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Abstract

The scalability of current closed-loop battery recycling is fundamentally constrained by a critical industrial
bottleneck: the inability to economically process heterogeneous, mixed chemistry waste streams
(simultaneous feeds of LFP, high-nickel NMC, and emerging silicon-anode cells) without intensive pre-
sorting. This study introduces a disruptive closed-loop architecture that bypasses manual dismantling
through an adaptive, selective hydrometallurgical-to-direct regeneration continuum. By deploying localized
multi-ion complexation agents coupled with real-time electrochemical phase tuning, our approach
simultaneously recovers high-purity transition metals and directly heals degraded crystal lattices across
mixed "black mass" inputs without total chemical dissolution. Closed-loop life-cycle and techno-economic
analyses reveal a 42% reduction in processing energy and a near-zero secondary wastewater footprint
compared to conventional benchmark processes. Crucially, regenerated cathode blends fabricated from
random industrial waste feeds exhibit electrochemical performance parity with virgin commercial cells,
demonstrating that closed-loop circular manufacturing can transition from idealized single-stream
processing to robust, reality-adapted industrial deployment.

Keywords: Mixed-feedstock recycling, Heterogeneous battery waste, Closed-loop architecture, Direct
regeneration, Circular economy, Techno-economic analysis.

1. Introduction
The global transition toward clean energy storage
has made lithium-ion batteries (LIBs) a cornerstone

resource  recovery.  Closed-loop, zero-waste
recycling addresses these predicaments by

technology of the 21st century, driving massive
transformations across transportation, grid storage,
and consumer electronics. However, the exponential
growth in battery deployment has created an urgent
imperative for advanced end-of-life management
strategies. Heterogeneous LIB waste streams—
characterized by diverse chemistries, varying form
factors, and different states of health—pose severe
challenges to conventional recycling infrastructure.
Traditional recycling approaches often treat batteries
as simple scrap rather than complex engineered
systems, resulting in chemical waste and incomplete

integrating advanced pre-sorting, selective chemical
extraction, and direct material restoration to achieve
maximum resource circularity with minimal
environmental impact. [1-5]

1.1 The Role of Advanced Recycling in

Sustainable Energy Ecosystems

Advanced recycling has become a vital component
in modern materials science and environmental
engineering, helping industries recover critical raw
materials while mitigating ecological toxicity.
Conventional recycling often requires significant
energy and hazardous reagents, leading to secondary
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emissions. Modern closed-loop techniques improve
efficiency by providing cleaner, more selective
methods for handling complex waste streams. One
of the most important aspects of advanced recycling
is feedstock characterization. Spent batteries
collected from diverse applications exhibit extreme
variability in composition, state of charge, and

International Research Journal on Advanced Engineering Hub (IRJAEH)

e ISSN: 2584-2137
Vol. 04 Issue: 09 September 2026
Page No: 5591-5596

https://irjach.com
https://doi.org/10.47392/IRJAEH.2026.0730

components, and route materials to optimal
processing pathways. Furthermore, advanced
simulation and modeling tools  optimize

hydrometallurgical leaching kinetics and thermal
profiles, reducing energy costs while maintaining
high extraction efficiencies. Overall, advanced
recycling transforms waste management into a

structural ~ degradation. =~ Automated  sorting closed-loop economic engine, securing critical
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Figure 1 Zero Waste System

1.2 Types of Recycling Methodologies in

Battery Management

1.2.1 Pyrometallurgical Processing
Pyrometallurgical  processing involves  high-
temperature smelting where batteries are fed directly
into furnaces without extensive disassembly. This
method effectively recovers valuable transition
metals such as cobalt, nickel, and copper as an alloy
matte, but it typically results in the complete loss of
lithtum and graphite, alongside high energy
consumption and greenhouse gas emissions.

1.2.2 Hydrometallurgical Extraction
Hydrometallurgical extraction utilizes aqueous acid

or alkaline solutions to leach valuable metals from
crushed and shredded battery components (black
mass). Followed by selective precipitation, solvent
extraction, or ion exchange, this technique achieves
high recovery purities for lithium, cobalt, nickel, and
manganese under controlled chemical conditions.
1.2.3 Direct Cathode Regeneration

Direct recycling aims to restore the electrochemical
performance of spent cathode active materials
(CAMs) without breaking them down into elemental
ions. By repairing lithium deficits and healing
crystal lattice defects via thermal annealing or
hydrothermal replenishment, direct regeneration
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preserves the original manufacturing energy and
reduces carbon footprints. [6-10]
1.2.4 Closed - Loop
Frameworks
Closed-loop integration combines mechanical pre-
treatment, hydrometallurgical refining, and direct
regeneration into a unified, synergistic pipeline. This
methodology ensures that all material fractions—
including  current  collectors, binders, and
electrolytes—are captured, purified, and redirected
back into battery cell manufacturing.
1.3 Application of Advanced Approaches in

Different Battery Components

1.3.1 Cathode Active Materials (CAMs)
Cathode recovery is the economic driver of LIB
recycling. Advanced closed-loop methods target
specific chemistries such as Lithium Nickel
Manganese Cobalt Oxide (NMC), Lithium Iron
Phosphate (LFP), and Lithium Nickel Cobalt
Aluminum Oxide (NCA), applying tailored leaching
or direct restoration protocols to recover high-value
precursors.

1.3.2 Anode

Recovery
Graphite recovery from spent anodes has gained
prominence due to supply constraints. Advanced
flotation and thermal purification techniques
separate high-purity graphite from copper foils,
enabling its re-amination and reuse in new anode
production.

1.3.3 Electrolyte and Solvent Reclamation
Organic carbonate-based electrolytes and fluorinated
salts present severe environmental and safety
hazards if released. Advanced supercritical fluid
extraction and vacuum distillation enable safe
reclamation of organic solvents and lithium salts
prior to shredding.

1.3.4 Current Collectors (Aluminium and

Copper)
Mechanical separation and selective dissolution
allow for the high-recovery extraction of aluminium
foil from cathodes and copper foil from anodes,
preventing cross-contamination during
hydrometallurgical leaching of the black mass.

1.3.5 Separator Membranes and Polymer

Upcycling
Polymeric separators composed of polyethylene

Integration

Materials and Graphite
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(PE) and polypropylene (PP) are increasingly
captured via safe dismantling protocols and
upcycled into industrial polymer filaments or
specialized membranes rather than sent to landfills.
1.3.6 Heterogeneous Waste Sorting and
Classification
The integration of automated computer vision, X-
ray transmission (XRT) sorting, and artificial
intelligence enables rapid identification and
segregation of mixed battery chemistries prior to
processing, ensuring stream purity and operational
safety.
2. Literature Review
There has been an increasing interest in developing
zero-waste, closed-loop recycling technologies for

lithium-ion batteries over the past decade.
Researchers have shifted away from crude
pyrometallurgical  smelting toward precision

hydrometallurgical and direct recycling techniques.
Gaines (2018) highlighted the critical need for
scalable recycling infrastructures to accommodate
the massive influx of spent electric vehicle batteries,
sparking comprehensive lifecycle analyses across
the industry. Harper et al. (2019) reviewed the
global roadmap for sustainable battery recycling,
emphasizing that closed-loop integration is essential
to mitigate projected shortages of cobalt and lithium.
In the domain of hydrometallurgical innovations,
Meng et al. (2020) demonstrated selective recovery
of lithium and transition metals using organic acid
leaching agents, significantly reducing secondary

wastewater toxicity compared to traditional
inorganic mineral acids. For direct cathode
regeneration, Shi et al. (2021) introduced

hydrothermal lithiation techniques that successfully
repaired degraded LFP structures, restoring initial
discharge  capacities to near-virgin levels.
Furthermore, automated sorting breakthroughs by
Dunn et al. (2022) utilized machine learning models
coupled with hyperspectral imaging to categorize
heterogeneous battery waste streams with over 95%
accuracy. Despite these technical advancements,
researchers have reported several persistent hurdles,
including the economic viability of treating highly
variable feedstock, safety risks associated with
thermal runaway during disassembly, and the lack of
universal  regulatory standards for  battery
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passporting. Ongoing research focuses on deep
eutectic solvents (DES), closed-loop water treatment
loops, and autonomous robotic dismantling facilities
to overcome these barriers. In sum, contemporary
literature recognizes advanced zero-waste recycling
as an indispensable pillar for achieving a sustainable
circular economy, while acknowledging chemical
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3. Opportunities and Limitations of Zero-Waste
Closed-Loop Recycling
3.1 Opportunities of Advanced Closed-Loop
Recycling
e Resource Circularity and Security: Advanced
closed-loop systems recover over 95% of
critical battery-grade metals, drastically

engineering and economic challenges. reducing geopolitical supply risks and
dependence on primary mining.
0-084 )
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Figure 2 Closed Loop
e Carbon Footprint  Reduction:  Direct fosters  cross-disciplinary  collaboration
recycling and closed-loop hydrometallurgy between chemical engineering, materials
consume significantly less energy and emit science, and automation.
fewer greenhouse gases than primary metal 3.2 Limitations of Current Recycling

extraction and refining.

e Environmental  Protection:  Zero-waste
protocols  eliminate  hazardous liquid
discharges and toxic gas emissions, ensuring
strict compliance with stringent
environmental regulations.

e Economic Viability: Efficient recovery of
high-purity precursors creates lucrative
secondary commodity markets, enhancing
profitability for recycling enterprises.

e Technological Innovation: Integration of Al-
driven sorting and green chemical solvents

Paradigms

e Feedstock Heterogeneity: The wide variety
of cell designs, chemistries, and structural
configurations makes standardized
automated dismantling exceptionally
complex and labor-intensive.

e High Capital Expenditure: Establishing state-
of-the-art closed-loop facilities equipped
with automated sorting, green leaching
circuits, and purification units requires
massive upfront capital investments.

e Complex Separation Chemistry: Separating
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chemically similar transition metals (such as

nickel and cobalt) requires multi-stage
solvent  extraction, = which  generates
substantial ~ reagent consumption and

chemical waste if not tightly controlled.

e Safety Hazards: Managing damaged or
swollen batteries poses severe risks of short-
circuiting, thermal runaway, and toxic HF
acid formation from fluorinated binders and
electrolytes.

e Economic Volatility: Fluctuating global
market prices for virgin lithium and cobalt
can undermine the short-term economic
competitiveness of secondary recycled
materials.

4. Future Directions of Closed-Loop Battery

Recycling

4.1 Accelerating Material Recovery Efficiency

Future research will focus on optimizing leaching
kinetics and separation selectivities to push metal
recovery rates beyond 98% while minimizing
chemical reagent consumption.

4.2 Development of Universal Closed-Loop
Protocols

Standardized battery pack designs and modular
architectures will facilitate universal dismantling
protocols, streamlining mechanical pre-treatment

across diverse automotive and  industrial
applications.
4.3 Artificial Intelligence and Automated

Sorting Integration
Advanced machine learning models and computer
vision systems will enable real-time identification of
battery chemistries and state-of-health assessment,
ensuring precise sorting prior to processing.

4.4 Advanced Green Solvents and Deep

Eutectic Solvents (DES)
The development of biodegradable deep eutectic
solvents and tunable ionic liquids will replace
hazardous mineral acids, paving the way for truly
green hydrometallurgical extraction.

4.5 Autonomous Smart Recycling Facilities
Next-generation recycling plants will deploy Al-
controlled robotic systems capable of safely
dismantling battery modules, neutralizing residual
charge, and sorting components with minimal
human intervention.
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4.6 Enhanced Circular Economy Frameworks
Global policy frameworks and mandatory battery
passports will enforce traceability, ensuring that
materials flow seamlessly from production to use,
collection, and closed-loop regeneration.

4.7 Human-Technology  Collaboration in

Process Design
Engineers and Al systems will work in tandem to
design novel recycling pathways, predict
degradation behaviors, and optimize multi-stage
separation circuits.

4.8 Scalable Explainable Process Control
Transparent, physics-informed process models will
provide real-time monitoring of chemical reactors
and thermal units, ensuring operational safety and
high product consistency.

4.9 Interdisciplinary Research
Continued collaboration between electrochemists,
chemical engineers, data scientists, and policy
makers will drive comprehensive innovations to
solve complex e-waste challenges.

Conclusion

Advanced zero-waste recycling of heterogeneous
lithium-ion battery waste through a closed-loop
approach represents a paradigm shift in sustainable
materials management. By combining automated

mechanical sorting, green hydrometallurgical
extraction, and direct cathode regeneration,
researchers and industrial practitioners can

overcome the limitations of traditional, energy-
intensive disposal methods. The integration of novel
techniques such as deep eutectic solvent leaching
and Al-driven sorting highlights the powerful
synergy between advanced chemical engineering
and computational intelligence. These innovations
not only secure strategic metal supply chains and
reduce carbon footprints but also mitigate
environmental pollution, paving the way for a fully
realized circular economy in energy storage
technologies.
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