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(EESLIE The Future of Plastic Recycling: From

Waste to Resource

A deep dive into the cutting-edge
technologies reshaping how humanity
handles one of its most persistent
environmental challenges —
transforming plastic pollution into
valuable resources for a circular

economy.
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QLESLIE The Plastic Predicament
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Before we can solve a crisis, we must fully
understand its scale. Plastic pollution has
become one of the defining environmental
challenges of our era — pervasive,
persistent, and accelerating. This chapter
sets the stage by examining the sobering
realities of global plastic production,
recycling failure rates, and the growing

imperative for transformative solutions.
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A World Drowning in Plastic

8.3B

Metric Tons Produced

9%
Ever Recycled

Total plastic Of all plastic waste ever
manufactured globally
between 1950 and 2015

— a staggering industrial

generated, only a fraction
has been recycled. The
rest ends up in landfills,

output with lasting incinerators, or the

environmental natural environment.

consequences.
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12.7M

Tons Enter Oceans

Metric tons of plastic
entered the world's
oceansin 2010 alone — a
figure projected to
increase tenfold by 2025
without intervention.
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(;ESLIE The Limits of Mechanical Recycling

How It Works

Mechanical recycling — the dominant technology worldwide — involves a
multi-step process of sorting, grinding, washing, and re-granulating
plastic waste into pellets that can be molded into new products.

It is energy-intensive, requires significant labor, and demands relatively

clean, sorted input streams to function effectively.
Why It Falls Short

« Each recycling cycle degrades polymer chains, resulting in lower-
quality, weaker plastics — often called "downcycling"

*  Mixed plastic streams and contamination from food residue
severely limit processable volumes

« Cannot handle multi-layer packaging, composites, or heavily
degraded materials

« Economic margins are thin, making operations vulnerable to

commodity price fluctuations
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QLESLIE The End of the Line?

[J The plastic crisis is not merely an environmental issue — it is an
economic and public health emergency demanding urgent technological
innovation.

For the vast majority of plastics, conventional waste
management offers no redemption. Landfills and
incineration represent the final destination for over
90% of all plastic ever made. The question is no
longer whether we face a crisis — it is whether we
have the technology and will to reverse course

before the damage becomes irreversible.

Co-funded by
the European Union




) _
QLESLIE The Dawn of Advanced Recycling

A new generation of recycling technologies
IS emerging — capable of breaking down
plastics at the molecular level, handling
contaminated and mixed waste streams,
and producing high-quality outputs.
Advanced recycling represents a paradigm
shift: plastics are no longer end-of-life
waste, but feedstocks for new materials,

fuels, and chemicals.
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Q LESLIE Chemical Recycling: Deconstructing Polymers

)

Molecular Breakdown Handling Difficult Waste

Unlike mechanical recycling, chemical Chemical processes can manage mixed,
recycling breaks plastic waste down at contaminated, and multi-layer plastics
the molecular level — converting that mechanical systems cannot process
polymers into monomers or simpler — dramatically expanding the range of
hydrocarbon molecules that can be recyclable materials.

rebuilt into virgin-quality materials.

Closed-Loop Potential

By recovering original monomers,
chemical recycling enables a true
"closed-loop" system — the foundation
of a circular economy where plastic
retains its value indefinitely through
continuous reuse and reprocessing.
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How Pyrolysis Works

Plastic waste is heated to extreme temperatures — between 300°C
and 900°C — in the complete absence of oxygen. Without oxygen,
combustion cannot occur; instead, the polymer chains thermally
crack into smaller hydrocarbon molecules.

The process yields three output streams: synthetic crude oil,
combustible gases, and a solid carbon-rich residue known as char.

Pyrolysis: Plastics to Fuel and Feedstock

The synthetic crude oil produced can be refined into
transportation fuels, lubricants, or chemical feedstocks — effectively
converting waste plastic back into the petroleum it originally derived
from.

Pyrolysis is particularly effective for polyolefins (polyethylene and
polypropylene) and is currently being scaled commercially by
companies worldwide. It represents one of the most promising

near-term advanced recycling pathways.
Co-funded by
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(;ESLIE Gasification: Creating Syngas

Gasification: Creating Syngas

The Process The Output

Operates at very high Syngas is a versatile mixture of
temperatures — 500°C to 1,300°C hydrogen and carbon monoxide
— in a carefully controlled low- — a fundamental industrial
oxygen environment, partially feedstock with broad downstream
oxidizing plastic waste to produce applications.

synthesis gas (syngas).

The Applications

Syngas can generate electricity via turbines, or be catalytically converted into
liquid fuels, methanol, ammonia, and a wide range of specialty chemicals.
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(;ES'—IE Depolymerization: Reclaiming Monomers

Depolymerization is the chemical process of dismantling polymer chains back into their original monomer building blocks — enabling truly
circular recycling where outputs are chemically identical to virgin materials.

9 &

Hydrolysis Glycolysis

Uses water — often under elevated Employs glycols as the reaction medium
temperature and pressure — to cleave to break down PET into bis-hydroxyethyl
ester or amide bonds. Particularly terephthalate (BHET), a versatile
effective for polyesters like PET and monomer that can be repolymerized
polyamides (nylon), producing high- into virgin-quality PET resin.

purity monomers.

Methanolysis

Uses methanol under high pressure to depolymerize PET into dimethyl
terephthalate (DMT) and ethylene glycol. Produces extremely high-purity
monomers suitable for food-grade packaging applications.

M Co-funded by
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(EESLIE Solvolysis: The Power of

) _ Solvents

Solvolysis uses carefully selected chemical solvents to selectively
dissolve specific plastic types from a heterogeneous mixed waste
stream — leaving other materials intact and enabling targeted
recovery.

Once dissolved, the plastic can be precipitated back out of solution
by adjusting temperature or adding non-solvents, yielding a purified
polymer ready for repolymerization.

Key Advantages

* Highly selective — can target specific polymers within a mixed
stream without processing everything

« Operates at relatively low temperatures compared to pyrolysis
or gasification

* Recovered polymers retain their original molecular weight and
properties

« Solvents can often be recovered and recycled within the
process, reducing operating costs

Co-funded by
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This approach is particularly valuable for separating complex plastic
composites and multi-material laminates that neither mechanical
nor other chemical methods can effectively address — expanding
the frontier of what is truly recyclable.
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From Chaos to Building Blocks

The transformation enabled by advanced
chemical recycling is profound: what enters
the process as a chaotic mixture of degraded,
contaminated, mixed plastics — previously
considered unrecyclable — exits as pure,
high-value molecular feedstocks ready to be
rebuilt into virgin-quality materials. This is the
promise at the heart of the chemical recycling

revolution.
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(EESLIE Biological and Enhanced Sorting

) Sorting Innovations

Beyond chemistry, two other innovation
frontiers are reshaping the recycling landscape:
biological processes that harness nature's own
molecular machinery to break down plastics,
and Al-powered sorting systems that bring
unprecedented precision and throughput to
waste separation — the critical first step in any

recycling pathway.
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QLESLIE Biological Degradation: Nature's Recyclers

Enzymatic Breakdown Microbial Consortia

Engineered enzymes — such as PETase, first Communities of microorganisms work
discovered in plastic-eating bacteria in 2016 synergistically to degrade complex polymers.

— can cleave specific polymer bonds under Engineered variants now show efficacy across
mild conditions, offering a low-energy diverse plastic types, including polyurethanes
alternative to thermal chemical processes. and polyesters, previously resistant to

biological attack.
Low Energy Potential
Biological processes operate at ambient or near-ambient temperatures and pressures,

offering the potential for dramatically lower energy consumption compared to
thermochemical alternatives — a key sustainability advantage.
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> Enhanced Sorting: The Al Revolution

The Sorting Imperative Al-Powered Precision

Effective recycling begins with accurate sorting. Contamination of Al (sl ipEnes Systss — ialiuse) o L iens e IeEss e
plastic items — can now identify polymer types, colors, and
contamination levels in milliseconds, directing high-speed robotic

sorters with extraordinary accuracy.

waste streams with incompatible plastics is one of the primary
reasons recycling fails at scale. Purity of input material is non-
negotiable for advanced recycling processes to function efficiently.

Traditional manual sorting is slow, inconsistent, and expensive —
creating a critical bottleneck in the recycling chain.

« Technologies identifying molecular vibrations enhance
separation accuracy far beyond visual methods

« Al-driven systems can increase sorting throughput by up to
95% compared to manual operations

« Machine learning continuously improves recognition accuracy
over time
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(;ESUE Near-Infrared (NIR) Spectroscopy

The Science Industrial Application

Every polymer type has a unique Mounted above high-speed conveyor
molecular structure that absorbs near- belts in sorting facilities, NIR sensors
infrared light at characteristic scan thousands of items per minute —
wavelengths — its spectral "fingerprint." triggering precision air jets that divert
NIR spectroscopy sensors illuminate identified plastics into the correct
passing items with NIR light and analyze output streams with minimal human
the reflected signal to identify the exact intervention.

plastic type in real time.

Critical Importance

Separating PET from PVC, or HDPE from LDPE, is crucial before advanced recycling — even
small amounts of the wrong polymer can contaminate an entire batch. NIR spectroscopy
makes this discrimination fast, reliable, and economically viable at scale.

Co-funded by
the European Union




)

(;ESLIE Electrostatic Separation

Electrostatic separation exploits the differences in
electrical conductivity and surface charge
behavior between different materials when exposed
to a high-voltage electric field. Particles become
charged and are then deflected by the field —
different materials deflecting by different amounts,

allowing physical separation.

This technique is particularly effective for separating

plastics from metals and paper fibers in mixed waste
streams, and for distinguishing between plastic types
with different dielectric properties — complementing

NIR spectroscopy in complex sorting scenarios.

[ Co-funded by
BRIl the European Union




)

(;ESLIE Precision Sorting: The Key to Purity

The quality of any recycled material is ultimately
determined by the purity of its input stream.
Advanced sorting technologies — combining Al vision,
NIR spectroscopy, and electrostatic separation — are
transforming what was once a labor-intensive
bottleneck into an automated, high-throughput,
highly accurate operation. Clean, separated plastic
streams unlock the full potential of every downstream

recycling technology.
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The Path Forward

The technologies exist. The question now is
execution — scaling innovations from laboratory
demonstrations to industrial operations, creating the
economic conditions that make advanced recycling
commercially viable, and building the policy
frameworks that incentivize investment and drive
adoption. This final chapter examines the hurdles
ahead and the vision that makes overcoming them

Imperative.
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Technological Scalability Economic Viability
Many advanced recycling processes perform well in laboratory or pilot Advanced recycling must compete economically with virgin plastic
settings but face significant engineering challenges when scaled to the production — which benefits from decades of infrastructure
volumes required for meaningful impact. Capital investment and investment and often low feedstock costs. Subsidies, carbon pricing,
process engineering innovation are essential to bridge this gap. and extended producer responsibility policies can help level the
playing field.

Process Optimization

Reducing energy consumption, improving yield efficiency, and
minimizing waste outputs within recycling processes themselves are
ongoing research priorities that directly determine the environmental
and economic case for deployment.

Regulatory Frameworks

Clear, consistent classification of chemical recycling outputs,
standardized testing and certification protocols, and targeted incentive
programs are needed to provide industry with the certainty required
to justify large-scale investment.
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(;ES'—'E The Circular Economy Vision

The circular economy reframes plastic entirely — not as a disposable material, but as a durable resource that flows continuously through the
economy, retaining value and minimizing ecological harm at every stage of its lifecycle.

Design for Recyclability Collection & Sorting

Products designed from the outset with Comprehensive collection infrastructure
end-of-life recovery in mind — using paired with Al-powered sorting ensures
mono-materials, compatible additives, and high-purity plastic streams reach the right
recyclable formats. recycling pathway.

New Products Advanced Recycling

Recovered monomers and feedstocks re- . ) .
Chemical, biological, and enhanced

enter manufacturing — producing new : :
mechanical processes convert plastic

plastics, fuels, and chemicals with no loss : — .
waste back into virgin-equivalent

of quality or performance. feedstocks — closing the material loop.
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QLESLIE Closing the Loop

A truly circular plastic economy is not a distant utopia
— itis an engineering and policy challenge with
achievable milestones. Every ton of plastic diverted
from landfill or incineration and returned to productive
use represents a reduction in carbon emissions, a
conservation of finite resources, and a demonstration
that economic growth and environmental stewardship
can coexist. The circular economy is the destination;

advanced recycling is the engine that gets us there.
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> Case Study: Upcycling Mixed Plastics

The Chemical Recycling Solution
The Challenge I e

Pyrolysis of mixed polyolefins converts this heterogeneous waste
into a synthetic crude oil — a recovered hydrocarbon mixture that
can be refined into transportation fuels or used as a chemical
feedstock to produce new virgin-quality plastics.

Mixed polyolefin waste — a blend of polyethylene and
polypropylene from packaging, agricultural film, and consumer
products — has historically been among the most difficult
materials to recycle mechanically due to incompatibility between
the two polymers when melted together.

This material type represents millions of tons of annual waste,
most destined for landfill or energy recovery.

This approach demonstrates the transformative potential of
chemical recycling: materials that mechanical systems cannot
handle economically become valuable feedstocks. Early commercial
deployments are already achieving yields of 70-85% liquid
hydrocarbon output, validating the economic case at scale.
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(;ESLIE Transforming Waste, Securing Our Future

Advanced recycling technologies — from pyrolysis and gasification to enzymatic degradation and Al-powered sorting — collectively represent

one of the most powerful toolkits humanity has ever assembled to address the plastic pollution crisis. The path to a circular economy is
technically within reach.

The Opportunity The Imperative
Advanced recycling can unlock the value With ocean plastic projected to outweigh
locked in billions of tons of previously fish by 2050, inaction is not an option.
unrecyclable plastic — creating new Investment, innovation, and policy
industries, new jobs, and new material alignment must converge — and they
streams. must do so now.

The Vision

A world where no plastic is ever wasted

— where every polymer is a resource,

endlessly cycling through the economy,

leaving no trace in nature and no
Contunded by opportunity untapped.
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