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Introduction

The intricate nature of composite and multi-layer materials presents a significant
hurdle in conventional recycling streams, primarily due to their complex and of-
ten inseparable layered structures [1]. Mechanical recycling approaches frequently
lead to the degradation of materials and the generation of products with diminished
value [1]. While thermal recycling offers potential for energy recovery, it can be
associated with undesirable emission profiles [1]. Chemical recycling, especially
through advanced methodologies like solvolysis and pyrolysis, emerges as a more
promising pathway for the recovery of valuable monomers or feedstock, though it
necessitates substantial optimization to ensure economic viability and minimize
environmental impacts [1]. The development of innovative separation techniques
and the implementation of design for disassembly principles are identified as cru-
cial for future successful recycling of these materials [1]. Solvolysis, in particular,
is gaining traction as a key chemical recycling method for thermoset composites,
utilizing specific solvents and conditions to selectively break down polymer ma-
trices and recover reinforcing fibers along with potentially valuable monomers [2].
Current research in solvolysis is focused on optimizing solvent systems, reaction
parameters such as temperature and pressure, to enhance efficiency, reduce en-
ergy consumption, and guarantee the quality of recovered materials for reuse [2].
Pyrolysis provides a viable method for transforming composite waste into valuable
products like oils, gases, and char, with its effectiveness being highly dependent
on the composite composition and operational parameters, including temperature,
heating rate, and atmosphere [3]. Ongoing investigations in pyrolysis are exploring
co-pyrolysis with other waste streams to boost product yield and quality, alongside
catalytic pyrolysis to improve selectivity towards specific chemical compounds [3].
Multi-layer flexible packaging represents a substantial waste challenge, where tra-
ditional recycling methods fall short due to the combination of various polymers and
often metallic or paper layers [4]. Advanced mechanical separation techniques,
such as selective dissolution or tribo-electrostatic separation, are being developed
to effectively de-layer these complex materials, while chemical recycling routes are
also under examination for their potential to break down polymer components into
monomers [4]. The recovery of high-value materials from end-of-life wind turbine
blades, which are predominantly fiber-reinforced composites, is an increasingly
pressing issue [5]. Conventional mechanical recycling often results in fibers with
reduced lengths and consequently diminished properties [5]. Chemical recycling
methods, encompassing solvolysis and pyrolysis, are being engineered to decon-
struct these composites, allowing for the recovery of both resin components and
reinforcing fibers for subsequent reuse in new applications [5]. Embracing design
for disassembly (DfD) principles is paramount for enhancing the recyclability of
composite and multi-layer materials [6]. By integrating end-of-life considerations
into the initial design phase, manufacturers can produce products that are more
easily dismantled, separated, and processed, thereby improving the efficiency and
economic feasibility of recycling operations [6]. The mechanical recycling of car-
bon fiber reinforced polymers (CFRPs) commonly leads to fiber shortening and

a decline in mechanical performance [7]. Nevertheless, research efforts are ac-
tively exploring methods to enhance the quality of recycled fibers and their suc-
cessful integration into new composite materials, including the use of advanced
comminution techniques and interface enhancement strategies to partially restore
lost performance [7]. Multi-layer plastic films, frequently used in food packaging,
present considerable recycling challenges due to their intricate polymer blends
and barrier layers [8]. Advanced sorting technologies, such as near-infrared (NIR)
spectroscopy combined with artificial intelligence, are indispensable for accurately
identifying and separating diverse plastic types within these films, while chemical
recycling methods are also being investigated for their capacity to break down the
polymer matrix into valuable monomers [8]. Supercritical fluid technology, notably
utilizing supercritical CO2, is being investigated as an environmentally benign ap-
proach for separating components within composite materials and for chemical
recycling purposes [9]. Its adjustable solvent properties enable selective extrac-
tion and depolymerization, paving the way for cleaner recycling processes and the
recovery of valuable constituents [9]. Life cycle assessment (LCA) stands as an
essential tool for appraising the environmental footprint of various recycling strate-
gies for composites and multi-layer materials [10]. LCA aids in identifying the
trade-offs associated with different recycling approaches, thereby facilitating the
selection of the most sustainable and resource-efficient methods from the initial
collection phase through to the final product [10].

Description

The challenge in recycling composite and multi-layer materials stems from their
complex, often inseparable constituent layers, which hinders traditional mechan-
ical recycling methods that can lead to material degradation and lower-value out-
puts [1]. Thermal recycling offers energy recovery but faces challenges with emis-
sions, while chemical recycling, particularly advanced techniques like solvolysis
and pyrolysis, holds greater promise for recovering valuable monomers or feed-
stock, though it requires significant optimization for economic and environmental
feasibility [1]. Crucial to future success are innovative separation techniques and
the adoption of design for disassembly principles [1]. Solvolysis is emerging as a
principal chemical recycling method for thermoset composites, employing specific
solvents and conditions to selectively break down polymer matrices and recover
reinforcing fibers and potentially valuable monomers [2]. Current research focuses
on optimizing solvent systems, reaction temperatures, and pressures to enhance
efficiency, reduce energy needs, and ensure the quality of recovered materials
for reuse [2]. Pyrolysis offers a method to convert composite waste into valuable
products such as oils, gases, and char, with its effectiveness being highly depen-
dent on the composite composition and operational parameters like temperature,
heating rate, and atmosphere [3]. Research is exploring co-pyrolysis with other
waste streams to improve product yield and quality, as well as catalytic pyroly-
sis to enhance selectivity towards specific chemical compounds [3]. Multi-layer
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flexible packaging presents a significant waste issue, as traditional recycling is in-
effective due to the combination of polymers and other layers like aluminum or pa-
per [4]. Advanced mechanical separation methods, including selective dissolution
and tribo-electrostatic separation, are being developed to de-layer these materi-
als, while chemical recycling routes are being investigated for monomer recovery
[4]. Recovering high-value materials from end-of-life wind turbine blades, which
are primarily fiber-reinforced composites, is a growing concern [5]. Mechanical re-
cycling often leads to short fibers with reduced properties [5]. Chemical recycling
methods, such as solvolysis and pyrolysis, are being developed to deconstruct
these composites and recover both resin components and reinforcing fibers for
reuse in new applications [5]. Implementing design for disassembly (DfD) princi-
ples is critical for improving the recyclability of composite and multi-layer mate-
rials [6]. By considering end-of-life scenarios during the design phase, products
can be made easier to dismantle, separate, and process, thus improving recy-
cling efficiency and economic viability [6]. The mechanical recycling of carbon
fiber reinforced polymers (CFRPs) typically results in fiber shortening and a de-
crease in mechanical properties [7]. However, research is investigating methods
to improve the quality of recycled fibers and their incorporation into new composite
materials, including advanced comminution and interface enhancement strategies
to regain performance [7]. Multi-layer plastic films used in packaging pose signif-
icant recycling challenges due to their complex polymer blends and barrier layers
[8]. Advanced sorting technologies, such as NIR spectroscopy coupled with Al, are
vital for identifying and separating different plastic types within these films, while
chemical recycling is being explored for breaking down the polymer matrix into
monomers [8]. Supercritical fluid technology, especially using supercritical CO2,
is being explored as an environmentally friendly method for component separation
and chemical recycling in composite materials [9]. Its tunable solvent properties
allow for selective extraction and depolymerization, promoting cleaner recycling
processes and the recovery of valuable constituents [9]. Life cycle assessment
(LCA) is an indispensable tool for evaluating the environmental impact of vari-
ous recycling strategies for composites and multi-layer materials [10]. LCA helps
in identifying trade-offs between different recycling approaches, guiding the se-
lection of the most sustainable and resource-efficient methods from collection to
end-product [10].

Conclusion

Recycling composite and multi-layer materials is challenging due to their complex
structures. Mechanical methods often degrade materials, while thermal recycling
has emission concerns. Chemical recycling, including solvolysis and pyrolysis,
shows promise for recovering valuable components. Solvolysis breaks down poly-
mer matrices to recover fibers and monomers, with ongoing research focusing on
optimizing its efficiency. Pyrolysis converts waste into oils, gases, and char, with
efforts to improve yield and selectivity through co-pyrolysis and catalytic methods.
Multi-layer packaging and wind turbine blades are significant waste streams requir-
ing advanced separation and chemical recycling techniques. Design for disassem-
bly and life cycle assessment are crucial for improving recyclability and sustain-

ability. Supercritical fluid technology offers an environmentally friendly approach
for separation and chemical recycling.
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