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Abstract

Chemical recycling refers to processes that transform plastic waste into chemical
feedstocks, monomers, oligomers, fuels, or other useful products through chemical or
thermochemical reactions. It is being investigated as a complement to mechanical
recycling, particularly for mixed, contaminated, multilayer, or chemically complex
plastic waste that is difficult to process mechanically. Major approaches include
pyrolysis, gasification, depolymerization, solvolysis, hydrolysis, glycolysis,
methanolysis, and selective dissolution. The suitability and environmental performance
of each method depend strongly on polymer chemistry, feedstock quality, energy
requirements, product yields, emissions, and the availability of markets for recovered
products. This paper examines nine major dimensions of chemical recycling, including
polymer feedstocks, current technologies, process chemistry, product recovery,
integration with mechanical recycling, environmental assessment, industrial challenges,
policy considerations, and future prospects.
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Introduction

Global use of plastics has expanded because polymers provide low cost, durability, light
weight, chemical resistance, and versatile processing characteristics. These same
properties can make post-consumer plastic waste difficult to manage when products are
contaminated, mixed, multilayered, or made from polymers with different compositions.
Mechanical recycling remains an important strategy because it can preserve polymer
value with comparatively limited chemical transformation. However, repeated processing
and mixed waste streams can reduce material quality and complicate sorting. Chemical
recycling seeks to change the chemical form of waste plastics so that useful feedstocks
can be recovered. Depending on the polymer and process, the output may include
monomers, hydrocarbons, gases, oils, waxes, or other chemical intermediates. Chemical
recycling is not a single technology, and its sustainability depends on the complete
system from waste collection and preparation through conversion, purification, product
use, energy supply, and emissions management.
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1. 1. Plastic Feedstocks and Polymer Chemistry

The chemical structure of a plastic strongly determines its suitability for chemical
recycling. Addition polymers such as polyethylene and polypropylene can undergo
thermochemical cracking, while condensation polymers such as PET and polyamides
may be more amenable to depolymerization into smaller chemical building blocks. Mixed
plastics can create challenges because polymers have different thermal stability, catalytic
behavior, additives, and decomposition pathways. Contamination can also affect catalysts
and product quality. Feedstock characterization and appropriate sorting are therefore
important for achieving predictable conversion and useful recovered products.

2. 2. Pyrolysis and Thermochemical Conversion

Pyrolysis converts plastic materials at elevated temperatures in the absence or near-
absence of oxygen, producing mixtures of gases, liquids, waxes, and solid residues.
Product composition depends on polymer type, temperature, residence time, reactor
design, and catalysts. Catalytic pyrolysis can alter reaction pathways and may improve
selectivity toward particular hydrocarbons. The resulting oil or other products may
require further upgrading before they can be used as chemical feedstocks. Energy
demand, contamination, product purification, and the final destination of pyrolysis
products are important factors in evaluating environmental performance.

3. 3. Depolymerization and Solvolysis

Depolymerization aims to break polymer chains into monomers or chemically useful
smaller molecules. PET and selected condensation polymers can be treated using
hydrolysis, glycolysis, methanolysis, or related reactions. Solvolysis uses a solvent to
cleave susceptible chemical bonds and can provide relatively selective products when the
polymer chemistry is appropriate. Recovered monomers may potentially be purified and
used to produce new polymers. The efficiency of these processes depends on reaction
conditions, catalysts, solvent recovery, feedstock purity, and the quality requirements of
the recovered chemicals.

4. 4. Selective Dissolution and Separation

Selective dissolution uses differences in polymer solubility to separate components from
mixed plastic waste. A suitable solvent system can dissolve one polymer while leaving
others relatively undissolved, allowing recovery of purified material after solvent
removal. This approach can be useful for complex waste streams where mechanical
sorting 1is difficult. The environmental performance depends on solvent selection,
recovery efficiency, energy consumption, and solvent losses. Process design should aim
to minimize solvent use and ensure that recovered polymers retain sufficient quality for
subsequent applications.
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5. 5. Product Recovery and Chemical Upgrading

Chemical recycling can generate products ranging from purified monomers to complex
hydrocarbon mixtures. Purification and upgrading are often necessary to meet
specifications for chemical manufacturing or polymer production.Distillation, adsorption,
catalytic upgrading, filtration, and other separation processes can be used depending on
the product stream. The energy required for these steps can significantly influence the
overall environmental footprint. The economic and environmental value of chemical
recycling therefore depends not only on conversion yield but also on product quality,
purification requirements, and reliable end markets.

6. 6. Integration with Mechanical Recycling and Circularity

Chemical and mechanical recycling can be complementary rather than competing
strategies. Clean, well-sorted materials may be appropriate for mechanical recycling,
while contaminated or difficult-to-recycle streams may be considered for chemical
conversion. A hierarchy based on retaining material value can help determine the most
appropriate pathway. Reuse and mechanical recycling may preserve more polymer
structure in suitable applications, while chemical recycling can recover chemical building
blocks from materials that are otherwise difficult to recycle. Integrated waste-
management systems can improve resource efficiency by matching each waste stream to
the most appropriate treatment.

7.7. Environmental and Life-Cycle Considerations

Chemical recycling can potentially reduce demand for virgin fossil feedstocks if
recovered chemicals replace new raw materials. However, many chemical recycling
processes require significant heat, pressure, hydrogen, solvents, or separation energy.
Life-cycle assessment should consider collection, sorting, preprocessing, conversion,
energy supply, emissions, purification, transport, and the fate of recovered products. The
source of process energy is particularly important because fossil-based energy can
increase greenhouse-gas emissions. Environmental claims should therefore be based on
transparent system boundaries and realistic comparisons with alternative waste-
management routes.

8. 8. Industrial and Policy Challenges

Large-scale deployment faces challenges involving feedstock availability, contamination,
technology reliability, capital costs, energy requirements, product specifications, and
market demand. Facilities also require appropriate environmental controls and consistent
waste supplies. Policy frameworks can influence investment through waste-management
rules, recycled-content requirements, producer-responsibility systems, emissions
standards, and definitions of recycled material. Clear accounting methods are important
for preventing misleading environmental claims. Successful industrial development
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requires coordination among polymer producers, waste managers, recyclers, chemical
manufacturers, regulators, and consumers.

9. 9. Future Prospects and Technological Development

Future chemical recycling research is likely to focus on selective catalytic processes,
lower-temperature depolymerization, improved catalysts, solvent recovery, continuous
processing, renewable energy integration, and better separation technologies. Advanced
sorting, digital waste identification, chemical tracers, and improved feedstock
characterization may increase the reliability of recycling systems. New polymers
designed for chemical circularity could also be developed so that they can be more
readily converted back into useful building blocks. The long-term objective is to create
circular material systems in which plastics are designed, used, collected, and recycled
with minimal loss of material value and environmental impact.

Diagram

The diagram below summarizes major chemical recycling pathways, including pyrolysis,
solvolysis and depolymerization, recovery of monomers and chemical feedstocks, and
their reintegration into new materials.
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Figure 1. Simplified overview of chemical recycling of plastic waste.
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Conclusion

Chemical recycling provides a group of technologies for converting difficult plastic waste
into chemical feedstocks, monomers, fuels, or other useful products. Its greatest potential
may occur in waste streams that cannot be effectively handled through conventional
mechanical recycling.

However, chemical recycling is not automatically sustainable. High energy demand,
feedstock preparation, solvent and catalyst requirements, product purification, emissions,
and the final use of recovered products must be considered when assessing environmental
benefits.

Future progress will depend on more selective and energy-efficient chemistry, improved
sorting and preprocessing, renewable energy, transparent life-cycle assessment, and
integration with reuse and mechanical recycling. Designing polymers and waste systems
for circularity can further strengthen the role of chemical recycling in sustainable plastics
management.

References

Ragaert, K., Delva, L., & Van Geem, K. (2017). Mechanical and chemical recycling of
solid plastic waste. Waste Management, 69, 24—58.

Rahimi, A., & Garcia, J. M. (2017). Chemical recycling of waste plastics for new
materials production. Nature Reviews Chemistry, 1, 0046.

Vollmer, 1., Jenks, M. J. F., Roelands, M. C. P., et al. (2020). Beyond mechanical
recycling: Giving new life to plastic waste. Angewandte Chemie International
Edition, 59, 15402—15423.

Al-Salem, S. M., Lettieri, P., & Baeyens, J. (2009). Recycling and recovery routes of
plastic solid waste: A review. Waste Management, 29, 2625-2643.

Jeswani, H. K., Kriiger, C., Russ, M., et al. (2021). Life cycle environmental impacts of
chemical recycling via pyrolysis of mixed plastic waste in comparison with
mechanical recycling and energy recovery. Science of the Total Environment,
769, 144483.

Coates, G. W., & Getzler, Y. D. Y. L. (2020). Chemical recycling to monomer for an
ideal, circular polymer economy. Nature Reviews Materials, 5, 501-516.

Schyns, Z. O. G., & Shaver, M. P. (2021). Mechanical recycling of packaging plastics: A
review. Macromolecular Rapid Communications, 42, 2000415.

45



