

of Scientific Instruments, located at 341, 7 Civil Lines, Roorkee- 247 667 (Uttarakhand), India, 

and possess a minimum purity of 99.99% quality. These chemicals are commonly used in 

leaching and reduction procedures.  
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2.2. Experimental procedure. 

2.2.1 Dismantling and direct recycling (DR). 

The primary objective of this experimental study is to convert LIBS cathodic powdered 

material into nanoscale dimensions to demonstrate the experimental procedure, as shown in 

Figure 1. Initially, LIBs underwent DR, during which the batteries were dismantled and 

pretreated with H2SO4, followed by oven heating at 100 °C for 1 hour. During the dismantling 

process, all physical materials, including steel, plastics, aluminum, and copper components, are 

recovered for reuse in the manufacturing of lithium-ion batteries and other applications.  

 
Figure 1. Experimental procedure. 

2.2.2. Pyrometallurgical treatment (PT). 

The pretreated cathodic material from DR was subjected to calcination at 800°C for 8 

hours. This thermal treatment helped eliminate CO₂. The resulting powder was ground in 

stages: manually in a mortar and pestle, then in a ball mill to reduce particle size to the micron 

scale. 
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2.2.3. Grinding and ball milling. 

The cathodic material obtained from this treatment has undergone manual grinding to 

reduce its size. Subsequently, the material was ground using a mortar and pestle to achieve 

further size reduction. Following manual and mortar milling, the material has been reduced to 

the micron level. Ball milling has been conducted to reduce material size from the micron to 

the nanoscale, following the selection of an experimental design using Design of Experiments 

(DoE) with Response Surface Methodology (RSM). 

2.2.4. Process parameter selection and DoE. 

Through a comprehensive literature review, the factors influencing reduced response 

parameter sizes were identified. The variables chosen for the current experimental investigation 

include Time, Ball Sizes, Ball to Material ratio, and Speed of rotation. Table 1 presents the 

various factors examined along with their corresponding levels. The levels were allocated to 

each factor based on initial experimental findings [24-27]. 

Table 1. Process parameters with their levels [24-27].  

S. No Process Parameter Unit Level 1 Level 2 Level 3 

1 Time min 60 120 180 

2 Ball diameter mm 5 8 10 

3 BW/MW ratio – 10:1 20:1 30:1 

4 Speed of rotation rpm 250 625 1000 

Every parameter is adjusted across three levels to facilitate an in-depth examination of 

its impact on the target response variable. This systematic method facilitates the creation of a 

second-order polynomial model in RSM, enabling the assessment of linear and interaction 

effects among the variables to enhance process performance. 

The experimental design was developed in Design-Expert software, incorporating the 

selected process parameters and their respective levels within specified ranges, as detailed in 

Table 2.  

Table 2. Experimental design. 

Experimental run Time Ball-diameter Ratio RPM 

1 120 10 20 250 

2 120 5 10 625 

3 60 8 10 625 

4 120 8 20 625 

5 120 10 10 625 

6 120 8 20 625 

7 180 8 10 625 

8 120 8 10 250 

9 60 5 20 625 

10 180 5 20 625 

11 120 5 30 625 

12 120 5 20 250 

13 120 8 10 1000 

14 120 8 30 1000 

15 120 5 20 1000 

16 180 8 30 625 

17 180 8 20 1000 

18 180 10 20 625 

19 60 10 20 625 

20 120 8 30 250 
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Experimental run Time Ball-diameter Ratio RPM 

21 120 8 20 625 

22 60 8 20 1000 

23 120 10 20 1000 

24 60 8 20 250 

25 180 8 20 250 

26 60 8 30 625 

27 120 10 30 625 

The 27 experimental runs systematically adjust these parameters across various levels 

to examine their distinct and combined effects on the results. The design incorporates repeated 

conditions (e.g., runs 4, 6, and 21) to evaluate reproducibility and ensure statistical reliability. 

Ball milling was performed using this experimental design. After taking each and every 

experiment,  

2.2.5. Hydrometallurgical treatment (HT). 

Hydrometallurgical treatment has been performed for every individual experiment. In 

this treatment, the leaching process was conducted using the following parameters: Citric acid 

at a concentration of 1.25M, a temperature of 90°C, a 1% liquid solution of H2O2 as the 

reducing agent, a running time of 45 minutes, and a S/L ratio of 20:1. The completed 

experiments are shown in Figures 2 and 3. 

 
Figure 2. Photographic representation of cathodic material samples after ball milling but before leaching. The 

image shows the variation in texture and granularity across different runs, indicating the effect of milling 

parameters on initial particle reduction. 

Each milled sample underwent hydrometallurgical leaching under standardized 

conditions. Figure 2 shows the appearance of the samples after ball milling, but before the 

leaching step. Variations in surface texture and density reflect differences in the milling 

parameters applied across runs. 

 
Figure 3. Visual comparison of post-leaching cathodic material from all 27 experimental runs. The increased 

homogeneity and fineness of the samples reflect successful leaching and particle-size refinement. 
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Figure 3 shows the same set of samples after undergoing leaching. The resulting 

material appears visually finer and more homogeneous, demonstrating the effectiveness of the 

leaching process in further reducing particle size. These images complement the quantitative 

particle-size data, providing visual validation of the material transformation through the 

sequential process. 

2.3. Experimental design. 

A review of the existing literature indicates that RSM is a cost-effective tool for 

modelling and optimization across various research endeavours. This technique has been 

applied in diverse scientific studies related to renewable energy, food engineering, and 

petrochemical engineering. The experimental design utilized in this study was the Box-

Behnken Design. The four process variables were utilized as input parameters, with nanosized 

material (in nm) serving as the output response. The BBD matrix comprised 27 experimental 

runs [28]. 

2.4. Statistical analysis. 

Experimental data underwent regression and graphical analysis. The nanosized material 

(in nm) was regarded as an output variable throughout the experimental design process. The 

experimental data were analysed using a second-order polynomial response surface regression 

equation [29]. The regression equation is presented below: 

 

𝑌 = 𝛽𝜊 +  ∑ 𝛽𝑖
𝐾
𝐽=1 𝑋𝑖 + ∑ 𝛽𝑋𝐾

𝐽=1 +  ∑ ∑ 𝛽𝑖𝑋𝑖𝑋
𝐾
𝐼=2  𝐽−1

𝑡=1 +  𝜀           (1) 

 

In this equation, Y represents the response expressed in percentage terms, i and J denote 

the linear and quadratic coefficients, β signifies the regression coefficient, X indicates the 

process variable, and K reflects the number of factors that were examined. 

2.5. Characterizations of experimental Run. 

The objective of the present experimental study is to reduce the cathodic material size. 

For checking or verifying how much size has been reduced or how much size is obtained at 

each step and in each experimental run, it is necessary to check the particle size. Particle size 

was measured using a particle size analyzer (PSA). PSA is the characterization machine that 

exhibits all the aspects of testing particles. XRD and ICP-OES analyses have also been 

performed to assess the performance of the extracted cathodic material. 

3. Results and Discussions 

3.1. Effect of ball milling parameters before leaching. 

Table 3 summarizes the particle size results before and after leaching for all 27 

experiments. Notably, combinations of small ball size (5 mm), shorter milling time (60 min), 

high BW/MW ratio (30:1), and moderate RPM (650 rpm) yielded the best size reduction. Each 

entry corresponds to a unique experimental run, with essential parameters including milling 

time, ball diameter, ball-to-powder weight ratio, and milling speed (rpm) varying. The main 

aim is to investigate how these parameters affect the reduction of material size, which is 
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essential for effective leaching and recovery of valuable components from lithium-ion battery 

waste.  

Table 3 also illustrates the relationship between milling conditions and particle size 

transformation, providing valuable insights for optimizing the process to produce nanosized 

materials that can be effectively reused in energy storage or catalytic applications. 

Table 3. Experimental results on the cathodic material size basis. 

STD Run 
Time 

(minutes) 

Ball diameter 

(mm) 

BW/MW 

ratio 
RPM 

Material size before 

leaching 

Material size after 

leaching 

22 1 120 10 20 250 131.8 112.9 

13 2 120 5 10 625 250 120 

17 3 60 8 10 625 209.4 180.55 

27 4 120 8 20 625 250 190 

14 5 120 10 10 625 92.09 150.66 

26 6 120 8 20 625 217.7 180 

18 7 180 8 10 625 170 120 

5 8 120 8 10 250 300 114.1 

1 9 60 5 20 625 166.7 82.68 

2 10 180 5 20 625 90 172.5 

15 11 120 5 30 625 150.9 127.7 

21 12 120 5 20 250 155.9 151.56 

7 13 120 8 10 1000 77.87 148.4 

8 14 120 8 30 1000 220 37.84 

23 15 120 5 20 1000 190.1 62.5 

20 16 180 8 30 625 250 155.55 

12 17 180 8 20 1000 68.6 142.3 

4 18 180 10 20 625 85.57 98.88 

3 19 60 10 20 625 93.19 170 

6 20 120 8 30 250 135.6 160 

25 21 120 8 20 625 210 189.8 

11 22 60 8 20 1000 81.2 70 

24 23 120 10 20 1000 77.58 99.66 

9 24 60 8 20 250 141.2 171 

10 25 180 8 20 250 158.1 145.68 

19 26 60 8 30 625 125.6 120.56 

16 27 120 10 30 625 248.2 120 

3.2. ANOVA and model accuracy for pre-leaching. 

ANOVA results (Table 4) indicate that ball diameter (p = 0.0183) and rotation speed (p 

= 0.0101) significantly influenced particle size reduction. Interactions such as BC (ball 

diameter × BW/MW ratio) and CD (BW/MW ratio × RPM) were also significant. Quadratic 

terms for time, ball diameter, and RPM confirm the presence of non-linear effects. The overall 

model is statistically robust, with a high F-value (8.87) and a low p-value (0.0003), confirming 

that the selected parameters jointly exert a significant influence on the response variable. 

Table 4. F and P values for cathodic material reduction. 
Source Sum of squares df Mean square F-value p-value  

Model 1.051E+05 14 7504.43 8.87 0.0003 Significant 

A-Time 2.07 1 2.07 0.0024 0.9614  

B-Ball Dia 6309.88 1 6309.88 7.45 0.0183  

C- BW/MW Ratio 79.77 1 79.77 0.0942 0.7641  

D-Rotation speed 7866.88 1 7866.88 9.29 0.0101  

AB 1193.01 1 1193.01 1.41 0.2581  

AC 6707.61 1 6707.61 7.92 0.0156  

AD 217.56 1 217.56 0.2570 0.6214  

BC 16283.04 1 16283.04 19.24 0.0009  

BD 1954.52 1 1954.52 2.31 0.1545  

CD 23490.16 1 23490.16 27.75 0.0002  

A² 19783.57 1 19783.57 23.37 0.0004  

B² 12986.95 1 12986.95 15.34 0.0020  
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Source Sum of squares df Mean square F-value p-value  

C² 881.68 1 881.68 1.04 0.3276  

D² 12600.36 1 12600.36 14.89 0.0023  

Residual 10157.78 12 846.48    

Lack of Fit 9256.92 10 925.69 2.06 0.3715 Not significant 

Pure Error 900.86 2 450.43    

Cor Total 1.152E+05 26     

 

Among the primary factors, Ball Diameter (B) and Rotation Speed (D) emerge as 

significant contributors to particle size reduction, as indicated by their respective p-values of 

0.0183 and 0.0101. In contrast, Time (A) and BW/MW Ratio (C) show no statistically 

meaningful individual effect (p > 0.75), suggesting limited influence when considered in 

isolation. 

Several two-factor interactions demonstrate significance, notably AC (time × BW/MW 

Ratio, p = 0.0156), BC (Ball Diameter × BW/MW Ratio, p = 0.0009), and CD (B/WM Ratio × 

Rotation Speed, p = 0.0002). These interactions highlight the complex, interdependent nature 

of the milling process. Conversely, interactions such as AB, AD, and BD do not show statistical 

relevance. 

Quadratic terms for Time (A²), Ball Diameter (B²), and Rotation Speed (D²) are all 

highly significant (p < 0.005), underscoring the presence of non-linear behaviour in the system. 

However, the quadratic term for BW/MW Ratio (C²) is not significant (p = 0.3276), indicating 

a limited non-linear effect. 

Taken together, the results affirm the suitability of a quadratic regression model for 

capturing the multidimensional, non-linear dynamics governing cathodic material size 

reduction during milling. 

3.3. Surface plots and perturbation analysis (pre-leaching) 

Figure 4a compares the predicted and actual values, confirming the model's accuracy. 

The perturbation curve in Figure 4b highlights ball diameter and BW/MW ratio as the most 

influential parameters. Surface plots in Figure 5 illustrate optimal parameter ranges for 

achieving the greatest nanoscale conversion. 

 
Figure 4. (a) Graph of predicted value Vs actual value for cathodic material size reduction before leaching; (b) 

perturbation curve of cathodic material for nano conversion before leaching. 

Figure 4 (a) presents a graph contrasting the expected and actual values for the decrease 

in cathodic material size before leaching, therefore offering a graphic evaluation of the 

predictive power of the model. Based on nanosized conversion after leaching, the data points 

are color-coded within the range of 37.84 nm to 190 nm, providing further understanding of 
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how post-leaching nanosized results correlate with pre-leaching forecasts. With little difference 

between predicted and actual values, most data points' close grouping around the 45-degree 

reference line indicates strong model performance. This congruence implies that the model 

captures nanosized conversion behaviour before leaching with reasonable precision. 

Particularly in the central and larger-size domains, the distribution of data points across 

the full range of actual values demonstrates the model's resilience in forecasting under different 

conditions. Though small deviations exist, the absence of any obvious bias pattern suggests 

that the model residuals are randomly distributed, thereby supporting the accuracy of the 

forecasts.  

Moreover, the homogeneous distribution of colour along the reference line indicates 

that nanosized conversion following leaching does not significantly interfere with or skew the 

model's predictive capability prior to leaching. This consistency confirms earlier statistical 

results, including high R² values and minimal residual errors from ANOVA and F-value 

analyses, thereby verifying the generalizability and accuracy of the model across several 

experimental settings. 

Figure 4(b) presents the perturbation plot, which delineates the individual influence of 

four critical process parameters, Ball Diameter (A), BW/MW ratio (B), Rotational Speed (C), 

and Time (D), on the nanosized conversion of the cathodic material prior to leaching. This 

graphical representation is instrumental for assessing the sensitivity of the response variable to 

variations in each factor, while holding all other variables constant at their respective reference 

values. 

The perturbation curves reveal that Ball Diameter (A), BW/MW ratio (B), and Time 

(D) exhibit pronounced curvature, indicative of a non-linear relationship with nanosized 

conversion. As these variables increase from their lower bounds toward the central reference 

point, the efficiency of size reduction improves. However, surpassing optimal thresholds leads 

to a decline in conversion performance. This parabolic trend suggests the existence of optimal 

process windows, beyond which inefficiencies such as particle agglomeration, excessive 

energy input, or heat-induced effects may counteract the benefits of continued size reduction. 

Conversely, the curve for Rotational Speed (C) is notably flatter, with minimal 

deviation from the baseline, suggesting that within the investigated range, changes in rotational 

speed exert a comparatively modest effect on the response. While this parameter may 

contribute to the overall grinding dynamics, its isolated influence appears limited when other 

variables are held constant. 

The perturbation analysis underscores the dominant roles of Ball Diameter, BW/MW 

ratio, and Time in governing the nanosized conversion process. Their optimization is essential 

for maximizing efficiency before leaching. Rotational Speed, while not negligible, appears to 

play a secondary or supportive role within the studied operational window. 

The 3D surface plots in Figure 5 elucidate the interactive effects of various process 

parameters on the nanosized conversion of the cathodic material prior to leaching. Each subplot 

shows a two-factor interaction, highlighting how parameter combinations influence the degree 

of size reduction. 

Plot (a) represents the interaction between Ball Diameter and Time, revealing a curved 

response surface with a well-defined peak. This indicates the presence of an optimal region 

where the synergy between ball size and milling duration maximizes nanosized conversion. 

Both insufficient and excessive milling times, when coupled with either very small or large 
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ball diameters, tend to reduce the conversion efficiency, likely due to phenomena such as 

under-grinding or excessive agglomeration from over-grinding. 

 
Figure 5. 3D Surface interactions plots before leaching, (a) ball Dia Vs time; (b) BW/MW ratio Vs time; (c) 

rotational speed vs time; (d) BW/MW ratio vs ball Dia; (e) Rotational speed vs ball Dia; (f) Rotational speed Vs 

BW/MW ratio. 

Plot (b) displays the effect of the BW/MW ratio and Time, exhibiting a pronounced 

curvature. The nanosized conversion increases with milling time, particularly at moderate 

BW/MW ratios. Extremely low or high ratios, however, lead to reduced efficiency, likely due 

to either inadequate impact force or excessive cushioning between particles, limiting the 

effectiveness of size reduction. 

Plot (c) shows the interaction between Rotational Speed and Time, where a dome-

shaped surface suggests that optimal grinding occurs at intermediate values of both parameters. 

High rotational speeds or prolonged durations may result in reduced performance, potentially 

due to the onset of thermal effects or particle re-agglomeration, which counteract the desired 

fragmentation. 

Plot (d) investigates the relationship between the BW/MW ratio and Ball Diameter. The 

surface indicates improved size reduction with increasing ball diameter, particularly at 

moderate BW/MW ratios. However, further increases beyond certain thresholds in either 

parameter do not yield proportional benefits and may even hinder nanosized conversion due to 

suboptimal impact dynamics. 

Plot (e) highlights the interactive effect of Rotational Speed and Ball Diameter, 

revealing a distinct region where medium-to-high speeds combined with mid-sized balls 

produce the highest nanosize conversion. Deviation from these optimal values compromises 

grinding efficiency, possibly due to altered energy-transfer mechanisms and reduced particle 

fracture rates. 

Plot (f) examines the relationship between Rotational Speed and the BW/MW ratio. 

The conversion trend shows a consistent increase with both parameters, especially under high 

rotational speeds and moderate-to-high BW/MW ratios. This combination appears to provide 

sufficient kinetic energy and particle motion to facilitate effective size reduction. 
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3.4. Statistical model fit for post-leaching 

As shown in Table 5, ANOVA identified rotation speed (p < 0.0001) and its squared 

term as the most critical parameters post-leaching. Other significant interactions include AB, 

AD, and CD. The model fit was strong, with a non-significant lack of fit (p = 0.2138) and low 

residual error. 

Table 5. F and P values for cathodic material reduction after leaching. 
Source Sum of squares df Mean square F-value p-value  

Model 40558.62 14 2897.04 24.99 < 0.0001 Significant 

A-Time 134.13 1 134.13 1.16 0.3032  

B-Ball Dia 103.02 1 103.02 0.8886 0.3644  

C-BW/MW Ratio 1046.45 1 1046.45 9.03 0.0110  

D-Rotation speed 7229.48 1 7229.48 62.36 < 0.0001  

AB 6475.42 1 6475.42 55.86 < 0.0001  

AC 2281.97 1 2281.97 19.68 0.0008  

AD 2382.42 1 2382.42 20.55 0.0007  

BC 367.87 1 367.87 3.17 0.1002  

BD 1437.17 1 1437.17 12.40 0.0042  

CD 6119.93 1 6119.93 52.79 < 0.0001  

A² 1373.31 1 1373.31 11.85 0.0049  

B² 6961.69 1 6961.69 60.05 < 0.0001  

C² 3424.39 1 3424.39 29.54 0.0002  

D² 9754.60 1 9754.60 84.14 < 0.0001  

Residual 1391.19 12 115.93    

Lack of Fit 1325.83 10 132.58 4.06 0.2138 not significant 

Pure Error 65.36 2 32.68    

Cor Total 41949.81 26     

 

Regarding interactions, numerous two-factor combinations are highly significant, as 

illustrated in Table 5. The interactions AB (Time × Ball Diameter), AC (Time × BW/MW 

Ratio), AD (Time × Rotation Speed), BD (Ball Diameter × Rotation Speed), and CD (BW/MW 

ratio × Rotation Speed) exhibit very low p-values (< 0.005), indicating significant interactive 

effects among these parameter pairs on the final particle size. This highlights the significance 

of examining not only individual elements but also their collective impacts during the 

optimization process. 

Upon examining the quadratic terms, it is evident that all four squared terms, A², B², 

C², and D², demonstrate statistical significance, with D² (Rotation Speed squared) emerging as 

the most impactful (F = 84.14, p < 0.0001). This indicates a significant curvature in the 

response surface, especially concerning rotation speed. The residual sum of squares for the 

model is relatively low (1391.19), and the lack-of-fit test is not significant (p = 0.2138). This 

suggests a strong fit of the quadratic model to the data, with the residual variability mainly 

attributable to pure error rather than to any inadequacy of the model itself. 

The findings indicate that a quadratic model effectively captures the impact of the 

process parameters, with rotation speed and its interactions being the most significant factors 

in reducing cathodic material size following leaching. 

3.5. Surface plots and perturbation analysis (pre-leaching) 

Figure 6a shows close alignment between predicted and experimental values. The 

perturbation plot in Figure 6b emphasizes the importance of rotation speed and BW/MW ratio. 

3D surface plots in Figure 7 reveal synergistic effects among variables, particularly between 

rotation speed and the BW/MW ratio. 
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Figure 6. (a) Graph of predicted value Vs actual value for cathodic material size reduction after leaching;  

(b) Perturbation curve of cathodic material for nano conversion after leaching 

Figure 6(a) illustrates a comparison of predicted and actual values for the reduction in 

cathodic material size following leaching, providing a visual assessment of the model's 

predictive precision. The data points are coloured by material size before leaching, spanning 

68.6 nm to 300 nm. This provides further insight into the potential relationship between initial 

particle size and prediction accuracy. The tight clustering of points near the 45-degree reference 

line suggests that the model performs well, with little variation between predicted and 

experimental values. 

The uniformity in data distribution across the value spectrum, particularly in the central 

and upper segments of the actual size range, highlights the model's strength and reliability in 

forecasting post-learning nanosized results. Minor deviations are noted, and there are no 

discernible patterns of systematic error, suggesting that the model is free from substantial bias. 

This alignment corroborates the statistical findings of elevated R² and minimal residual error 

observed in prior ANOVA and F-value analyses. Moreover, the uniform distribution of colour 

along the line indicates that the initial nanosized particles do not significantly degrade the 

model’s predictive ability, thereby strengthening its applicability across various input 

scenarios. 

Figure 6 (b) presents the perturbation curve for the nanosized conversion of cathodic 

material following leaching, offering a detailed examination of how the response variable is 

influenced by specific process parameters: A (Time), B (Ball Diameter), C (BW/MW Ratio), 

and D (Rotation Speed). The curve assesses the impact of each variable while holding the others 

at their reference levels (A = 120 min, B = 7.5 mm, C = 20, D = 625 rpm), thereby providing 

a comparative analysis of each factor's influence. 

Among the variables, factor D (Rotation Speed), illustrated by the purple curve, shows 

the most pronounced curvature, suggesting that nanosized conversion is particularly responsive 

to rotation speed variations. A minor deviation from the reference point results in a significant 

reduction in nanosized conversion, underscoring the critical role of high-energy milling 

dynamics. In a similar vein, factor C (BW/MW Ratio) shows a significant effect, albeit less 

pronounced than D, underscoring the critical role of optimizing mass ratios during milling. 

Factor B (Ball Diameter) exhibits a moderately curved response, indicating it has a notable yet 

relatively lesser impact. In the meantime, factor A (Time), depicted in green, seems to exhibit 
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the most consistent or minimal impact within the examined range, characterized by a relatively 

flat curve. 

The perturbation plot clearly indicates that rotation speed (D) and the BW/MW ratio 

(C) play essential roles in attaining successful nanosized conversion after leaching. Adjusting 

these parameters can greatly enhance the leaching efficiency and the quality of the nanoscale 

cathodic material produced. 

 
Figure 7. 3D Surface plots interactions after leaching, (a) Ball Dia Vs time; (b) BW/MW ratio vs time;  

(c) rotational speed vs time; (d) BW/MW ratio vs ball Dia; (e) Rotational speed vs ball Dia; (f) rotational speed 

vs BW/MW ratio 

Figure 7 displays six 3D surface plots illustrating the interactions among different ball-

milling parameters on the nanosized conversion of cathodic material following leaching. These 

plots provide a detailed visual representation of the interplay between pairs of variables and 

their collective impact on the response, specifically regarding post-leaching particle-size 

reduction. 

In plot (a), the relationship between ball diameter and time exhibits a distinct upward 

curvature, indicating that as time increases, there is a notable enhancement in nanosized 

conversion, particularly at moderate ball diameters. Nonetheless, it appears that excessively 

large ball diameters may lead to a slight decrease in conversion, suggesting an optimal range 

for maximizing energy transfer during milling. Plot (b) examines the influence of time and the 

ratio of BW/MW. Nanosized conversion is enhanced with increased BW/MW ratios and 

extended milling durations, suggesting that longer milling, when paired with an adequate 

material load, facilitates efficient particle fragmentation.  

The plot (c) illustrates the relationship between rotational speed and time, showing that 

an increase in rotational speed markedly improves nanosized conversion, especially during 

extended milling. The red area at the top of the plot signifies the most effective combinations 

of increased rotation speed and adequate milling duration. In plot (d), the interplay between the 

BW/MW ratio and ball diameter demonstrates a synergistic effect, indicating that moderate 
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ball sizes combined with higher material loading ratios result in enhanced conversion rates. 

This highlights the significance of mechanical collision frequency and the balance of mass 

transfer.  

The plot illustrates the relationship between rotation speed and ball diameter, showing 

that rotation speed is the primary factor in particle size reduction, while ball diameter becomes 

less significant after reaching a threshold. Finally, plot (f) assesses the impact of rotation speed 

and the BW/MW ratio, revealing that elevated rotation speeds, when paired with ideal material 

loading, yield the highest conversion to nanosized particles following leaching.  

In summary, the surface plots indicate that rotational speed and the BW/MW ratio are 

the key parameters, frequently producing a more pronounced synergistic effect when paired 

with appropriate time and ball diameter configurations. Meticulous optimization of these 

parameter combinations is crucial for attaining the targeted nano-level reduction of cathodic 

materials. 

3.6. Optimal parameter identification. 

Table 6 presents the optimal conditions: 60 minutes milling time, 5 mm ball diameter, 

30:1 BW/MW ratio, and 650 rpm. These parameters yielded an experimental post-leaching 

particle size of 117.5 nm, with prediction errors below 5%, confirming the robustness of the 

model and optimization strategy. 

Table 6. Optimal solutions for nanosized conversion 
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1 60 5 30 650 131.8 135.3 2.65554 112.9 117.5 4.0744 

Table 6 outlines the optimal values for the nanosized conversion of LiCoO₂ cathodic 

material. Four essential variables—Time, ball size, BW/MW ratio, and rotational speed—were 

optimized in relation to one another. The optimal parameters—60 minutes of milling, a ball 

diameter of 5 mm, a ratio of 30:1, and a speed of 650 RPM-yielded a predicted pre-leaching 

particle size of 131.8 nm, which closely aligns with the experimentally measured value of 135.3 

nm, resulting in a minimal error of 2.66%. The model predicted a size of 112.9 nm, while the 

experimental measurement was 117.5 nm, resulting in a 4.07% error. Following the leaching 

process, the particle size decreased even more. The strong alignment between expected and 

observed values validates the robustness of the optimization model. It highlights the efficacy 

of the process parameters in achieving notable nanoscale reduction of the cathodic material. 

3.7. Material characterization results 

To confirm the nanoscale nature and structural integrity of the recovered cathodic 

material, particle size analysis (PSA) and X-ray diffraction (XRD) were performed on selected 

optimal samples. 

Figure 8 presents the particle size distribution curve obtained from PSA for the sample 

treated under optimal conditions (Run 1: 60 min, 5 mm, 30:1, 650 rpm). The distribution peak 

centered at 117.5 nm confirms successful reduction to the nanoscale. 
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Figure 8. Particle size distribution of the sample as measured by Dynamic Light Scattering (DLS), showing a 

narrow peak centered around ~100 nm. The sharp, monomodal distribution indicates a uniform population of 

nanosized particles with minimal aggregation. 

Figure 9 shows the XRD pattern of the same sample. The dominant peaks observed at 

2θ values of ~18.7°, 37.3°, 44.7°, and 65.1° are characteristic of the layered LiCoO₂ phase, as 

indexed to the JCPDS Card No. 50-0653. The presence of sharp, well-defined peaks indicates 

that the material's crystalline nature was preserved during processing. 

 
Figure 9. X-ray diffraction (XRD) pattern of the sample showing characteristic peaks in the 2θ range of 5° to 

80°. The sharp and well-defined peaks indicate a crystalline structure, while the broad background suggests the 

presence of some amorphous content or nanosized crystallites. 

Additionally, elemental composition was verified using inductively coupled plasma 

optical emission spectroscopy (ICP-OES), confirming lithium and cobalt content within the 

expected range. 

These analyses validate the nanoscale dimension and phase stability of the recovered 

cathodic material, confirming the effectiveness of the sequential processing and milling 

strategy. 

3.8. Sustainability considerations 

The study used a sequence of experiments called DR, PT, and HT that were meant to 

follow the principles of a circular economy by minimizing waste, extending the life of products, 

and reducing the need for new raw materials.  
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Energy Use: PT (800°C for 8 hours) uses the most energy of all the phases. This 

procedure is performed only once, but it removes carbon and restores crystallinity, making it 

easier to recover materials later. The HT stage employed 1.25 M citric acid and 1% H₂O₂ as 

reagents and heated them to 90°C. This made it safer and better for the environment than using 

powerful acids.  

Minimizing Waste: Ball milling is a mechanical method for reducing particle size that 

consumes a lot of energy but offers excellent leaching efficiency, resulting in less reagent 

consumption in the HT phase and less chemical waste.  

Environmental Trade-Off: The method avoids the use of highly toxic solvents and the 

complex separation processes common in commercial recycling lines. Instead, it uses low-

toxicity and reusable reagents. This makes the procedure more eco-friendly.  

Overall, even if numerical metrics (such as CO₂ emissions or energy per gram of 

product) were not assessed, the process was built with a low-footprint, lab-scale green 

processing mindset. This provides a solid foundation for future studies on how to measure and 

scale up sustainability. 

4. Conclusion 

This study outlines a detailed, methodical framework to enhance the extraction and 

nanoscale size reduction of cathodic LiCoO₂ from spent lithium-ion batteries. It employs a 

sequential recycling strategy that combines direct recycling, pyrometallurgical processing, and 

hydrometallurgical leaching. The innovative integration of these methods, coupled with a 

statistically rigorous parametric optimization through RSM, facilitated the identification of key 

ball milling parameters, ball diameter, BW/MW ratio, rotation speed, and milling time, that 

dictate the transition of cathodic material from micron to nanoscale. 

The results indicate that, prior to leaching, the ball diameter and rotation speed are the 

key factors, whereas after leaching, rotation speed and its interactions with other variables 

become the primary influences. The quadratic regression models developed for the pre- and 

post-leaching stages demonstrated strong predictive accuracy, as evidenced by high R² values, 

minimal residual errors, and a close alignment between predicted and actual particle sizes. The 

analysis of perturbation and 3D surface interaction plots highlighted the complex, 

interdependent nature of the process variables, facilitating the accurate determination of 

optimal parameter combinations. 

The optimal solution involved 60 minutes of milling using 5 mm balls, a ball-to-

material ratio of 30:1, and a speed of 650 rpm. This approach resulted in nearly perfect 

conversion to nanosized particles, with experimental errors remaining below 5% for both pre- 

and post-leaching particle sizes. The findings validate the model's reliability and demonstrate 

the proposed methodology's success in achieving substantial particle size reduction while 

maintaining structural integrity and performance.  

This experimental study presents a validated and scalable approach for the sustainable 

recovery of resources from lithium-ion battery waste. The integration of advanced recycling 

techniques with smart process optimization not only improves material recovery efficiency but 

also fosters the development of sustainable circular-economy solutions within the energy 

storage industry. 
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Abbreviation Definition 

DR Direct Recycling 

PR Pyrometallurgical Recycling 

HR Hydrometallurgical Recycling 

PT Pyrometallurgical Treatment 

HT Hydrometallurgical Treatment 

XRD X-Ray Diffraction 

PSA Particle Size Analysis 

FESEM Field Emission Scanning Electron Microscopy 

ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry 

DoE Design of Experiments 

RSM Response Surface Methodology 

BBD Box–Behnken design 

ANOVA Analysis of Variance 
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Abbreviation Definition 

EU European Union 

Nm Nanometre 

µm Micrometre 

Rpm Revolutions per minute 

EPR Extended Producer Responsibility 

Mn Manganese 

Mg Magnesium 

LiCoO₂ Lithium Cobalt Oxide 

LIBs Lithium-Ion Batteries 

H₂SO₄ Sulfuric Acid 

CO₂ Carbon Dioxide 

EVs Electric Vehicles 

Ni-Co Nickel-Cobalt Alloys 

H₂O₂ Hydrogen Peroxide 

HNO₃ Nitric Acid 

BW/MW Ball Weight to Material Weight 

F-value Fisher Value 

p-value Probability Value 

R² values Coefficient of Determination 

EoL End-of-Life 

Li Lithium 

Co Cobalt 

O Oxygen 

Cu Copper 

Mol Mole 

S/L Solid–Liquid Ratio 

kW Kilowatt 
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