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through advanced mechanical, chemical, and biological routes. A multi-method assessment is conducted
using controlled laboratory simulations and comparative analysis of leaching efficiencies, energy
requirements, and environmental impacts. Experimental results demonstrate that bioleaching using selective
microorganisms and green solvent-assisted hydrometallurgy provide significant improvements in metal
recovery efficiency while reducing the use of hazardous reagents. The findings highlight the potential of
integrating hybrid techniques to optimize metal extraction from complex electronic scrap materials.
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1. Introduction

Electronic waste has emerged as a critical environmental challenge and a valuable secondary resource for the
recovery of strategic metals. With global e-waste generation exceeding 50 million metric tons annually, the need
for efficient, low-cost, and environmentally responsible recycling methods has intensified [1]. The high
concentration of precious metals in printed circuit boards (PCBs) makes them significantly richer in gold, silver,
and palladium than natural ores. However, informal recycling practices—common in many developing
regions—pose severe health risks and release hazardous pollutants such as dioxins, heavy metals, and
brominated flame retardants [2]. The limitations of existing mechanical, pyrometallurgical, and conventional
hydrometallurgical techniques have prompted researchers to develop new approaches that balance economic
feasibility with environmental sustainability. Mechanical separation often fails to achieve high metal purity due
to the complex material composition of PCBs. Pyrometallurgical methods, while effective, produce toxic
emissions and require high temperatures. Hydrometallurgical leaching using strong acids generates hazardous
effluents and raises concerns regarding worker safety and ecological impacts. Consequently, innovative
technologies—such as bioleaching, green solvents, deep eutectic solvents (DES), supercritical fluids, and
electrochemical recovery—have gained research momentum. This study aims to investigate cutting-edge
recycling routes capable of achieving higher recovery rates with lower environmental footprints. By analyzing
novel bio-based and solvent-assisted methods, the research identifies key operational parameters influencing
extraction efficiency and quantifies their advantages over traditional processes. The work contributes to the
global effort to transition toward circular-economy frameworks where material recovery, waste minimization,

and resource conservation are integral to sustainable technological development.

2. Innovative Recycling Framework and Experimental Approach

The experimental investigation was conducted using representative samples of shredded PCBs from

discarded mobile phones, laptops, and small electronic devices. The study adopted a multi-stage
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recycling framework integrating mechanical pre-processing, biological leaching, and solvent-assisted
metal extraction. Each step was designed to maximize metal liberation and minimize chemical hazards,
following contemporary practices in sustainable materials engineering [3]. Mechanical pre-processing
began with crushing, magnetic separation, and density-based classification to segregate metallic and
non-metallic fractions. This step improved the effectiveness of subsequent treatments by increasing
surface area and exposing embedded metal layers. The pulverized PCB material was then subjected to
two innovative recovery pathways: bioleaching wusing specialized microorganisms and
hydrometallurgical extraction using environmentally benign deep eutectic solvents. For bioleaching,
strains of Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans were cultured under
controlled conditions. These microorganisms metabolize iron and sulfur compounds to generate ferric
ions and sulfuric acid in situ, enabling metal dissolution without externally added toxic chemicals.
Leaching efficiency was monitored over a 14-day period, measuring recovery rates of copper, zinc,
nickel, and trace amounts of gold. The bio-process exhibited a strong dependence on pH, microbial
population density, aeration, and temperature—parameters optimized to maximize metal solubilization.
In parallel, deep eutectic solvent (DES)-assisted leaching was conducted using a choline chloride—urea
mixture. DES solvents are recognized for their tunable polarity, low toxicity, biodegradability, and
strong capability to dissolve metallic complexes [4]. Experiments focused on extracting gold,
palladium, and copper using DES formulations combined with mild oxidants. Post-leaching
purification employed electrochemical deposition to recover metals from the liquid phase with high
purity. Both methods were evaluated based on metal recovery percentage, reagent consumption, time
efficiency, and environmental impact. Analytical characterization of recovered metals was performed
using ICP-OES, XRD, and SEM-EDS techniques. The hybrid integration of bioleaching and DES-
assisted leaching demonstrated significant potential for selective and efficient recovery of multiple
metals from complex e-waste streams.

INVESTIGATION OF INNOVATIVE RECYCLING METHODS FOR ELECTRONIC WASTE
TO RECOVER VALUABLE METALS EFFICIENTLY
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Fig. 1 Innovative Recycling Methods

3. Efficiency Assessment and Comparative Evaluation

The comparative analysis revealed substantial differences in performance between traditional and innovative
recycling methods. Conventional hydrometallurgy achieved high metal dissolution rates but required strong

acids such as aqua regia, posing environmental and operational risks. By contrast, bioleaching provided a safer
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alternative, especially for base metals like copper and zinc. Copper recovery reached approximately 87% under
optimized microbial conditions, aligning with reported efficiency benchmarks in sustainable metallurgical
studies [5]. Gold recovery during bioleaching remained modest due to its low solubility, prompting the need for
complementary processes. Deep eutectic solvents significantly enhanced the recovery of precious metals. Gold
extraction efficiencies exceeded 90% when DES mixtures were combined with mild oxidizing agents. Palladium
and silver also exhibited strong affinity toward DES-based complexes, enabling selective separation. The low
volatility and biodegradability of DES formulations further reduced ecological impact relative to traditional
solvents. Electrochemical deposition yielded high-purity recovered metals, confirming the industrial
applicability of the integrated method. Energy consumption analyses indicated that bioleaching required minimal
external power since microbial activity served as the primary driving mechanism. DES-assisted extraction
consumed more energy but remained substantially lower than pyrometallurgical operations. Lifecycle
assessment estimated a reduction of up to 45% in carbon emissions when the hybrid method replaced
conventional high-temperature techniques. Overall, the combination of biological and solvent-based innovation
offered the most balanced performance in terms of cost, sustainability, efficiency, and safety.

4. Utility and Practical Implications

The innovative recycling methods investigated in this study have significant practical implications for waste
management industries, policymakers, and global sustainability initiatives. For recycling companies, adopting
bioleaching and DES-assisted processes can reduce dependency on expensive chemicals and lower operating
temperatures, making recycling economically viable for small and medium-scale enterprises. The techniques are
scalable and adaptable to different types of electronic scrap, enabling better integration with existing recycling
infrastructures. For governments and environmental regulators, these findings offer a pathway toward
implementing safer recycling guidelines and reducing hazardous informal recycling practices common in many
developing nations. The low toxicity of DES solvents and the minimal emissions associated with bioleaching
align with contemporary environmental-legislation frameworks targeting circular-economy transitions.
Policymakers can leverage this research to establish incentives and industrial standards for green recycling. The
broader utility extends to metal supply chains that increasingly depend on secondary resources due to limited
natural reserves of critical elements. High recovery rates of gold, palladium, and rare earth metals support
sustainable electronics manufacturing and reduce geopolitical dependencies associated with mining operations.
Integrating such eco-friendly recovery methods also positions industries to meet international sustainability goals

and carbon-reduction commitments.
5. Conclusion

This study demonstrates that innovative recycling methods—particularly bioleaching and deep eutectic solvent-
assisted extraction—offer efficient, sustainable, and economically viable pathways for recovering valuable
metals from electronic waste. By overcoming the environmental limitations of conventional methods, these
approaches provide cleaner alternatives with high recovery rates, selective extraction capabilities, and reduced
ecological impacts. The hybrid integration of biological and green-chemical processes represents a
transformative step toward establishing sustainable e-waste recycling frameworks and strengthening global
resource security.
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