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Abstract: The global expansion of electric and hybrid vehicles, as well as the increasing 

use of portable electronic devices and stationary energy storage systems, has led to a 

significant rise in demand for lithium-ion batteries (LIBs). Consequently, the number of spent 

batteries is rapidly increasing, making their environmentally safe and sustainable recycling 

a critical issue. This paper presents a comprehensive analysis of the chemical composition of 

lithium-ion batteries, recycling methods, including mechanical, pyrometallurgical, and 

hydrometallurgical approaches, environmental risks, and economic feasibility. The results 

indicate that efficient recycling can restore valuable metallic resources, reduce electronic 

waste, and contribute to environmental protection while maintaining operational safety. 
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Introduction 

In recent years, the use of electric vehicles (EVs) and stationary energy storage systems 

has grown significantly. Simultaneously, portable electronic devices such as smartphones, 

laptops, and tablets have become increasingly widespread. This trend has led to a continuous 

rise in demand for lithium-ion batteries. The production of these batteries requires substantial 

quantities of critical raw materials, including lithium, cobalt, nickel, and manganese. 

Therefore, recycling used lithium-ion batteries in an environmentally safe and efficient 

manner has become a pressing concern. 

Currently, industrial recycling predominantly relies on pyrometallurgical methods, 

which involve high temperatures and energy consumption. Consequently, there is an urgent 

need to develop energy-efficient and environmentally sustainable recycling technologies. The 

LithoRec project addresses this challenge by optimizing mechanical recycling processes and 

subsequently restoring coating materials using hydrometallurgical techniques. 

Laboratory- and pilot-scale experiments have extensively investigated mechanical 

recycling steps. During dry grinding, the release of gases, formation of intermediate products, 

and the separation of materials were analyzed. The findings indicated that incorporating a 

secondary grinding stage improves material separation efficiency. Moreover, such processes 

allow for environmentally safe recycling that can recover at least 75% of the battery materials. 
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Structure and Working Principle of Lithium-Ion Batteries 

Lithium-ion batteries are distinguished by high energy density, long cycle life, and 

relatively low weight. They consist of an anode, cathode, electrolyte, and separator. The anode 

typically comprises graphite-coated copper foil, while the cathode is composed of lithium-

nickel-cobalt-manganese oxide (LiNi0.33Co0.33Mn0.33O2). Batteries are manufactured in 

various forms, including cylindrical, prismatic, and pouch types. The diversity of battery 

designs introduces technological challenges during recycling, as the adhesive properties of 

electrodes complicate separation processes. 

An average electric vehicle battery contains several kilograms of lithium, nickel, cobalt, 

and manganese, highlighting the economic and ecological importance of recycling these 

metals. Efficient recycling not only preserves scarce resources but also mitigates the 

environmental impact of spent batteries. 

Electronic Waste Challenges 

The rapid increase in electronic waste presents a global environmental challenge. 

Lithium-ion batteries must be recycled safely to conserve resources and minimize 

environmental pollution. Improper disposal can lead to fire, explosion, and the release of toxic 

materials, underscoring the necessity of environmentally conscious recycling practices. 

Recycling Technologies for Lithium-Ion Batteries 

Recycling processes for lithium-ion batteries typically involve several stages: 

Deactivation 

Deactivation ensures the safe discharge of stored electrical energy in the battery system. 

This can be achieved via short-circuiting, thermal treatment, or controlled discharge. Thermal 

treatment heats batteries up to 300°C, causing electrolyte evaporation and gas release, thereby 

deactivating battery components. 

 Mechanical Recycling 

Mechanical recycling involves shredding, sieving, and sorting battery components. 

Subsequent processes include magnetic separation and the detachment of electrode coatings 

from foils. These techniques allow the efficient recovery of valuable metals while reducing 

hazardous waste generation. 

 Pyrometallurgical Methods 

Pyrometallurgy relies on high-temperature smelting. The molten mixture allows the 

recovery of nickel, cobalt, and copper. While effective, this method consumes substantial 

energy and may result in the partial loss of some materials. 

Hydrometallurgical Methods 

Hydrometallurgical techniques extract metals using chemical leaching solutions. These 

processes enable high-efficiency recovery of lithium, cobalt, nickel, and manganese while 

requiring controlled management of chemical reagents to minimize environmental impact. 

Environmental and Safety Considerations 

Lithium-ion batteries present three primary safety risks during recycling: 
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1. Electrical hazard: Residual energy can cause temperature spikes and burns 

during short circuits or improper handling. 

2. Fire and explosion risk: Organic carbonate electrolytes are highly flammable, 

increasing the probability of fire or explosion. 

3. Chemical hazard: Decomposition of lithium hexafluorophosphate (LiPF6) and 

PVDF binders produces toxic gases such as HF and CO. Cobalt and nickel oxides, as well as 

aging-derived organophosphates, also contribute to chemical hazards. 

These hazards are interrelated; short circuits and exothermic reactions can trigger fires 

and explosions, emphasizing the need for strict safety protocols. 

Recent Research and Innovative Approaches 

Recent studies focus on optimizing mechanical recycling and recovering coating 

materials using hydrometallurgical processes. Combined dry and wet grinding improves 

material separation and increases recovery efficiency. Hydrometallurgical methods allow 

direct recovery of lithium, cobalt, nickel, and manganese, while pyrometallurgical slags can 

be further processed to extract aluminum and lithium. 

  Balancing equipment costs, energy consumption, and product purity is critical for 

economic viability. Efficient recycling processes recover high-value metals, reduce waste, 

and enhance environmental safety. Thus, advanced recycling technologies are not only 

environmentally but also economically beneficial. 

   Experimental results demonstrate that mechanical recycling effectively separates 

battery materials, and hydrometallurgical techniques recover high-purity metals. 

Pyrometallurgy remains energy-intensive but efficiently recovers key elements. Ensuring 

safety during recycling processes is essential to prevent fire, explosion, and toxic emissions. 

Recycling significantly reduces electronic waste, optimizes resource utilization, and 

contributes to environmental sustainability. 

Conclusion 

Recycling lithium-ion batteries from electronic devices is both an environmental and 

economic necessity. Effective recycling restores valuable metals, reduces electronic waste, 

and ensures environmental protection. Combining mechanical, pyrometallurgical, and 

hydrometallurgical techniques maximizes material recovery. Future developments in energy-

efficient and environmentally sustainable technologies will play a pivotal role in advancing 

battery recycling practices. 
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