
Academic Editor: Matthew Jones

Received: 10 June 2026

Revised: 26 July 2026

Accepted: 3 August 2026

Published: 6 August 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Review

Advances in Chemical Upcycling of Plastic Waste: Pathways to
High-Value Products for a Sustainable Circular Economy
Shefali Chowdhary 1, Shekhar 1, Changkai Shan 2 , Hongye Sun 3 , Parvesh Singh 4, Rajesh Kumar 5,
Stefan Sinzinger 6 , Vipan Kumar 1,* and Sukhdeep Singh 2,4,*

1 Department of Chemistry, Guru Nanak Dev University, Amritsar 143005, India
2 Research Group Bioorganic Chemistry of Bioactive Surfaces, Institute of Chemistry and Biotechnology,

Prof.-Schmidt-Straße 26, 98693 Ilmenau, Germany
3 Group of Functional Materials, Department of Electrical Engineering and Information Technology,

Technische Universität Ilmenau, 98693 Ilmenau, Germany
4 School of Chemistry and Physics, University of KwaZulu-Natal (Westville Campus),

P/Bag X54001, Durban 4000, South Africa
5 Department of Physics, Lovely Professional University, Phagwara 144411, India
6 Fachgebiet Technische Optik, Technische Universität Ilmenau, 98693 Ilmenau, Germany
* Correspondence: vipan_org@yahoo.com (V.K.); sukhdeep.singh@tu-ilmenau.de (S.S.)

Abstract

Plastic waste presents a persistent environmental burden, yet its constituent polymers
represent structurally valuable chemical feedstocks. Mechanical recycling remains limited
due to polymer degradation, additive contamination, and material downcycling, under-
scoring the need for alternative strategies. Chemical upcycling offers pathways to convert
post-consumer plastics into higher-value monomers, functional chemicals, and bioactive
or pharmaceutical precursors by exploiting inherent structural motifs such as aromatic
rings, ester linkages, and heteroatom-containing backbones. Approaches such as catalytic
depolymerization, molecular functionalization, microbial and enzymatic transformation,
and scaffold repurposing enable the recovery of polymer-derived building blocks with
improved functional value. Case studies illustrating the conversion of discarded plas-
tics into advanced materials and biologically relevant small molecules demonstrate the
potential of these approaches to stimulate innovation and expand sustainable chemical
practices. Collectively, such developments align with green chemistry principles, support
emerging circular chemical economies, and contribute to global sustainability priorities
reflected in the United Nations Sustainable Development Goals. This review aims to out-
line the guiding principles of chemical upcycling and highlight the challenges in chemical
design, encouraging the modern chemistry community to tap into the hidden potential of
waste plastics.

Keywords: polymer upcycling; sustainable chemistry; molecular valorization; pharmaceutical
precursors; circular economy

1. Introduction
The invention of Bakelite by Leo Baekeland in 1907 marked the birth of the first fully

synthetic polymer and introduced the concept of plastics into modern materials science.
Over the following century, plastics became indispensable, finding applications across
virtually every sector, including packaging, transportation, healthcare, and consumer
goods. However, the mismatch between their short life-span and long persistence has led
to widespread mismanagement and environmental accumulation [1,2].
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In 2023, global plastic production reached 413.8 million tonnes (Mt), a 3.4% increase
from 2022. As illustrated in Figure 1, the production of plastics remained overwhelm-
ingly dependent on fossil-based feedstocks, which accounted for 374.2 Mt (90.4%) of total
production. Alternative feedstock sources contributed only a small fraction, comprising
mechanically recycled feedstocks (36.2 Mt, 8.7%), bio-attributed feedstocks (3.0 Mt, 0.7%),
chemically recycled feedstocks (0.3 Mt, <0.1%), and carbon-captured feedstocks (<0.1 Mt,
<0.1%) [3]. Figure 1 further shows that polypropylene (PP) and polyethylene (PE-LD/LLD
and PE-HD/MD) together account for the largest share of global plastic production. De-
spite ongoing recycling efforts, nearly US$100 billion is lost annually due to discarded
plastic packaging, and by 2050, plastic debris in the oceans could outweigh fish by mass [4].

Figure 1. Global plastics production in 2023; distribution of production by feedstock (carbon) source
and the production volume of major polymer resins [3].

The continuous rise in plastic production has intensified global waste accumulation,
with nearly 60% of all plastics ultimately entering the environment [5]. Industrial waste,
being relatively homogeneous, can often be downcycled, whereas municipal waste remains
highly contaminated and difficult to process. Packaging and single-use plastics dominate
global waste streams, accounting for over half of total plastic waste [6]. Classification
systems such as the Resin Identification Codes (RICs) (Figure 2) organize plastics into PET
(polyethylene terephthalate), HDPE (high-density polyethylene), PVC (polyvinyl chloride),
LDPE (low-density polyethylene), PP (polypropylene), PS (polystyrene), and “Others” (PU
(polyurethane), PC (polycarbonate)) and PMMA (poly(methyl methacrylate)), etc., category,
by processing characteristics rather than recyclability [7]. This underscores the need for
circular design and advanced upcycling technologies [8].

Addressing this global challenge demands not only technological innovation but also
a paradigm shift toward sustainable materials design and circular resource management.
Emphasizing green chemistry principles in research, industry, and policy development will
help advance environmentally responsible materials and processes. Integrating strategies
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such as polymer degradation, waste valorization, and resource recovery into the techno-
logical framework supports the UN Sustainable Development Goals, particularly SDG 12
(Responsible Consumption and Production) [9].

Figure 2. Global production and waste generation in million tonnes (Mt) for the main plastics in 2019,
shown alongside their repeating units, typical applications, and recycling codes.

At the same time, redefining plastic waste as a renewable chemical resource opens
transformative educational opportunities. Through upcycling, polymers can be trans-
formed into high-value intermediates for applications such as pharmaceuticals [10,11], high-
value chemicals, and even hands-on educational experiments that introduce students to sus-
tainable chemistry early in their training [12–15]. Integrating such practices into laboratory
instruction enables students to synthesize, depolymerize, and repurpose plastics, linking
experimental learning with environmental responsibility. By engaging with real waste
streams, students not only develop technical proficiency but also a system-level under-
standing of circular chemistry, preparing them to advance sustainable scientific innovation.

2. Recycling vs. Upcycling: Shifting the Paradigm
Plastic waste management has long relied on mechanical recycling, which involves

collecting, sorting, cleaning, and reprocessing plastics into pellets. However, repeated cycles
degrade polymer quality through thermal and mechanical stress, leading to downcycling
into lower-value products. Contamination from additives, dyes, multilayer structures, and
mixed polymer streams (particularly polyolefins) further undermines recycling efficiency,
making conventional recycling often technically and economically impractical [16–18].

In contrast, upcycling offers a value-enhancing pathway by transforming waste plas-
tics into higher-value products such as fine chemicals, pharmaceuticals, and functional
materials [19,20]. Unlike recycling, which seeks to preserve polymers as bulk materials, up-
cycling leverages the intrinsic chemical motifs embedded within polymers, such as aromatic
rings, ester linkages, or halogenated backbones, as advanced building blocks requiring
less synthetic effort than petrochemical feedstocks. This approach not only reduces the
synthetic effort and energy requirements compared to conventional petrochemical routes
but also enables the creation of products with enhanced chemical complexity, functionality,
and market value [21,22]. Figure 3 schematically contrasts the pathways and outcomes of
conventional recycling versus chemical upcycling of plastics.
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Figure 3. Comparison of conventional recycling and chemical upcycling pathways, highlighting
differences in material processing, value retention, and potential for generating high-value products.

Despite rapid progress in the field, several challenges intrinsic to the feedstock, pro-
cesses, and market ecosystem must be resolved before plastic upcycling can achieve
large-scale commercialization.

Securing a stable supply of post-consumer or post-industrial plastics remains a major
obstacle. Collection, sorting, and storage of plastic waste often incur costs disproportionate
to the value of the resulting upcycled products. Furthermore, the heterogeneous composi-
tion of commonly used plastics, such as the presence of dyes, additives, and adhesives in
polyethylene products, can interfere with chemical upcycling routes and compromise the
purity of the final materials. Issues such as oxidative degradation and low thermal stability
of polyolefins (e.g., PE, PP) may further diminish the quality of upcycled outputs [23].

In addition, many upcycling technologies remain energy-intensive or technically re-
strictive. Thermal or catalytic pyrolysis requires significant energy input and often yields
complex product mixtures, complicating downstream separation. Although catalytic hy-
drogenolysis affords narrower fuel-range fractions, it remains costly and still demands high
energy. Certain plastic types, such as polyurethanes, may release toxic gases (e.g., hydro-
gen cyanide, ammonia) during pyrolysis, presenting additional safety and environmental
concerns [24].

Low solubility of plastic polymers in organic solvents might also hamper chemi-
cal conversion, frequently necessitating expensive catalysts or prolonged reaction times.
Depolymerization processes such as hydrolysis and glycolysis are highly sensitive to
contaminants, making clean and well-sorted feedstock indispensable [25]. Additionally,
large-scale thermochemical processing of mixed waste streams may lead to the emission of
volatile organic compounds (VOCs), creating regulatory and environmental obstacles [26].

Beyond its scientific and economic promise, the success of upcycling also depends on
public awareness and engagement [27]. Research on consumer upcycling indicates that en-
abling perceptions of circular innovation (e.g., empowering consumers, facilitating creative
reuse) can foster responsible consumption and support for enabling policy frameworks [28].
By bridging technological advances with societal understanding, upcycling transforms
plastic waste from an environmental liability into a valued chemical resource.

Overall, the combined feedstock, process, environmental, and societal constraints
highlight the complexity of translating plastic upcycling from laboratory-scale demonstra-

https://doi.org/10.3390/suschem7030043

https://doi.org/10.3390/suschem7030043


Sustain. Chem. 2026, 7, 43 5 of 23

tions to industrial implementation. Progress in catalyst design, process optimization, and
waste-management logistics, together with stronger societal engagement, will be critical to
realizing the full potential of upcycling within emerging circular chemical economies. At
the same time, the diversity of polymer feedstocks and valorization technologies means
that no single upcycling strategy is universally applicable. Instead, selecting an appropri-
ate route requires careful consideration of multiple interrelated factors, including waste
composition, feedstock purity, contamination level, target product value, process energy de-
mand, and the desired transformation pathway. As summarized in Figure 4, these decision
criteria guide the selection of suitable plastic upcycling strategies, ranging from catalytic
depolymerization and functional upcycling to chemical, biocatalytic, and thermochemical
conversion routes.

 

Figure 4. Decision framework illustrating the selection of plastic upcycling strategies based on waste
composition, feedstock purity, contamination level, target product value, and process energy demand.

2.1. Functional Upcycling

Functional upcycling upgrades waste plastics into products with improved or repur-
posed physical, mechanical, or structural properties, without fundamentally altering the
polymer’s chemical backbone. Unlike catalytic depolymerization, which converts poly-
mers into small-molecule intermediates, functional upcycling relies on post-polymerization
modification, blending, or surface functionalization to improve performance without ex-
tensive chain scission. This approach has been successfully applied to diverse waste
streams, including PET bottles, polypropylene masks, and rubber tires, enabling the pro-
duction of value-added materials whose performance can rival or exceed that of virgin
counterparts [29].

One major route involves reinforcement with fibers, mineral fillers, or nanoscale addi-
tives, which markedly enhances strength, stiffness, and thermal stability while imparting
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lightweight, corrosion-resistant, and flexible characteristics (Figure 5A). Such reinforced
composites have found wide application in the automotive, aerospace, and construction
industries, where performance demands are high [30,31].

Figure 5. (A) Functional upcycling of polymer waste to improve its physical, mechanical, or structural
properties; (B–E) schemes of functional upcycling of various plastics.

Another application lies in recycled polylactic acid (PLA), which is increasingly used in
3D printing as a sustainable alternative to virgin materials (Figure 5B). Studies have shown
that mechanical performance can be partially retained or even improved when recycled
PLA is blended with virgin PLA or modified with plasticizers to restore chain mobility and
printability. Such blends mitigate brittleness and thermal degradation typically induced by
repeated melt processing. Although recycled PLA filaments often exhibit modest reductions
in tensile and flexural strength, typically around 10–15% after multiple recycling cycles.
These mechanical properties remain within acceptable limits for many printing applications.
This demonstrates how functional upcycling, through blending and formulation strategies,
can extend the lifespan and usability of biobased polymers in circular manufacturing
systems [32,33].

In a related approach, reinforcement of immiscible PET/PP waste blends with carbon
fibers has been shown to significantly improve tensile, flexural, and toughness proper-
ties, demonstrating compatibility enhancement through mechanical and interfacial means
(Figure 5C). Importantly, life-cycle assessments indicate that such hybrid composites can re-
duce environmental burdens per functional unit by minimizing material use and diverting
waste from conventional disposal routes [34].
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Moreover, functional upcycling has enabled the reprocessing of traditionally unre-
cyclable PU thermosets via dibutyltin dilaurate (DBTDL)-catalyzed carbamate exchange
reactions (Figure 5D). This introduces reversible bonding within the network, allowing
reshaping and recyclability. This process imparts malleability and enables reshaping and
reprocessing of PU foams into dense films through twin-screw extrusion, even from com-
mercial waste streams, highlighting a scalable, industrially relevant route for thermoset
recycling [35].

Similarly, post-consumer PET has been upcycled into high-performance thermoplas-
tic copolyesters with tunable mechanical properties. In this approach, PET undergoes
transesterification-driven molecular exchange, in which ethylene glycol units are partially
replaced with 1,4-butane diol, converting segments of PET into PBT-like hard blocks. The
resulting materials are segmented multiblock copolyesters: hard, crystalline PET/PBT
domains impart rigidity and thermal stability, while renewable fatty-acid-derived soft
segments contribute thermoplasticity, elasticity, and toughness (Figure 5E). Notably, the
PBT-containing copolymers exhibit faster crystallization kinetics and a higher modulus
than PET-based analogs, making them particularly suitable for injection-molding and other
high-performance engineering applications. This single-pot, solvent-free upcycling strategy
demonstrates how recycled and renewable monomers can be synergistically integrated to
create sustainable materials [36].

Overall, functional upcycling provides a valuable intermediate pathway between
mechanical recycling and full chemical depolymerization. While it preserves much of
the polymer’s intrinsic structure, its potential is ultimately constrained by the chemical
diversity of the starting material. Nevertheless, continued innovation in hybrid material
design is expanding the boundaries of what can be achieved through functional upcycling
within a sustainable and circular chemical framework.

2.2. Chemical Upcycling

Chemical upcycling has emerged as a promising strategy to transform plastic waste
into high-value monomers, oligomers, or entirely new molecular structures through chem-
ical, catalytic, or biological processes [37]. Unlike functional upcycling, which upgrades
plastics into enhanced materials while largely preserving the polymer backbone, chemical
upcycling actively depolymerizes plastics into low-molecular-weight building blocks that
can be repurposed into fuels, specialty chemicals, or advanced materials [38,39]. By lever-
aging rational catalyst design and process optimization, chemical upcycling can effectively
address contaminated or mixed plastic streams, an area where functional upcycling faces
inherent limitations. This “plastic refinery” approach not only mitigates environmental
pollution and carbon emissions but also broadens the chemical utility of waste plastics,
embedding them more fully within the framework of a circular economy [40]. Recent
years have witnessed significant advancements in developing sustainable, selective, and
energy-efficient upcycling processes, marking an important step toward realizing a truly
circular and resource-resilient chemical industry.

PET is among one of the most abundant polyester plastics manufactured all over
the world. While existing mechanical and chemical processes have made contributions
to the recycling of PET waste, upcycling PET into high-value products may offer novel
opportunity to the long-run sustainability of the economy and society. Catalytic depoly-
merization is a powerful strategy for converting PET waste into high-purity monomers
such as terephthalic acid (TPA) and ethylene glycol (EG), overcoming the degradation and
contamination issues associated with mechanical recycling. Lewis-acidic catalysts, such
as metal oxides, supported nanoparticles, Zn2+, Mg2+, layered hydroxides, and ZSM-5
zeolite-activate ester carbonyl groups for nucleophilic attack, selectively cleaving PET
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into bis(2-hydroxyethyl) terephthalate (BHET) and ultimately TPA and EG [41]. These
catalysts suppress oligomer formation, enabling near-quantitative monomer recovery and
repolymerization into virgin-grade PET. Recovered TPA can also undergo esterification,
amidation, or metal–ligand coordination to yield advanced thermoplastics, functional
intermediates, and metal–organic frameworks, supporting a plastic-refinery approach that
maximizes value recovery.

Complementing these catalytic strategies, recent studies have demonstrated solvother-
mal chemical conversion of PET waste into high-performance engineering plastics. In one
example, PET molecular chains were coupled with poly(vinyl alcohol) (PVA) units via
dehydration condensation under mild solvothermal conditions, without requiring high
temperatures or catalysts to form PET-based engineering plastics (PEPGs) with tensile
strengths up to 78 MPa [42]. Incorporation of PVA reduced the activation energy for degra-
dation, improving both mechanical robustness and soil-burial degradability. This approach
exemplifies how chemical upcycling can simultaneously enhance performance and sustain-
ability, transforming PET waste into durable yet degradable materials for next-generation
engineering applications.

Further expanding PET valorization pathways, aminolysis-based upcycling has
emerged as a versatile strategy for producing semi-aromatic polyamides (SAPs) with supe-
rior thermal and mechanical properties. Using PET-derived intermediates and biobased
diamines from castor oil along with sebacic acid, novel SAPs were synthesized via ambient-
pressure aminolysis, forming polymers structurally related to polyphthalamides (PPAs) [43].
These materials exhibit high glass transition temperatures, excellent heat resistance, and
good melt-processability, offering a sustainable alternative to traditional engineering plas-
tics. This methodology not only extends the utility of PET waste but also demonstrates how
biobased and waste-derived feedstocks can converge to create high-performance materials
within a circular polymer economy (Figure 6A).

PE featuring a resistant and durable character is widely used due to the low manufac-
turing cost and versatile properties. However, the presence of inert C–C makes the recycling
a challenge. The oxidative depolymerization of PE provides a selective pathway to convert
recalcitrant polyolefin waste into linear di-carboxylic acids through radical-mediated C–C
bond cleavage under aerobic conditions. Peroxyl-driven hydrogen abstraction initiates
chain scission, producing di-acids along with ketones and lactones at moderate tempera-
tures and pressures. These oxygenated products serve as valuable platform chemicals that
can be transformed into industrial monomers such as adipic and succinic acids for nylon,
polyurethane, and biodegradable polymer synthesis, as well as intermediates for solvents
and plasticizers. This approach establishes an important front-end feedstock generation
step where polyethylene waste can be redirected into established chemical supply chains
rather than disposal [44].

In parallel, catalytic hydrogenolysis has emerged as an efficient route for converting
single-use PE into high-value liquid hydrocarbons such as lubricants, waxes, and fuel-range
alkanes. This transformation is achieved through catalytic hydrogenolysis using platinum
(Pt) nanoparticles supported on strontium titanate (SrTiO3) perovskite nanocuboids, which
serve as a highly active and selective catalyst system. The catalyst, synthesized via atomic
layer deposition (ALD), enables uniform dispersion of Pt nanoparticles and precise control
of active sites, facilitating effective C–C bond cleavage. Under solvent-free conditions
at 300 ◦C and 170 psi hydrogen pressure, long-chain PE macromolecules are selectively
depolymerized into oligomeric hydrocarbons with narrow molecular weight distributions.
The resulting oligomeric products display high viscosity, thermal stability, and narrow
molecular weight distributions, properties comparable to commercial lubricants, demon-
strating a scalable and sustainable pathway for PE valorization [45].
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Figure 6. Reaction pathways demonstrating the conversion of (A) PET into BHET and further trans-
formed into SAP, or directly into PET-based engineering plastics through PVA-assisted dehydration-
condensation, (B) PE to oxygenated products through oxidative cleavage, oligomeric hydrocarbons
through catalytic hydrogenolysis, or value-added surfactants through Pt/Al2O3-catalyzed aromati-
zation followed by sulfonation, (C) PVC to poly(ethylene-co-styrene) derivatives and chloroarenes
via Friedel-Crafts alkylation or electrochlorination, respectively, and (D) PS to benzene deriva-
tives that can be further functionalized or aromatized into high-value aromatic chemicals and
virgin-grade monomers.

Complementing these reductive and oxidative strategies, dehydroaromatization-based
upcycling enables the conversion of PE into long-chain alkylaromatic compounds that can
be sulfonated to form biodegradable surfactants. Using Pt nanoparticles supported on
alumina (Al2O3), Zhang et al. achieved in situ hydrogen generation via dehydroaromatiza-
tion of shorter hydrocarbon chains, which simultaneously fuels hydrogenolysis of longer
ones [46]. This solvent-free process operates at moderate temperatures and produces mini-
mal gaseous byproducts, offering a clean, energy-efficient route to renewable surfactant
precursors (Figure 6B).

PVC is a widely used polymer, valued for its durability, chemical stability, and tunable
properties, which can be customized through the addition of various plasticizers, stabilizers,
and lubricants. Despite being the third most produced polymer globally, PVC remains one
of the least recycled materials because its chlorine-containing backbone and complex addi-
tive composition hinder compatibility with conventional recycling methods. These features
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contribute to persistent environmental concerns associated with PVC waste, and effective
recycling or upcycling approaches will require strategies that address the reactivity of the C–
Cl bond in the polymer structure. Recent advances have demonstrated creative approaches
to chemical upcycling of PVC through controlled C–Cl activation. For instance, Fieser
and co-workers reported a tandem hydrodechlorination/Friedel–Crafts alkylation strategy
that enables the conversion of PVC into poly(ethylene-co-styrene) derivatives [47]. Mean-
while, the McNeil group developed an electrochemical upcycling method that integrates
homolytic C–Cl reduction with oxidative arene electrochlorination, allowing waste PVC to
act as a chlorine feedstock for the synthesis of chloroarenes at room temperature [48]. Fur-
thermore, Goulas and colleagues reported a tandem dehydrochlorination–hydrogenation–
hydrogenolysis process to produce polyethylene-like waxes suitable for hot-melt adhesive
applications. The team achieved >70% yields of wax products, with high efficiency in
both chlorine elimination and alkene hydrogenation [49]. Collectively, these studies un-
derscore the growing potential of PVC upcycling technologies that not only mitigate
environmental hazards but also transform problematic plastic waste into value-added
materials (Figure 6C).

PS waste constitutes a major portion of plastic pollution because of its extensive
deployment in disposable food packaging, cutlery, and protective materials. As most PS
ends up in landfills, upcycling presents a viable strategy to elevate this low-value polymer
into high-value products and functional chemical intermediates. Microwave-assisted
depolymerization of PS offers a promising route for chemical recycling of this widely used
polymer. By exposing PS to microwave irradiation typically in the presence of a microwave
susceptor (carbon, silicon carbide) to enhance absorption of microwave energy, the polymer
chains undergo rapid thermal or radical-driven scission, producing high yields of styrene
monomer and other aromatic hydrocarbons. Under reduced pressure microwave-assisted
pyrolysis of PS with carbon as susceptor achieved liquid yields above 75% and a styrene
concentration of ~72 wt% [50]. Similarly, converting expanded PS via microwave-assisted
pyrolysis produced oil fractions (51–60 wt%) rich in styrene, cyclopropyl methylbenzene
and alkylbenzenes [51]. Once recovered, the styrene monomer can be purified and reused
in polymer manufacture or further upgraded into higher-value aromatic fine chemicals
via functionalization or aromatization to create a closed-loop or value-added recycling
stream. A recent commercial assessment describes a modular microwave-based technology
platform which uses microwave depolymerization of PS to recover styrene monomers with
purity comparable to virgin material, enabling their reuse (Figure 6D) [52].

Although PU does not belong to any of the conventional seven resin categories, it
ranks as the sixth most produced polymer globally, finding extensive use in construction,
transportation, and furniture industries. However, recycling PU, particularly thermoset
PUs such as rigid and flexible foams, poses significant challenges for recycling due to
their highly cross-linked network structures and the presence of numerous additives [53].
Recently, Adhikari and co-workers investigated the liquid products generated from the
thermochemical depolymerization of linear thermoplastic polyurethane pellets using both
pyrolysis and hydrothermal liquefaction (HTL). Reaction temperatures between 250 and
550 ◦C were selected based on thermogravimetric analysis (TGA) of the feedstock. The
pyrolysis process at 550 ◦C yielded the highest liquid fraction (63.08 ± 2.46 wt%) and
achieved an energy recovery of 59.25%. In contrast, HTL conducted at 400 ◦C produced
the maximum oil yield (40.09 ± 4.06 wt%), with the resulting oil exhibiting the highest
carbon content (70.37 ± 4.00 wt%) and the lowest oxygen content (16.45%). Notably, the
major valuable products identified were aniline and p-aminotoluene, both of which can be
utilized in combination with biopolyols to synthesize sustainable polyurethane materials.
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This approach not only recovers value from PU waste but also promotes circularity within
the plastics industry through a chemical upcycling strategy (Figure 7A) [54].

Figure 7. Reaction pathways demonstrating the conversion of (A) PU into cyclic oxygenated com-
pounds, aromatic diamines, and other valuable intermediates that can be reused for the preparation
of biopolyols and sustainable polyurethane materials, (B) PC to value-added amide products, or
tandem depolymerization–repolymerization followed by hydrogenation to generate functionalized
polycarbonate materials., (C) PMMA to MMA through depolymerization or thermolysis, which
can be hydrolyzed to MAA and reused in polymer synthesis, copolymerization, or ester and salt
production, and (D) PTFE into sulfonyl fluorides, acyl fluorides, and other value-added fluori-
nated products through mechanochemical reductive defluorination followed by ball-milling-assisted
fluorination reactions.

Among engineering plastics, PC is valued for its mechanical strength, thermal sta-
bility, and transparency, supporting widespread use in consumer goods and technical
applications. However, its chlorine-free yet highly stable carbonate backbone, reliance on
phosgene-based synthesis routes, and release of bisphenol A (BPA) upon degradation pose
sustainability concerns and limit the effectiveness of conventional mechanical recycling. As
a result, chemical upcycling has emerged as a more promising strategy, enabling selective
depolymerization of PC into BPA and carbonyl-rich intermediates that can be repurposed
into higher-value functional materials. For instance, Singh and co-workers demonstrated
that discarded CDs and DVDs can serve as a polycarbonate-derived carbonyl source for
the synthesis of photoresponsive donor-acceptor Stenhouse adducts (DASAs) and related
functional molecules. In their approach, a library of activated furans was first synthesized
from depolymerized polycarbonate obtained from waste CDs, which were subsequently re-
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acted with amine-functionalized polycarbonate surfaces to generate DASA-functionalized
materials. This work highlights the potential of PC upcycling as a versatile platform for
advanced material design and surface functionalization [55]. The same research group
also reported a microwave-assisted depolymerization of PC, in which condensation with
phenylethylamine in acetonitrile at 80 ◦C for 10 min afforded N,N′-diphenylethylurea in
44–78% yield [56]. Other studies have transformed waste polycarbonate into recyclable
poly(carbonate-imine)s (PCIs) with desirable thermomechanical properties. Unlike hy-
drolytically stable PCIs, these materials are acid-hydrolyzable, enabling efficient chemical
recycling. They exhibit excellent thermal reprocessability, superior thermal stability, low
thermal expansion, and high tensile strength without compromising the structural integrity
of reinforcing carbon fibers, underscoring their potential for advanced material applications.
Additionally, waste PC has been converted into poly(ether-carbonate) polyols through tan-
dem depolymerization–repolymerization strategies, further demonstrating the versatility
of polycarbonate upcycling routes (Figure 7B) [57].

PMMA was discovered in the early 1930s and gained renewed attention during the
COVID-19 pandemic as a key material for protective barriers. This thermoplastic polymer
is well known for its high tensile and flexural strength, UV resistance, and excellent optical
transparency. Conventionally, PMMA is recycled via thermomechanical processing, which
typically leads to downcycling, yielding lower-grade products with degraded properties.
To overcome this limitation, alternative recycling strategies have recently been developed
to enable monomer recovery without product deterioration. A notable example is the
visible light-triggered depolymerization of PMMA, wherein chlorine radicals are generated
in situ from the solvent to initiate polymer main-chain breakdown. This method achieves
near-quantitative depolymerization (>98%) of polymethacrylates, allowing the recovered
monomer to be repurposed for the synthesis of new PMMA materials [58]. In a comple-
mentary study, G. S. Patience and co-workers reported a heterogeneous catalytic hydrolysis
approach for the chemical upcycling of PMMA. In this approach, PMMA is first thermally
depolymerized to methyl methacrylate (MMA), which is subsequently hydrolyzed to me
vthacrylic acid (MAA). A heterogeneous catalytic hydrolysis strategy employing fresh, acti-
vated, regenerated, and desilicated zeolite Y catalysts achieved ≥95% PMMA conversion at
350 ◦C, with H-type zeolite Y (SiO2/Al2O3 = 80) delivering the highest MAA yield and se-
lectivity. This sequential thermolysis–hydrolysis pathway produces high concentrations of
MAA, an important monomeric feedstock for copolymer synthesis and for the production
of MAA esters and salts. Acetone and CO were identified as primary by-products resulting
from MAA cracking on zeolite acid sites (Figure 7C) [59].

PTFE, commonly known as Teflon, is a highly versatile fluoropolymer distinguished
by its exceptional chemical and thermal stability. It exhibits minimal reactivity toward al-
most all chemical reagents, including strong mineral acids, bases, and oxidizing agents, and
maintains thermal stability up to 260 ◦C, withstanding temperatures as high as 400 ◦C [60].
However, the same durability that makes PTFE valuable also presents a major challenge at
the end of its lifecycle. Disposal via landfill is problematic since PTFE is highly resistant
to biodegradation, while incineration demands extremely high temperatures and risks
the release of environmentally persistent per- and polyfluoroalkyl substances (PFASs),
which are associated with various toxicological and ecological concerns [61]. Given the
growing industrial demand for fluorinated small molecules, especially in the pharmaceu-
tical sector, a promising strategy would be to upcycle the fluorine atoms in waste PTFE
into valuable fluorinated fine chemicals. Armstrong and co-workers recently reported
a mechanochemical reductive defluorination approach that achieves direct upcycling of
PTFE under mild conditions. The process involves ball milling PTFE with inexpensive and
readily available sodium metal at room temperature, without the use of organic solvents.
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The resulting products, NaF and elemental carbon, can subsequently be utilized in acid-
catalyzed mechanochemical fluorination to generate high-value sulfonyl fluoride and acid
fluoride compounds with excellent yields (Figure 7D) [62].

Overall, chemical upcycling transforms plastic waste from an environmental burden
into a valuable chemical resource. It links molecular innovation with sustainability by
promoting waste as a renewable feedstock and improving how materials are created,
used, and recovered. In this way, upcycling drives chemistry toward a more circular and
sustainable future.

2.3. Technology Readiness of Plastic Upcycling Routes

The plastic upcycling routes discussed in this review span different levels of techno-
logical maturity, as summarized in Table 1. Accordingly, their readiness is qualitatively
categorized as laboratory-scale, pilot-scale, or commercial-scale based on the reported
processing scale, feedstock complexity, product recovery, equipment integration, and evi-
dence of continuous or industrial operation. This classification is intended as an indicative
assessment rather than a formal technology-readiness-level assessment, as most published
studies primarily focus on chemical performance rather than engineering, economic, or
commercialization aspects.

Table 1. Indicative technology readiness of representative plastic upcycling strategies discussed in
this review.

Plastic/Feedstock Representative Upcycling Strategy Indicative Technology Readiness

PET, PE, PP and
other thermoplastics Mechanical recycling and reprocessing Commercial

PLA [32,33] Repeated extrusion and 3D-printing
filament production Laboratory/early commercial

Mixed PET/PP waste [34] Carbon-fiber reinforcement and melt compounding Pilot

Post-consumer PU foam [35] DBTDL-catalyzed carbamate exchange and
twin-screw extrusion Pilot

Post-consumer PET [36] Transesterification with renewable soft segments Laboratory

PET [41] Catalytic hydrolysis and glycolysis Pilot

Waste PET [42,43] Catalyst-free solvothermal functionalization
and aminolysis Laboratory

PE [44–46] Oxidative depolymerization, hydrogenolysis, and
tandem catalytic upgrading Laboratory

PVC [47–49] Catalytic hydro-dechlorination, electrochemical
dechlorination, and hydrogenolysis Laboratory

PS [50–52] Microwave-assisted pyrolysis Laboratory/pilot

Thermoplastic PU [54] Pyrolysis and hydrothermal liquefaction Laboratory

Waste PC (CDs/DVDs) [55] Depolymerization to activated furans followed by
DASA synthesis Laboratory

PMMA [58,59] Visible-light depolymerization;
thermolysis–hydrolysis to MAA Laboratory

PTFE [62] Mechanochemical reductive defluorination Laboratory

3. Chemical Value Hidden in Polymers
Plastics are often viewed simply as waste, but at a molecular level, their constituent

monomers and structural motifs can closely resemble the core scaffolds found in many
pharmaceuticals [63]. Each polymer is composed of repeating units that contain specific
chemical functionalities and frameworks. These polymer frameworks often share architec-

https://doi.org/10.3390/suschem7030043

https://doi.org/10.3390/suschem7030043


Sustain. Chem. 2026, 7, 43 14 of 23

tural motifs common in pharmaceuticals, meaning they already contain useful scaffolds
that can be directly transformed into bioactive compounds or APIs (active pharmaceutical
ingredients) [19,64].

Molecular Resemblance of Polymer Units to Drug Scaffolds

When viewed at the molecular level, many commodity polymers reveal striking struc-
tural parallels to established drug scaffolds. For example, PET incorporates ester linkages
and terephthalate aromatic rings that echo the functionalized benzene motifs found in
analgesics, while PS bears pendant phenyl groups akin to those in ibuprofen and diclofenac.
The chlorinated backbone of PVC provides reactive sites analogous to halogenated inter-
mediates in medicinal chemistry, where chlorine substitution is commonly employed to
modulate lipophilicity and reactivity. These structural features resemble chloroalkanes and
benzyl chlorides that serve as key building blocks for active pharmaceutical ingredients [65].

Beyond these commodity plastics, higher-value polymers display even more direct
pharmacophoric relevance. PC, with its carbonate/ester linkages and diaryl motifs, re-
semble structural features found in carbamate-based prodrugs and selective estrogen
receptor modulators (SERMs) such as tamoxifen. Polyamides (nylons), with their –CONH–
amide linkages, directly mirror the peptide bond that is the backbone of therapeutic pep-
tides (e.g., insulin, cyclosporine) and peptidomimetics (e.g., Parsabiv) [66]. Likewise,
poly(vinylpyridine) (PVPy) incorporates a pyridine ring, found in numerous drugs such as
isoniazid. Additionally, PLA represents a renewable polyester with repeating lactic acid
units, closely tied to biocompatible and biodegradable systems already used for delivering
doxorubicin and paclitaxel in nanoparticle formulations [67,68].

Taken together, these parallels highlight how synthetic polymers act as pre-assembled
reservoirs of drug-like fragments, with their repeating units resembling scaffolds central
to pharmaceuticals ranging from simple analgesics to complex peptide drugs. Through
targeted depolymerization and functionalization, these materials can be chemically upcy-
cled into intermediates and active molecules, demonstrating that plastics are far more than
inert waste—they are potential chemical feedstocks bridging polymer science and drug
discovery (Figure 8).

Figure 8. Representative polymer motifs (aromatic, ester, and amide groups) resemble drug scaffolds,
illustrating how depolymerized plastics can serve as precursors for bioactive and value-added
molecules within sustainable chemical frameworks.
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4. Microbial and Enzymatic Transformation of Polymer-Derived Scaffolds
The intersection of polymer degradation and biotechnology has transformed how

plastic waste is perceived, i.e., from a problem of persistence to an opportunity for molecular
innovation. Microbial and enzymatic transformations have emerged as powerful strategies
to upgrade polymer-derived building blocks into high-value products. Microbes such as
bacteria and fungi, whether naturally evolved or genetically engineered, can functionalize,
rearrange, or extend polymer-derived intermediates into smaller, more versatile molecules
through biotransformation and enzymatic catalysis [69,70].

Among these efforts, PET has seen the most extensive progress in enzymatic recycling
and bioconversion, with the first reports on enzymatic depolymerization dating back to
the early 2000s [71]. Large-scale enzymatic recycling is now approaching commercializa-
tion, with a dedicated plant expected to begin operation in 2025, capable of processing
50,000 tons of post-consumer PET annually [72].

Building on this foundation, engineered PET hydrolases have been developed that
achieve up to 90% depolymerization within 10 h under mild aqueous conditions [73].
These enzymes employ a Ser-His-Asp catalytic triad and feature modified active sites that
enhance accessibility to crystalline PET. The recovered monomers exhibit petrochemical-
grade purity, enabling direct repolymerization into food-grade materials and supporting
closed-loop PET recycling within a circular, low-carbon economy.

Microbial systems are also being explored to address the limitations of purely en-
zymatic methods, particularly for mixed or contaminated plastic wastes. For instance,
the PETase enzyme from Ideonella sakaiensis catalyzes the hydrolysis of PET into mono(2-
hydroxyethyl) terephthalic acid (MHET), while a complementary enzyme, MHETase, subse-
quently converts MHET into TPA and EG [74]. In parallel, progress has also been made in ex-
tending biodegradation to other polymers such as polylactic acid (PLA). Hajighasemi et al.
demonstrated that purified enzymes can effectively depolymerize PLA, producing clear
and consistent degradation patterns [75].

This tandem chemo-biological approach, first depolymerizing plastics to release func-
tional monomers, then upgrading them through enzymatic or microbial transformations,
creates a circular route for converting plastic waste into high-value products such as phar-
maceuticals. Together with catalytic, thermochemical, and functional upcycling approaches
discussed throughout this review, these strategies illustrate the diverse toolbox available
for plastic valorization. However, each route differs considerably in terms of feedstock
requirements, product selectivity, energy demand, scalability, and process limitations. A
comparative overview of the principal recycling and upcycling strategies, together with
their major advantages and limitations, is presented in Table 2. Representative examples
of biocatalytic and microbial valorization are subsequently discussed through selected
pharmaceutical case studies.

Table 2. Comparative overview of the principal plastic recycling and upcycling strategies, highlight-
ing their major advantages and limitations.

Strategy Key Advantages Major Disadvantages

Mechanical Recycling
Established operational infrastructure;

preserves the bulk polymer structure directly
without chemical reagents.

Polymer degradation and downcycling;
sensitive to mixed plastics, additives,

and dyes.

Functional Upcycling

Modulates physical/mechanical properties
(e.g., lightweighting, flexibility) while

preserving the polymer backbone; lower
energetic demand than depolymerization.

Product properties remain dependent on
the composition and quality of the
original plastic feedstock; limited

recovery of molecular value.
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Table 2. Cont.

Strategy Key Advantages Major Disadvantages

Catalytic
Depolymerization

Suppresses competitive oligomer pathways;
Selectively recovers high-purity BHET, TPA,

and EG, enabling virgin-grade PET production.

Requires clean feedstocks; catalyst
poisoning by contaminants.

Pyrolysis

Tolerates highly cross-linked thermoset
networks (PU) and complex polymer structures

(PS); short reaction times via intense
microwave absorption.

High energy demand, broad product
distributions, and formation of

undesirable by-products requiring
downstream purification.

Hydrogenolysis
Cleaves inert, recalcitrant aliphatic chains

(C–C) in polyolefins (PEs) into narrow, highly
predictable molecular weight distributions.

Relies on expensive noble-metal
catalysts, high hydrogen pressures, and

elevated temperatures, increasing
process costs.

Enzymatic Recycling
Operates under mild, eco-friendly conditions;
achieves high structural specificity, bypassing
the need for intensive thermo-chemical inputs.

Heavily restricted to specific
hydrolyzable ester backbones;
depolymerization rates fall off

significantly on highly crystalline
polymer faces.

Microbial Valorization

Upgrades unpurified, crude plastic digest
streams directly into complex natural-product

structures; avoids energy-intensive pristine
purification steps.

Requires metabolically engineered
microorganisms, optimized fermentation

processes, and careful control of
intermediate toxicity.

Mechanochemical
Reductive

Defluorination

Operates rapidly at room temperature without
organic solvents; cleanly mineralizes

exceptionally stable fluoropolymers without
releasing low-chain PFAS.

High mechanical kinetic energy
demands; scaling requires specialized

milling reactors to handle reactive
metallic reducing inputs safely.

5. Case Studies: Turning Waste Polymers into High-Value Pharmaceuticals
5.1. From PET Bottles to Paracetamol

A pioneering study from the University of Edinburgh showcased how post-consumer
PET can be transformed into a pharmaceutical precursor through a hybrid chemical-
biological strategy (Figure 9A). Instead of traditional mechanical recycling, PET was molec-
ularly deconstructed to release a terephthalate-derived intermediate, which entered engi-
neered Escherichia coli and underwent a Lossen rearrangement inside the cell. By designing
strains dependent on the plastic-derived intermediate for growth, the researchers ensured
efficient uptake and conversion.

From this point, the biosynthetic machinery of the engineered microbes converted
para-aminobenzoic acid (PABA) into paracetamol, a widely used analgesic and antipyretic
drug. The process achieved yields approaching 92% within 24 h under ambient conditions,
with negligible carbon emissions, underscoring both efficiency and sustainability. Beyond
the impressive conversion metrics, the study broke new conceptual ground by embedding
a traditionally abiotic rearrangement into living microbial metabolism. This hybrid chemo-
biological strategy highlights how the aromatic scaffolds within PET waste can be valorized
into active pharmaceutical ingredients, offering a compelling vision of plastic waste as a
renewable feedstock for high-value chemical synthesis [11].
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Figure 9. Chemical-biological and catalytic upcycling of polymer waste into pharmaceuticals and
bioactive metabolites. (A) PET waste to paracetamol, (B) PE waste to medically valuable secondary
metabolites, (C) PS waste to medically valuable secondary metabolites and (D) Biodegradable
polyester waste (P4HB and PBS) to busulfan.

5.2. From PE to Complex Fungal Metabolites

A landmark study by Rabot and colleagues demonstrated how polyethylene, one of the
most persistent global plastic wastes, can be repurposed into complex fungal metabolites
through a two-step chemical-biological platform (Figure 9B). Polyethylene waste, including
ocean-recovered material, was first subjected to aerobic oxidative cleavage using cobalt
and manganese catalysts with a nitric-oxide source, yielding a suite of α,ω-dicarboxylic
acids (C4–C12) as metabolizable chemical intermediates. These diacids served as feedstocks
for the filamentous fungus Aspergillus nidulans, chosen for its metabolic robustness and
genetic tractability. While shorter-chain diacids inhibited growth, longer-chain substrates
(C10–C12) supported fungal metabolism and enabled efficient biotransformation.

Engineered A. nidulans strains expressing selected biosynthetic gene clusters converted
these polyethylene-derived intermediates into structurally complex fungal metabolites,
including asperbenzaldehyde, citreoviridin, and the antibiotic precursor mutilin. In par-
ticular, strain LO10050, equipped with a positive-feedback promoter circuit, produced
up to 4.3 g L−1 of asperbenzaldehyde with minimal process optimization, underscoring
the scalability of the platform. This strategy expands the chemical space accessible from
non-recyclable hydrocarbon polymers and highlights the potential of coupling oxidative
depolymerization with fungal biosynthesis to access natural-product-like scaffolds from
waste carbon streams. The work reinforces a compelling paradigm in polymer upcycling:
even simple polyolefins can serve as viable carbon feedstocks for the sustainable production
of pharmacologically relevant molecules [76].
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5.3. From PS to Antibiotics, Antioxidants, and Biocontrol Agents

Building on their broader effort to convert commodity plastics into biologically valu-
able molecules, the same group extended this framework to PS. They showed that post-
consumer PS can be transformed into useful bioproducts through a chemo-biological
upcycling strategy (Figure 9C). In the chemical stage, mixed-source PS waste underwent
Co-Mg-catalyzed aerobic oxidation, selectively yielding benzoic acid (BA). Importantly,
the resulting BA stream required no purification before biological processing, highlighting
operational simplicity and seamless process integration.

The crude PS-derived BA served as the sole carbon source for engineered Aspergillus
nidulans strains expressing biosynthetic genes under the alcA promoter. These strains con-
verted BA into pharmacologically relevant fungal metabolites, including ergothioneine and
pleuromutilin-type scaffolds, demonstrating that aromatic motifs obtained from PS waste
can directly support natural-product biosynthesis. The same BA stream also supported
growth and sporulation of Aspergillus flavus Af36, an approved agricultural biocontrol
strain, establishing a path from plastic waste to crop-protection agents.

This study reinforces that even PS, often regarded as highly recalcitrant, can serve
as a viable feedstock for sustainable production of pharmaceutical-like metabolites and
agricultural biocontrol material. The ability to extract simple aromatic building blocks from
PS and repurpose them into biologically meaningful products underscores the expanding
potential of plastic upcycling beyond mere degradation [77].

5.4. From Biodegradable Polyesters to Busulfan

A complementary example of pharmaceutical plastic upcycling was reported by
Lourenço and Fernandes, who demonstrated the first direct synthesis of the clinically
approved anticancer drug busulfan from biodegradable plastic waste (Figure 9D). In this
strategy, poly(4-hydroxybutyrate) (P4HB) and polybutylene succinate (PBS) plastic wastes
were reductively depolymerized to recover 1,4-butanediol using molybdenum- or KOH-
based catalytic systems. The recovered diol was subsequently converted into busulfan
through a straightforward mesylation reaction, affording overall yields of 54% from P4HB
and 51% from PBS. Beyond demonstrating efficient depolymerization of biodegradable
polyesters, this work establishes a new paradigm in plastic valorization by extending waste-
derived feedstocks beyond chemical intermediates to the direct synthesis of an approved
active pharmaceutical ingredient (API). The study highlights the potential of integrating
plastic waste into pharmaceutical supply chains, providing a sustainable route to reduce
reliance on fossil-derived feedstocks while advancing circular economy principles [78].

Although the preceding examples demonstrate the growing potential of plastic waste
as a feedstock for the sustainable synthesis of pharmaceutical precursors and bioactive
molecules, significant challenges must be addressed before these approaches can be trans-
lated into practical pharmaceutical and biomedical applications. Unlike conventional
petrochemical feedstocks, post-consumer plastics may contain residual additives, plasticiz-
ers, pigments, catalyst residues, degradation products, and other contaminants introduced
during manufacturing use and waste collection. Therefore, rigorous feedstock sorting,
decontamination, and purification strategies are essential before chemical conversion to en-
sure suitable quality and safety [37,79,80]. Furthermore, every depolymerization, catalytic,
or biological transformation step must demonstrate the effective removal of contaminants
while maintaining batch-to-batch consistency and product quality [37,81]. In addition,
pharmaceutical products derived from waste-based feedstocks must comply with estab-
lished regulatory frameworks governing impurity control and toxicological risk assessment.
These requirements, along with quality-by-design principles, are essential to ensure safety
and product efficacy [82]. Consequently, the successful conversion of plastic-derived chem-

https://doi.org/10.3390/suschem7030043

https://doi.org/10.3390/suschem7030043


Sustain. Chem. 2026, 7, 43 19 of 23

ical building blocks into pharmaceutical manufacturing will depend not only on advances
in catalytic and biotechnological upcycling but also on the establishment of robust qual-
ity assurance systems and Good Manufacturing Practices (GMPs) capable of ensuring
material traceability, process reproducibility, and regulatory compliance throughout the
manufacturing lifecycle [83,84].

6. Outlook
The convergence of polymer science, catalysis, and biotechnology is reshaping how

chemists approach plastic waste. Rather than an environmental burden, waste polymers are
increasingly viewed as renewable carbon sources capable of feeding circular manufacturing
systems. The studies discussed in this perspective show that commodity plastics such
as PET, PE, and PS can be transformed into high-value chemicals and pharmaceutical
precursors through catalytic depolymerization and microbial valorization, advancing both
resource efficiency and low-carbon chemical production.

The key challenge ahead is scaling these advances into economically viable, industri-
ally relevant technologies. Progress will depend on integrating chemical and biological
processes through hybrid chemoenzymatic systems, engineered microbial platforms, and
AI-assisted reaction design. Machine learning models for catalyst selection, predictive
depolymerization pathway screening, and structure–property correlations can streamline
route development and reduce experimental iteration. At the same time, AI is reshaping
how chemical knowledge is generated and taught, providing data-driven ways to visualize
structural relationships across chemical space and to connect polymers, small molecules,
and functional materials. Emerging platforms that support AI-guided synthesis planning
and scaffold comparison can help learners interpret algorithmic insights and strengthen
chemical reasoning while promoting responsible and transparent use. Targeted depolymer-
ization to release valuable motifs, biocatalytic upgrading of intermediates, and combined
chemo-biosynthetic pathways offer promising routes toward near-zero-waste polymer
valorization. Embedding these technologies within existing waste-management and man-
ufacturing infrastructure, supported by data-driven scaffold mapping, can accelerate the
identification of high-value molecular targets within polymer structures.

In this perspective, these reflections are offered to highlight how advances in polymer
upcycling may help shape the future circular-materials landscape.

7. Conclusions
The emerging field of polymer upcycling is redefining how chemists view plastic

waste, shifting it from an environmental liability to a source of molecular opportunity.
By identifying and utilizing structural motifs found in pharmaceuticals within everyday
polymers, researchers are connecting materials science, catalysis, and biotechnology. The
studies highlighted here demonstrate that commodity plastics such as PET, PE, and PS are
not inert end-products, but valuable starting materials for producing high-value chemicals,
pharmaceuticals, and biocatalytic intermediates.

The next stage of progress lies in integration: combining catalytic depolymerization
with enzymatic and microbial conversion, scaling hybrid systems, and using data-driven
design to discover new reaction pathways. However, the transition toward a circular,
waste-neutral chemical economy will also require supportive policies and wider industrial
adoption. Together, these advances can help move production from a take-use-dispose
model to a more sustainable circular system.

Ultimately, polymer upcycling represents more than a technical innovation; it marks a
broader shift in chemistry. It challenges researchers to unite sustainability with synthesis,
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transforming discarded materials into molecules of value and purpose. In this context,
waste is no longer an endpoint, but a foundation for sustainable synthesis.
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