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Industries in both developed and developing countries are under growing pressure to align with sustainable
development goals (SDGs) while simultaneously contributing to economic development. Several SDGs
inevitably require maintenance of air, water, and soil quality. Industrial effluents typically pollute these
natural resources, which in turn need effective monitoring through sensors. Conventionally, sensors have
relied largely on semiconductor materials; however, their high cost, manufacturing bottlenecks,
availability, and environmental footprint limit their suitability in many low- and middle-income countries.
In contrast, polymeric sensors, particularly if derived from recycled plastics, could offer a scalable,
customizable, and cost-effective platform. Their inherent flexibility, light weight, and easy fabrication
enable seamless integration into Internet of Things (loT) devices, which would help industries move
closer toward decentralized monitoring. Electronic waste (e-waste) could serve as a suitable and

valuable source of polymers for sensor materials, given their high diversity and that much of recycled e-
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mining in the form of combining recycled e-waste plastics and loT-integrated polymer science to

DOI: 10.1039/d5ta09015¢f advance sustainable and customizable sensor development. It is hoped that these ideas would
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1 Introduction

Economically critical sectors such as agriculture, pharmaceuti-
cals, and textiles constitute the backbone of many national
economies by supporting employment, infrastructure develop-
ment, and technological advancement. At the same time,
governments mandate strict environmental monitoring for the
management of wastewater generated from these industries
and their processing units." However, these sectors operate with
thin profit margins, particularly in developing countries,
battling the rising inflation as well as increasing regulatory
pressures from Industry 4.0 and the emerging mandates of
Industry 5.0 sustainability frameworks.>* In response to the
latter, government policies are evolving to enforce sustainable
manufacturing, thereby keeping a check on industrial effluents
and emissions. To address this scenario, industries require
affordable, scalable, and IoT integratable sensor solutions that
enable real-time monitoring without adding financial strain.**
These sensors are essential for detecting a wide spectrum of
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tremendously strengthen circular economy initiatives, particularly in resource-constrained economies.

contaminants, in air, water, and soil, such as heavy metals over
broad concentration ranges, pH fluctuations, residual disin-
fectants such as chlorine, and dissolved gases like oxygen and
nitrogen. Beyond performance, such sensor technologies must
also meet regulatory standards, remain economically viable,
and support broader societal goals such as employment
generation and sustainable living (SDGs 8 and 11: Decent Work
and Economic Growth and Sustainable Cities and Communi-
ties, respectively).®

Urban mining is increasingly recognized not only as
a strategy for resource recovery but also as a pathway to achieve
circularity.”® While it has traditionally been associated with the
extraction of critical metals, a closer examination reveals that
large amounts of non-metallic materials such as plastics, poly-
meric resins, ceramics, and glasses can also be recovered. In
this context, recycled polymers from electronic waste (e-waste)
may serve as a promising input for developing low-cost, repur-
posed polymeric thin-film sensors. Their inherent flexibility,
light weight, and diverse richness in engineering chemistry
make them particularly suitable for functional applications like
sensors. The United Nations reports that, in 2021, globally, an
average individual was responsible for generating 7.6 kg of e-
waste, amounting to about 57.4 million tons worldwide. Of
this, only 17.4% was officially recorded as appropriately
collected, treated, and recycled.” The amount of e-waste gener-
ated globally had nearly doubled from 34 million tonnes (Mt) in
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2010 to a record 62 Mt in 2022. It is further projected to reach
75-85 Mt by 2030, growing five times faster than documented
recycling efforts.'®" Despite the massive volume, only 22.3%
(13.8 Mt) of e-waste was formally collected and recycled in 2022,
leaving an estimated USD 62 billion worth of recoverable
natural resources unaccounted for and exacerbating environ-
mental and health risks."” Polymers constitute up to 30% of e-
waste by weight, which is a diverse mix of engineering plas-
tics, fibers, and resins. This compositional diversity presents
a wide-range of possibilities of combinatorics for sensing
(selectivity and sensitivity) by blending and tailoring electrical,
optical, and mechanical properties. In this context, reusing
recycled polymers in sensors would promote circularity, reduce
environmental impact, and align with SDG 12 (Responsible
Consumption and Production). It would also help to reduce
landfill waste and reinforce the circular economy model.

Printed circuit boards (PCBs) are considered to be the most
valuable portion of e-waste due to their richness in high purity
precious metals such as gold, silver, palladium, nickel,
aluminium, and copper.’*** However, once these metals are
extracted, what remains is a substantial non-metallic fraction
(=70% by weight of PCBs), composed mainly of glass fibers and
thermoset resins such as epoxy, derived from the substrate and
dielectric layers.™™ Lacking direct economic value, this
polymer-rich residue is typically discarded or landfilled, over-
looking its potential as feedstock for sustainable technologies.
Despite the introduction of e-waste management rules in
different countries, which include extended producer respon-
sibility (EPR) frameworks mandating producers to manage end-
of-life electronics, the actual implementation remains weak.***®
Previous studies have illustrated methods for reuse of e-waste
components, such as depleted battery casings and electrodes,
in electrochemical energy-generation systems.'>** Recent liter-
ature further suggests that polymers recovered from waste
electrical and electronic equipment (WEEE) plastics and non-
metallic PCB fractions can be valorized through reintegration
into polymer composites, construction materials, and additive
manufacturing.*~** Therefore, non-metallic fractions of e-waste
can be viewed as valuable, valorizable materials.

Mazher Mohammed et al. demonstrated the recovery and
recycling of acrylonitrile butadiene styrene (ABS) polymers from
e-waste into 3D-printing filaments, followed by reuse in addi-
tively manufactured products with only modest loss in
mechanical performance.”® Gaikwad et al transformed
polycarbonate-rich plastics from end-of-life printers into fila-
ments for 3D printing, showing that the printed parts retained
up to about 80% of the tensile strength of virgin ABS while
lowering CO, emissions by roughly 28% compared with virgin
polymer filaments.”* Mtibe et al. comprehensively reviewed
sustainable pathways for recycling e-waste plastics, covering
mechanical, chemical, and thermal recycling routes and high-
lighted their conversion into value-added products such as
composites, construction materials, and 3D-printing filaments
within a circular economy framework.*® Thus, various possi-
bilities exist by which non-metallic waste can be utilized, in the
form of building materials or other low-value use cases, but
their vast majority remain underutilized due to limited
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awareness and lack of market incentives to support their
recovery.”**® Re-purposing this fraction could provide a valuable
source of flexible, processable polymers ideally suited for sensor
fabrication.

Conventional e-waste recycling methods, such as burning
and pyrolysis, are highly energy-intensive and thus unsustain-
able. Besides, they cause the release of hazardous and toxic
emissions due to the presence of brominated flame retardants
(FR) in e-waste.?**® Furthermore, the complex nature of resins,
polymer blends, and fibers contained in e-waste** make valori-
zation processes difficult, thus letting high-quality materials
end up in riverbeds or landfills. In contrast, advanced separa-
tion techniques such as solvothermal depolymerization®" offer
a more precise and less energy-demanding approach by selec-
tively breaking down polymers under controlled conditions.
Solvothermal depolymerization enables the recovery of well-
defined chemical components that can then be tailored and
functionalized for use in sustainable sensor technologies. This
chemical strategy not only reduces the environmental burden
but also unlocks new possibilities for upcycling e-waste poly-
mers into high-performance materials with desirable properties
for advanced applications such as thin-film sensors. Recent
research on e-waste derived sensors has demonstrated the use
of graphite, metal nanocomposites, metal-organic frameworks
(MOFs), and related materials for sensing applications.***
Accordingly, polymers recovered from e-waste can provide
a sustainable supply chain for developing sensors for environ-
mental monitoring.

Beyond addressing environmental burdens, recycled and
detoxified polymers gain their strongest relevance in the rapidly
expanding IoT,”> a domain projected to deploy billions of inter-
connected sensors across industrial, environmental, health-
care, and consumer sectors.*® While the material demand per
sensor may be relatively small, the cumulative scale of IoT
deployment amplifies both the need and the opportunity for
circular material utilization. In this context, recycled polymers
offer a dual advantage: they ensure sustainable access to the
vast material volumes required for large-scale fabrication, and
they integrate seamlessly with flexible electronics, energy-
efficient components, and wireless communication modules
such as Bluetooth, enabling direct connectivity with smart-
phones for real-time monitoring.*® These ideas are succinctly
captured in Fig. 1.

Given the large, under-utilized polymeric fraction in e-waste,
this perspective article inquires into its potential as a sustain-
able material platform for sensor technologies aimed at envi-
ronmental monitoring. The discussion opens with
a comparison between conventional semiconductor-based
sensing technologies for environmental monitoring with
polymer-based alternatives, highlighting differences in perfor-
mance, scalability, and sustainability. We then elaborate on the
various classes of polymers in e-waste and how we can gainfully
utilize them as a viable and environmentally friendly feedstock
for sensor development, followed by a discussion of design
considerations and fabrication strategies for polymer thin
films. In particular, we elaborate on the application of materials
informatics and the relevance of e-waste polymeric sensors in
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Fig. 1 A capsule of the envisioned idea: advancing circular economy
by using e-waste polymers for sensor development.
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the context of IoT boom. The article concludes by outlining
future research avenues and the broader role of such ideas in
advancing a circular economy.

2 Conventional semiconductor
sensors vs. polymeric sensors

Sensors, being subsets of electronics, have traditionally been
associated with conventional semiconductors such as silicon.
In terms of performance, conventional semiconductors are
indeed excellent, characterized by high sensitivity, accuracy,
stability, and fast response times.*” The success of these sensors
has been based on their characteristic ability to convert physical
or environmental parameters (like temperature, light, or pres-
sure) into electrical signals that can be processed by an elec-
tronic device. However, for feedback based on certain responses

View Article Online
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(e.g. colorimetric, chemical, etc.) polymeric sensors could be
more apt choices. There is enormous potential to tailor the
structural, functional and chemical properties of polymers
across a diverse spectrum.*® Hence, polymers are being
increasingly recognized as highly promising materials for the
development of next-generation sensor devices.***

Table 1 provides a comparative examination of conventional
semiconductor sensors and polymer-based sensors for the
purpose of environmental monitoring. Although semi-
conductor sensors are reliable and accurate, their
manufacturing processes are intricate, necessitating cleanroom
facilities and high-vacuum systems, restricting their economic
viability for developing countries.*>** On the other hand, poly-
mer sensors offer simplified processing, customization poten-
tial, and align with cost-effective manufacturing settings. Upon
extraction and purification, these polymers are amenable to
engineering into versatile nanocomposites through chimie
douce (soft chemistry) methodologies,** which function under
mild and energy-efficient conditions. Their intrinsic flexibility,
low glass transition temperatures, and adjustable surface
characteristics render them particularly suitable for the devel-
opment of scalable, printable, and conformable sensor plat-
forms.**** Therefore, in recent years, sensors based on polymers
have gained substantial recognition in the field of environ-
mental monitoring.****

An ideal sensor platform relies on materials that integrate
several properties, such as electrical conductivity, dielectric
permittivity, mechanical compliance (flexibility/stretchability),
surface wettability, optical characteristics (e.g. refractive index,
absorbance, fluorescence quantum yield, etc.), and chemical
functionality, to enable high sensitivity, selectivity, stability and
fast response/recovery times.**** These properties govern
charge mobility, analyte-to-signal conversion efficiency, light-
matter interaction, and interface interactions, which are critical
for applications in resistive, capacitive, piezoelectric, electro-
chemical, and optical sensors (e.g. colorimetric, fluorescent, or
plasmonic platforms). In this context, the degree of tunability

Table 1 Comparative analysis of conventional semiconductor sensors and polymeric sensors for environmental monitoring

Features Semiconductor sensors

Polymeric sensors

Fabrication processes

deposition
Equipment requirement Cleanroom and vacuum systems
Fabrication cost
Processing temperature
Tunability

High due to process complexities
Typically >400 °C

Environmental impact

Epitaxy, photolithography, and chemical vapor

Limited and involves compositional
engineering, doping, applying fields, etc.
High, as semiconductor manufacturing

Soft lithography, injection molding, and inkjet
printing

Solution-based processes (drop-cast, spin-
coating, etc.)

Low due to simpler, low-end capital equipment
Typically <150 °C

High and chemically modifiable through
molecular design

Low to moderate, especially if recycled

processes release high amounts of greenhouse

gases
Scalability

sophisticated
Substrate versatility Narrow (often rigid)
Suitability for IoT
Recyclability

environmentally unfriendly

13320 | J Mater. Chem. A, 2026, 14, 13318-1333]

Limited, as deposition processes are

Moderate (rigid and energy-intensive)
Current methods are minimal, expensive, and

Highly scalable, as solution-based large area
coating processes can be used

Broad (including flexible or stretchable)
High (flexible, scalable, and low-power)
Easier, as polymers have much lower melting
and glass transition temperatures

This journal is © The Royal Society of Chemistry 2026
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offered by polymers is far greater, due to their diverse molecular
structures and the presence of reactive functional groups along
their backbones, enabling various sensing responses such as
adsorption, chemical reaction, charge transport, etc. The
tunability in conventional semiconductor materials is limited to
use of methods like addition of dopants, which pose significant
engineering hurdles for integrating materials with different
growth conditions and inherent defect structures.>

Kalpathy et al**** have reported that polymers such as
poly(3,4-ethylene  dioxythiophene):poly(styrene  sulfonate)
(PEDOT:PSS) and polyaniline can selectively adsorb heavy metal
ions from aqueous solutions upon dip-coating, based on the
ligation of metal ions with functional groups within the poly-
mer matrix. Employing a straightforward drop-cast fabrication
technique, these polymer-based sensors facilitate highly sensi-
tive detection across a broad concentration range, thereby
offering a facile, scalable, and economically viable solution for
water quality monitoring. Similarly, Gualandi et al.** demon-
strated that conducting polymers can combine polymer flexi-
bility with semiconductor-like conductivity, enabling real-time,
noninvasive chemical sensing. Their biocompatibility and effi-
cient signal transduction make them promising materials for
wearable sensors, particularly in sweat analysis.>> Additionally,
recent advances in polymer nanocomposites, such as graphene-
polymer hybrids, improve sensor multifunctionality and
performances in various contexts.**’

As highlighted by Cichosz et al., polymers can reversibly or
irreversibly respond to diverse external stimuli, including pH,
temperature, ions, light, and mechanical stress, making them
highly adaptable for sensing applications.*® Their ability to form
various morphologies such as films, gels, and nanoparticles
enhances functional flexibility, allowing polymers to serve as
ideal matrices for embedding functional dyes, conductive
fillers, or ion-selective elements. This versatility underpins the
broad applicability of polymer-based sensors, which have been
extensively investigated over the past decade for use as gas
sensors, ion-selective sensors, pH sensors, temperature sensors,
humidity sensors, and biosensors.******-¢* The market for smart
polymers is experiencing significant expansion owing to their
applications in healthcare, environmental monitoring, wear-
able technology, and sustainable materials. Going forward, the
focus of polymeric sensor research ought to be on recycled and/
or biodegradable polymers to reduce environmental footprint.
Expanding on this concept, Gao et al. have demonstrated that
biomass-derived biodegradable polymers and biomass-based
carbon materials can be used for electronic and energy-
storage applications with performance comparable to that of
conventional systems while simultaneously enhancing resource
efficiency and end-of-life recyclability. These findings under-
score the potential of such green materials to serve as viable
substitutes for synthetic, petrochemical-based polymers in the
development of next-generation sustainable devices.*

Notwithstanding their limitations, conventional
semiconductor-based electronics cannot be replaced abruptly,
as technologies based on silicon-like materials have matured
over several years. However, such technologies are not viable for
all countries, as only a few countries are manufacturing the
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relevant components while several others import them. Hence,
for a sustainable future, it is necessary to have locally produced
sensors in most countries. Given the global drive to process
electronics at low temperatures and/or in a recyclable manner,
polymers would serve as an apt choice for next-generation
sensor materials. Life cycle assessment (LCA) studies have
consistently indicated that replacing virgin petrochemical
polymers with recycled or bio-based analogues can substantially
reduce embodied energy and associated greenhouse-gas emis-
sions while preserving acceptable functional performance.®**
In light of the global imperative to manufacture and process
electronic devices at reduced temperatures and/or in formats
that are recyclable, polymeric materials, particularly those that
are recycled or readily recyclable, emerge as highly suitable
candidates for next-generation sensor platforms.

3 E-waste derived polymers:
a sustainable solution for sensing
applications

E-waste contains a substantial reservoir of valuable polymeric
materials, as components such as PCBs, device casings,
keyboards, capacitors, and display panels consist of various
plastics and polymers. These polymers make up a significant
proportion (25-30%) of e-waste by mass.*® Polymers recovered
from these sources, unlike virgin polymers, exhibit highly
tunable electrical, mechanical, chemical, and optical proper-
ties. This tunability enables researchers to design polymer-
based sensors with tailored sensitivity, selectivity, flexibility,
and stability to detect a wide range of environmental targets.*®%’
Experimental demonstrations in the broader recyclable-sensor
literature indicate that polymer matrices derived from recy-
cled or recyclable feedstocks can provide the mechanical and
dielectric reliability required for sensing, provided they are
integrated into appropriate device architectures. Polymer-
assisted flexible sensors based on commodity or recyclable
polymers (e.g., polyesters, PVA, etc.) maintain stable strain,
pressure or temperature sensitivity over repeated deformation
and even multiple recycling/reconstruction cycles, confirming
that robust sensing does not require virgin polymer substrates.
In parallel, studies on polymer and hydrogel-based flexible
sensors show that long-term electrical and mechanical stability
under humidity, mechanical cycling and environmental expo-
sure is primarily governed by encapsulation and multilayer
device design, with fully encapsulated devices retaining stable
resistance and signal response over extended storage and
operation. Aradoaei et al. demonstrated that thermoplastic
carcass plastics recovered from WEEE can be compounded with
talc, fly ash and elastomers to give composites with tailored
dielectric properties (permittivity >5 and loss factor >0.04) that
meet electromagnetic shielding requirements for electrical/
electronic components in electric vehicles.*®

There are about 15 different types of plastics in WEEE, such
as polycarbonate (PC), ABS, polystyrene (PS), and so on.*® The
list of polymers in WEEE and their sources are given in Table 2.
A significant fraction of the recovered polymers consists of

J. Mater. Chem. A, 2026, 14, 13318-13331 | 13321
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Table 2 Common polymers found in waste electrical and electronic equipment (WEEE)

Polymer type WEEE source components Ref.
Acrylonitrile Butadiene Styrene (ABS) Computer/printer housings, TV casings, electrical casings, etc. 94 and 95
High-impact polystyrene (HIPS) TV/monitor backs, refrigerator liners, audio equipment, etc. 95
Polycarbonate (PC) Optical media (CD/DVD), electrical housings, LEDs, screens, etc. 96 and 97
Polypropylene (PP) Cable insulation, capacitors, some appliance parts, etc. 67
Polyethylene (PE: HDPE and LDPE) Cable insulation, appliance components, connectors, etc. 67 and 95
Polyvinyl chloride (PVC) Cable sheathing, hoses, flexible insulation, etc. 95
Polyethylene terephthalate (PET) Transparent display panels, some housings/insulation, etc. 67 and 94
Polymethyl methacrylate (PMMA) Display screens, indicator lights, etc. 97 and 98
Polytetrafluoroethylene (PTFE) Wire insulation (high-temp), gaskets in electronics, etc. 67 and 97
Polyamides (PA, e.g., nylon) Connectors, gears, cable ties, durable internal parts, etc. 67 and 95
Polyoxymethylene (POM) Gears, precision printer parts, camera components, etc. 67
Polyphenylene oxide (PPO) Electronic enclosures, electrical components, etc. 97
Polyurethane (PU) Foams, adhesives/potting compounds in electronics, etc. 67 and 97
Thermosetting resins (epoxy) PCBs, encapsulation, potting materials in electronic devices, etc. 99 and 100

thermoplastics, which can be readily melted again and
reformed, allowing them to be utilized in molding, coating, and
printing applications.” This reprocessability makes them
excellent candidates for a wide range of sensing platforms,
including electrical, optical, mechanical, infrared, and colori-
metric systems. From a chemical interaction perspective, the
diverse functional groups present in e-waste-derived polymers
offer significant advantages. Applying the Hard-Soft Acid-Base
(HSAB) theory, these polymers can engage in selective interac-
tions, such as complexation, chelation, and surface affinity,
with target analytes based on their chemical hardness, thereby
enhancing selectivity across different sensing mechanisms.”
Such chemical versatility also supports the design of multi-
plexed “strip-type” test beds, where multiple polymer-based
sensing elements can be integrated for simultaneous, multi-
analyte detection.>***

Thermoset polymers, primarily epoxy resins reinforced with
glass fibers, account for approximately 60-70% of the non-
metallic fraction of PCBs.”” While their highly cross-linked
network confers outstanding thermal stability and mechanical
robustness, it simultaneously makes conventional recycling
strategies both technically demanding and cost-intensive.”>”*
The complexity of recycling is further compounded by the
incorporation of flame retardants, particularly halogenated
additives, which exhibit poor compatibility with many estab-
lished polymer recovery technologies and substantially
contribute to the high energy demand associated with most
documented e-waste polymer recycling processes. Accordingly,
there is a pressing need for energy-efficient and economically
viable recycling strategies capable of effectively processing
additive-containing thermoset polymers. In this context, recent
developments in chemical recycling methodologies, encom-
passing solvolysis,”® glycolysis,”® supercritical fluid processing,””
as well as catalytic and enzymatic strategies, have enabled the
depolymerization of crosslinked epoxy networks into reusable
monomeric species. These recovered monomers can subse-
quently be valorized through incorporation into newly fabri-
cated composite materials or rigid sensing components.”

13322 | J Mater. Chem. A, 2026, 14, 13318-13331

The increasing number of independent studies demon-
strating high depolymerization efficiencies, improved reaction
selectivity, and compatibility with flame-retardant thermoset
matrices indicates that these methodologies are progressing
beyond isolated proof-of-concept implementations and are
evolving into more robust, scalable, and broadly applicable
processing frameworks. Importantly, while conventional ther-
moset depolymerization routes are often energy- and cost-
intensive, newer economical strategies are rapidly emerging.
For example, Yang et al. reported that anhydride-cured epoxy
thermosets can be completely depolymerized in ethylene glycol
at temperatures =140 °C using the commercially available, low-
cost transesterification catalyst DBU (1,8-diazabicyclo[5.4.0]
undec-7-ene), thereby substantially decreasing both the energy
demand and catalyst-related expenses relative to earlier super-
critical or high-temperature depolymerization strategies.”
Continued progress in solvent system optimization, reaction
engineering, and process integration is expected to further
enhance process scalability and improve tolerance toward
halogenated additives. A particularly significant recent devel-
opment in the treatment of flame-retardant-containing PCBs is
the solvothermal depolymerization strategy reported by Kal-
pathy et al® This strategy enables the efficient isolation of
brominated species as ionic salts (e.g., KBr) while concurrently
promoting the depolymerization of the epoxy matrix into value-
added monomeric products, including bisphenol A (BPA) and p-
isopropenyl phenol.

The recovered species can be valorized across a broad spec-
trum of high-performance material applications, including
their use as constituents in adhesive formulations, protective
and functional coating systems, and sensor platforms. In
parallel, glass fibers reclaimed from PCB waste, whether
employed as standalone reinforcing phases or incorporated
within optically transparent resin matrices, demonstrate
significant potential as nanocomposite encapsulant materials
for photovoltaic thermal management.®* Moreover, these glass
fibers can function as both structural and functional compo-
nents in foldable and flexible electronic devices.**® Such
composite materials can exhibit increased hardness and

This journal is © The Royal Society of Chemistry 2026
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enhanced haptic performance, analogous in principle to
polymer-based active surface layers currently implemented in
commercial foldable electronic devices, including Samsung's
foldable smartphones.** In addition, techno-economic analyses
(TEA)** suggest that solvothermal processing pathways with
high solvent recovery efficiencies (greater than 90%) can attain
cost parity with pyrolysis-based process configurations when
accounting for the economic credits associated with polymer
and metal recovery.*>®® Although enzymatic recycling of ther-
mosets is an emerging technology, with proof-of-concept
demonstrations reported for polyurethanes and select epoxy
systems,®”*® its development remains at a relatively nascent
stage when compared with poly(ethylene terephthalate) (PET)
hydrolase-based approaches.

Consequently, this perspective article identifies chemically
driven recycling pathways as the most viable near-term strategy
for achieving circularity in thermoset polymers derived from
electronic waste. As recycling technologies continue to mature,
the costs associated with repolymerizing plastic waste for
application in sensor fabrication are expected to decrease to
a point where this strategy becomes economically viable. Thus,
a broader vision of urban mining that extends the concept
beyond metals is necessary, to include polymers as critical
feedstocks for sensing applications. Looking ahead, the inte-
gration of artificial intelligence (AI)-driven material design
could further accelerate innovation (for example, by enabling
the development of phase-change materials derived from e-
waste polymers), thus opening up entirely new pathways for
sustainable, next-generation sensor technologies. Together,
recycled thermoplastics and epoxy derivatives open sustainable
pathways for fabricating composite-based sensing platforms
with tailored flexibility and robustness. Consequently, they
constitute a noteworthy resource stream that can be converted
into high-value sensing materials, thereby simultaneously
addressing the growing e-waste crisis.

A legitimate concern for e-waste-derived polymers is the
presence of “legacy” additives (e.g., brominated flame retar-
dants, plasticizers, metal stabilizers, etc.) that are known to
persist in recycled WEEE plastics and, if unmanaged, can
migrate or leach under environmental exposure. This risk is
well recognized in the literature and is not unique to sensor
applications but applies broadly to any reuse of recycled poly-
mers, including construction materials, consumer products,
and composites.**** However, mitigation requires material
purification, careful additive choice, binding or encapsulation
strategies, and rigorous leaching/toxicity testing to ensure
environmental and human safety over the device lifetime.*>*
Recent reports suggest that solvothermal debromination can
achieve >95% bromine removal from waste PCBs, nearly elim-
inating brominated flame retardants prior to polymer
recovery.®* Overall, the safe use of e-waste-derived polymers in
sensors and other applications depends not on excluding
recycled materials but on appropriate purification, informed
material selection, device-level encapsulation, and regulatory
compliance. When these factors are integrated into the design
process, leaching risks can be effectively minimized, supporting
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the responsible and sustainable reuse of polymers in the
context of circularity.

Although this perspective article primarily envisages the use
of e-waste-derived polymers for sensor development as
a forward-looking strategy, the broader domain of electronics
manufacturing could likewise benefit from the implementation
of vitrimer-based epoxy systems.'** Vitrimers are a new class of
covalently crosslinked polymers that incorporate dynamic
covalent bonds (such as ester, imine, or disulfide linkages).**>'%
Like conventional thermosets, they maintain the strength and
dimensional stability of a crosslinked network, but above
a certain activation temperature these dynamic bonds undergo
exchange reactions that permit reshaping, welding, and
reprocessing. This unique adaptability may ease the end-of-life
waste management of thermoset-based e-waste plastics.
Importantly, such vitrimers could fundamentally overcome the
current limitations of thermosets, paving the way for fully
recyclable and repairable electronic components.'**'*> Zhang
et al* introduced vitrimer-based printed circuit boards
(VPCBs) using transesterification networks that enable repair,
reuse, and recycling while maintaining industry-standard elec-
trical and mechanical properties. After fabricating and testing
the vPCBs, they demonstrated a solvent-swelling recycling
process that allowed the materials to be separated and reused,
achieving 98% polymer recovery, 100% fiber recovery, and 91%
solvent recovery. This closed-loop approach paves the way for
sustainable and circular PCB manufacturing.'®* These emerging
research-based solutions further empower the vision of sensor
technologies based on recycled e-waste polymers.

Recycled polymers do not necessarily need to be universally
converted into intrinsically semiconducting materials. Instead,
they are most commonly functionalized via surface and inter-
facial engineering to impart sensing capabilities, whereas the
actual signal transduction is typically carried out by established
inorganic or organic conductive materials. In practical appli-
cations, insulating polymer matrices, regardless of whether they
are virgin or recycled, are typically endowed with functional
activity through surface modification strategies.'®® Common
approaches include plasma treatment or chemical grafting,
which introduce polar or otherwise chemically reactive func-
tional groups at the polymer-air interface. Such surface func-
tionalization enhances interfacial adhesion, wettability, and
analyte affinity, thereby converting an intrinsically inert poly-
mer film into an active sensing interface. In applications where
electrical conductivity is required, composite design strategies
are generally preferred. In such systems, recycled polymers
serve as mechanically robust, easily processable host matrices
that support percolating networks of conductive fillers,
including carbon black, graphene, carbon nanotubes (CNTs),
and metal oxides. These fillers confer piezoresistive, chemir-
esistive, or capacitive transduction functionalities, while
simultaneously tolerating and compensating for the impurity
profiles that are intrinsic to recycled polymer feedstocks.'*”*®

While functional fillers and surface modifications enable
precise tuning of polymer properties for sensing applications,
the long-term operational stability and reliability of sensors
fabricated from recycled polymers constitute a fundamental
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prerequisite for their successful implementation and contin-
uous performance in real-world field applications. Prior to
deployment in practical sensing scenarios, both the polymeric
constituent materials and the complete device architectures
should be subjected to standardized accelerated ageing proto-
cols'® conducted under rigorously controlled, extreme envi-
ronmental conditions (e.g., elevated relative humidity,
intensified ultraviolet irradiation, extreme pH values, and
exposure to application-relevant chemical fouling agents). The
degradation kinetics and associated failure modes identified in
these accelerated ageing studies can subsequently be extrapo-
lated to moderate, application-relevant conditions
extended operational timescales by employing established
empirical or mechanistic kinetic models. This methodological
framework facilitates conservative, quantitatively grounded
prediction of sensor lifetime and provides a basis for the
rational optimisation of materials selection, encapsulation or
packaging strategies, and the overall device architecture.

over

4 Use of materials informatics, soft
processing, and applications in loT
systems

In addition to outlining current opportunities for e-waste-
derived sensing materials, it is important to consider how key
bottlenecks, material heterogeneity, process complexity and
product purity can be systematically mitigated. Practical strat-
egies include information-rich sorting of polymer streams (for
example, QR-code or digital-watermark identification intro-
duced at the manufacturing stage to enable class-specific
separation),™® upgrading of mixed plastics through controlled
depolymerisation to pyrolysis oils or monomers followed by
chromatographic or distillation-based purification, and
application-oriented chemical modification of recycled back-
bones to introduce functional groups tailored for sensing and
IoT integration. Rumetshofer and Fischer highlight how
information-based tracking systems, such as physical markers,
digital product passports, and blockchain, can provide the
material history and composition data needed to manage
heterogeneous plastic streams and enable higher-quality,
application-specific recycling loops.' Recent industrial
deployments also highlight the use of digital watermarking,
where invisible barcodes embedded in packaging encode the
polymer type and recommended recycling route, enabling
optical systems to route items into polymer-specific streams
even for complex, multi-layer packaging. In parallel, state-of-
the-art sorting lines integrate NIR and visible-light spectros-
copy, hyperspectral imaging, and Al-based classification to
generate “molecular fingerprints” for common packaging
polymers and separate PET, high density polyethylene (HDPE),
PP and other resins at throughputs above 3 tons per hour per
sorting unit with typical purities exceeding 95% when streams
are properly prepared.* This 2025 industry report therefore
illustrates that heterogeneity in mixed plastic packaging is
increasingly a problem of technology deployment and data
infrastructure, rather than a fundamental barrier to obtaining
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application-relevant, polymer-specific fractions for advanced
recycling and upcycling.**

Combinatorial approaches using materials informatics
would also serve as a powerful strategy to address the chemical
heterogeneity of recycled e-waste polymers and to accelerate
material optimization. Given the various types of polymers
present in e-waste, such approaches are crucial alternatives to
conventional trial-and-error and/or rational design methodol-
ogies for sensor applications. Combinatorial methods involve
synthesis of extensive libraries of polymer variants with
systematic alterations in the composition, structure, and pro-
cessing. These methods facilitate high-throughput screening to
identify optimal materials with specifically tailored sensitivity,
selectivity, stability, and flexibility. This approach effectively
reduces the time and cost associated with sensor development,
while helping to elucidate the structure-property-performance
relationships.****

Potyrailo et al. employed a combinatorial screening meth-
odology for evaluating polymeric sensing materials using
battery-free RFID (Radio Frequency Identification) sensors."** In
their study, a 6 x 8 matrix of polymer-coated RFID tags was
employed to systematically explore the combined effects of
polymeric plasticizers and annealing temperature on the
performance of materials. This RFID-based sensing platform
facilitated a rapid and cost-efficient assessment of the dielectric
properties of the developed sensing materials, underscoring its
efficacy in high-throughput optimization within sensor devel-
opment. Furthermore, computational combinatorics and
materials informatics augment this process by enabling pre-
screening of candidates via platforms such as PolyInfo,
Gaussian, and Matminer, with the aim of predicting critical
properties such as adsorption energies, solubility, and dielectric
responses.””™** The integration of active ML algorithms with
real-time experimental feedback accelerates material discovery,
reduces experimental workload, and addresses the variability of
recycled feedstocks.’” Taken together, these combinatorial
strategies establish a scalable, data-driven framework to effi-
ciently identify and optimize polymers derived from e-waste for
advanced environmental sensing applications.*>**%9

Following the combinatorial selection of promising poly-
mers from e-waste, the enhancement of these materials through
nanofiller incorporation offers new functional possibilities.
Although the integration of nanofillers into virgin polymer
matrices is well established,"”***” the deliberate coupling of
functional nanomaterials, such as quantum dots (QDs), CNTs,
and MOFs, with polymers recycled specifically from e-waste
remains largely underexplored. This presents a critical knowl-
edge gap and a promising opportunity: e-waste-derived poly-
mers, which already have diverse chemical characteristics,
could benefit significantly from the introduction of nanofillers
to enhance the sensor performance. Process complexity in
mixed-plastic recycling can be reduced by moving from generic
flowsheets to application-oriented chemical upcycling, where
the polymer backbone is selectively edited or functionalised so
that the recycled material directly matches target performance
(e.g., introducing polar, crosslinkable or depolymerisable
motifs for sensing and IoT uses)."”®'* Recent reviews on
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catalytic and photochemical upcycling emphasise that “polymer
editing” strategies, such as metathesis, backbone insertion of
cleavable linkages, or tandem depolymerisation-repolymerisa-
tion, allow cleverly modified structures to simultaneously
simplify process steps and upgrade low-value mixed waste into
higher-value, functionally tailored polymers.*3**

Drawing parallels from analogous studies, the inclusion of
QDs could impart photoluminescence for optical detec-
tion,>”*3*13 CNTs could boost the electrical conductivity for
resistive sensing,”***** and MOFs could confer selective
adsorption and high porosity for chemical selectivity."*”"*° As
highlighted in the work of Kar et al, carbon dots (CDs) and
related QDs have emerged as promising photoluminescent
nanomaterials owing to their high photostability, excellent
biocompatibility, excitation-dependent multicolor emissions,
and ease of surface functionalization."® These features enable
sensitive and selective detection of chemical and biological
analytes. Their tunable fluorescence, coupled with robust
chemical stability and water dispersibility, makes them attrac-
tive candidates for incorporation into polymeric or hybrid
nanocomposites to enhance optical sensing performance.'*
Similarly, Zhang and Wang's benzoxazole-functionalized
conjugated mesoporous polymer demonstrated that tailored
pore structure and heteroatom-rich recognition sites can deliver
rapid, selective fluorescence quenching toward Fe*" and Fe’
ions, achieving low detection limits of 0.56 pM and 0.72 uM,
respectively.'** These studies underscore the value of structural
design in achieving high-performance sensing. Studies directly
addressing recycled polymer functionalization for sensing
applications are scarce. Nevertheless, the aforementioned
examples suggest that recycled polymers could also be func-
tionalized or incorporated with CDs, QDs, MOFs, or other
nanofillers to significantly enhance their optical, electro-
chemical, or multi-analyte sensing capabilities.

For highly mixed or contaminated polymer fractions, the
dominant route today is bulk conversion to pyrolysis oils, which
yields broad, low-selectivity product streams that must compete
directly with conventional petrochemical feedstocks.'*'*
Recent analytical work, however, shows that these complex oils
can be deconvoluted into well-defined chemical families and
boiling-range cuts using high-resolution and two-dimensional
gas chromatography (GC), providing a basis for distillation—
chromatography cascades or continuous chromatographic
separation that isolates high-purity monomer or oligomer
fractions.*>** In this perspective, purity is therefore treated as
an engineering variable: controlled depolymerisation followed
by tailored fractionation can deliver reagent-grade streams
suitable for re-polymerisation or higher-value chemical appli-
cations, rather than a single undifferentiated oil.

With regard to processing routes, soft processing techniques
such as fabrication of thin-film structures via solution casting
would be natural choices for developing scalable and flexible
polymer-based sensor platforms for environmental monitoring.
Thin films not only maximize the surface-to-volume ratio, crit-
ical for enhancing analyte interaction and transduction effi-
ciency, but also support scalable, low-temperature processing
compatible with flexible substrates and diverse sensing
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platforms.*> Other suitable techniques are inkjet printing,
screen printing, drop casting, dip coating, and soft lithog-
raphy.>***%'*” These methods are particularly advantageous for
processing recycled polymers derived from e-waste, as they
operate under mild thermal and chemical conditions that help
preserve the functional integrity of upcycled materials. Addi-
tionally, such soft-processing techniques are energy-efficient
and compatible with green chemistry principles, minimizing
waste, and the overall environmental impact.

A compelling direction for next-generation sensor technol-
ogies is integration with IoT ecosystems.'””'**** These systems
would require interfacing polymeric films with mobile and
cloud-based technologies to support real-time environmental
monitoring through communication devices. Polymers would
be particularly suitable for these systems, given their compati-
bility with diverse substrates such as paper, textiles, and flexible
electronics. Although each sensor uses only a tiny amount of
polymer, the IoT boom (with billions of sensors needed for
thousands of applications) would mean that the total amount of
polymer required would be very large. Therefore, it is important
to consider how these polymers are produced, reused, or recy-
cled in a sustainable way and to ensure that industries take
responsibility for their use. If e-waste polymers can be reused in
valuable ways, it will not only support the IoT market but also
contribute to a circular global economy and the achievement of
the United Nations SDGs worldwide.

Roadmap for translating e-waste derived polymers in IoT
sensors:

Recycled polymers derived from electronic waste constitute
a widely available feedstock for the development of sustainable
sensing technologies; however, their deployment in IoT-
enabled environmental monitoring applications requires
a structured and scalable workflow that connects raw waste
streams to operational sensor networks. Fig. 2 depicts this
development roadmap, delineating sequential stages starting
from polymer recovery to integration within an IoT system. The
initial phases involve both manual and automated disassembly
of electronic waste components (e.g., printed circuit boards,
device casings, etc.) to isolate polymer-rich fractions. These
fractions are subsequently subjected to washing and mild
chemical cleaning, and targeted de-polymerization. Sol-
vothermal or enzymatic depolymerization of crosslinked ther-
mosetting polymers enables the generation of monomeric or
oligomeric species, while concomitant metal recovery is ach-
ieved through established hydrometallurgical processes.'*®
Subsequent pre-processing steps, including pulverization and
granulation, enable the fabrication of functional sensing
matrices from the recovered e-waste-derived polymers. These
matrices are then systematically optimized through combina-
torial screening methodologies. To further enhance their
performance, the polymers can be tailored through targeted
chemical modification, surface functionalization, or incorpo-
ration of functional fillers, thereby improving their physico-
chemical and sensing properties under application-relevant
conditions.*****

Once polymers with suitable functionalities are identified,
they can be processed into sensing devices using low-
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Fig. 2 Schematic roadmap for translating recycled e-waste polymers into loT-enabled sensing systems for environmental monitoring.

temperature deposition methods such as drop-casting, spin-
coating, and dip-coating. These platforms can be engineered
to detect a wide spectrum of targets, including inorganic
contaminants (e.g., heavy metals), biologically relevant species
(e.g., cells, pathogens, biomarkers, etc.), and environmental
analytes (e.g., nutrients, dissolved gases, organic pollutants,
etc.), depending on the specific chemical or biorecognition
elements incorporated. Owing to their mechanical flexibility,
low processing temperatures, and compatibility with printed
interconnects, polymer-based sensors can be seamlessly inter-
faced with low-power microcontrollers via standard digital
communication buses and lightweight IoT protocols for real-
time data streaming to cloud platforms and dashboards.** In
practice, this makes polymers a far more “IoT-ready” materials
platform than conventional rigid semiconductors, enabling
compact, flexible, and easily scalable sensor deployments
across diverse environments.

4.1 Life cycle perspective for chemically recycled epoxy
polymers

In real-world settings, the life-cycle impacts of chemically
recycled polymers depend strongly on the particular polymer
involved, the regional electricity and heat production, and the
exact design of the chemical recycling process. In the context of
WEEE, particularly relevant material streams include: (i) FR-4
epoxy/fiberglass laminates derived from PCB substrates, (ii)
ABS originating from monitors and household appliance
housings, and (iii) polycarbonate/acrylonitrile-butadiene-
styrene (PC/ABS) blends recovered from connectors and load-
bearing structural components.’**'>* Epoxy-glass laminates
constitute approximately 60-70% of the non-metallic fraction of
PCBs* and are traditionally managed through high-
temperature thermal treatment or disposal due to their ther-
moset nature and additive content. To contextualize the techno-

13326 | J. Mater. Chem. A, 2026, 14, 13318-13331

economic feasibility of the approaches discussed in this
perspective article, a screening-level LCA analysis is provided in
Table S1 of the SI. This assessment uses epoxy resin, commonly
employed as a PCB substrate material, as the material system
for a representative case study. Comparable LCAs can be con-
ducted on a case-by-case basis for other polymers, including the
recycled e-waste derived polymer obtained after the pre-
processing steps outlined in Fig. 2. Only those formulations and
process windows that comply with predefined thresholds for
embodied energy, CO, emissions per kilogram of product, or
additional indicators of environmental burden (such as water
use or resource depletion) are selected for subsequent experi-
mental optimization. In this context, LCA outputs can be inte-
grated as quantitative constraints in Design of Experiments
(DoE), thereby restricting the experimental design space to
combinations with low environmental impact and, in turn,
guiding combinatorial screening toward sensor formulations
that are optimized for sustainability.

From an LCA perspective, the economic break-even point
between virgin and chemically recycled epoxy is primarily gov-
erned by solvent recovery efficiency and operating temperature.
TEA of solvent-based recycling of engineering plastics from e-
waste suggest that when solvent recovery exceeds roughly
90%, the savings from avoided virgin resin production and
lower net energy demand can outweigh solvent regeneration
costs, allowing recycled epoxy streams to approach or in
favourable cases undercut the effective cost of conventional
petro-epoxy.®>** This break-even condition is achieved when
chemical recycling is benchmarked against energy- and capital-
intensive thermal routes rather than against low-cost mechan-
ical recycling.

Collectively, this screening-level LCA indicates that sol-
vothermal depolymerization of epoxy-rich electronic waste,
when integrated with high solvent recovery, materials-

This journal is © The Royal Society of Chemistry 2026
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informatics-guided resin reformulation, and low-temperature
manufacturing, can enable approximately 40-60% reductions
in cumulative energy demand and CO, emissions, while
maintaining cost parity or conferring an economic advantage to
PCB substrates and sensing applications. Enzymatic recycling
emerges as a promising longer-term, complementary strategy
for further decreasing the energy intensity; however, it is not yet
a broadly mature or widely deployable alternative for epoxy-
based systems.®*#”%

The recovery and reutilization of epoxy resins or other poly-
meric fractions derived from WEEE should therefore be
conceptualized as a value-added resource management strategy
rather than as an inherent economic liability. In line with this
perspective, Ghasemi et al. integrated TEA and LCA for epoxi-
dized sucrose soyate (ESS: a bio-based epoxy thermoset
synthesized from sucrose and soybean oil). They demonstrate
that, although its minimum selling price (=6.6-9.6 USD per kg)
exceeds that of conventional BPA-based epoxy at smaller
production scales, increasing the production capacity to 10 ton/
h, representative of industrially relevant throughput, shifts ESS
into a cost range that is economically competitive with
petroleum-derived epoxy resins, while simultaneously achieving
reductions in global warming impacts. This aligns with the
perspective that non-conventional epoxy value chains, whether
bio-based, like ESS, or built on chemically recycled WEEE-
derived polymers, need process-specific TEA/LCA, but can
plausibly approach cost parity with conventional epoxy while
delivering superior environmental performance when appro-
priately designed and scaled.**®

5 Prospects and innovation avenues

The demand for scalable, sustainable, and locally manufactur-
able sensors is expected to increase as environmental regula-
tions become increasingly stringent on a global scale. As
industrialized countries retreat from large-scale manufacturing
due to ecological considerations, the responsibility for innova-
tion is increasingly transferred to emerging economies. Elec-
tronics based on plastics, particularly those derived from e-
waste, present an economically viable, accessible, and envi-
ronmentally sustainable alternative.

Looking ahead, this approach opens up compelling research
avenues. Recycled polymers from e-waste can serve as versatile
precursors for designing advanced nanocomposites, which can
be functionalized to suit diverse sensing applications. To
ensure environmental and operational integrity, sensor design
and fabrication must align with well-established sustainability
principles, particularly the ‘Twelve Principles of Green Chem-
istry’.**”**® This includes adopting non-toxic chemicals and
solvents, maximizing atom economy, minimizing energy input
through efficient processing, and designing pathways that
reduce hazardous by-products and downstream waste. Tech-
niques such as chimie douce would not only lower the pro-
cessing temperature but also minimize energy input, making
them ideal for scalable, low-impact fabrication. Where energy is
required for steps such as heating, cooling, or drying, tapping
into renewable sources, like solar-assisted drying or thermal
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recovery systems, would further enhance the environmental
profile of the process. In addition, implementing zero liquid
discharge (ZLD) strategies'*>'®® would promote circularity by
minimizing liquid effluents.

Together, these approaches meet nearly nine out of the
twelve green chemistry principles, underscoring the strong
alignment between sensor innovation and ecological responsi-
bility. This holistic framework not only enables the develop-
ment of application-specific, high-performance polymeric
sensors but also opens doors to a new era of circular, intelligent
materials design. To realize this vision, policymakers should
promote the use of recycled plastics from e-waste in sensor
technologies and provide support to start-ups developing envi-
ronmental IoT solutions using recycled polymers. Furthermore,
it is important to facilitate cross-disciplinary research inte-
grating materials science, electronics, materials informatics,
IoT and sustainability.

6 Conclusion

This article outlines a strategy for promoting sustainability and
circular economy by the use of recycled e-waste polymers for
sensor development. As critical industries face mounting
regulatory pressures, rising operational costs, and the transi-
tion to Industry 5.0, there is a growing need for affordable,
sustainable, and scalable sensor platforms to support real-time
environmental monitoring. Plastic electronics derived from
recycled e-waste present a promising solution, offering low
temperature processability, material tunability, and compati-
bility with IoT systems while minimizing ecological impact. In
contrast to traditional semiconductor-based sensors, polymeric
sensors are easier to manufacture and scale up, as well as better
suited to the infrastructure and economic conditions of devel-
oping regions. This perspective article advocates leveraging e-
waste-derived polymers to develop next-generation sensors by
clever use of combinatorial methods, soft processing tech-
niques, and capitalizing on the IoT boom. These ideas align well
with the principles of circular economy and the SDG mandates,
particularly SDG 12 (Responsible Consumption and Produc-
tion) and SDG 8 (Decent Work and Economic Growth). By
emphasizing sustainable material choices, energy-efficient
processing, and smart design integration, we envision a shift
toward environmentally responsible, economically viable, and
globally inclusive industrial ecosystems.
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