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A structural chemistry look at composites
recycling
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Composite materials, especially carbon fiber-reinforced polymers (CFRPs), are high-performance class

of structural materials now commonly used in aircraft, marine, and other applications, with emerging

large-scale use in the automotive and civil engineering applications. The difficulty of recycling these

materials is a key obstacle preventing their further application in larger markets. For decades, the

engineering community has pursued physical methods to recover value from end-of-life composite

waste. This work has generated scalable methods to recover modest value from CFRP waste, but

because of their low value recovery, these are applied to a small fraction of CFRP waste. By contrast,

relatively few methods to recycle CFRPs have been based on strategic approaches systematically to

deconstruct the thermoset polymers that hold them together. In this Focus Article, we will show the

emergence of these structure-focused approaches to CFRP recycling and illustrate the path of this

research toward the ultimate realization of methods to recover both the reinforcing fibers and the

thermoset materials that comprise modern CFRPs.

Introduction

Fiber-reinforced polymer (FRP) composites are structural
materials that offer superior specific properties (strength and
modulus), longer life, and increased efficiency compared
to conventional structural metals.1 FRPs are now commonly
used in aerospace, wind turbine, marine, and sporting goods
applications, with emerging large-scale use in the automotive
industry and some civil engineering applications. Most of the
polymer matrices used in these materials are thermosets,
frequently epoxies, and undergo polymerization in the manu-
facturing process to cure the resin from a viscous liquid into a
stiff, glassy solid. The irreversibility of this process makes
recycling FRPs challenging. The absence of a sustainable
recycling pathway is an increasingly urgent problem impeding
wider adoption of these materials.

FRP composites have become a primary structural material
in the latest generation of commercial aircraft because they are
lighter, more resistant to fatigue and corrosion, and reduce fuel
consumption and maintenance when compared to structural
metals. Uses include fuselage sections, wings, and control
surfaces in aircraft such as the Boeing 787 Dreamliner and
Airbus A350 XWB, which consist of more than 50% composite

parts by weight. FRPs are also important in the wind energy
industry: glass fiber-reinforced polymers are currently the
primary structural material in wind turbine blades. The wind
industry is motivated to transition to carbon fiber for manu-
facturing larger turbines. With blade lengths now exceeding
100 m, carbon fiber is used selectively in spar caps to provide the
stiffness required to prevent column collisions under gust loads.
Composites are also widely seen in high performance sporting
goods, ranging from marine vessels to racing bicycles, golf shafts,
skis, and hockey sticks. This range of applications is poised to
expand. FRPs have also emerged as potential replacements for
structural metals in high-volume automotive applications. Particu-
larly, the BMW i3 and 7 series BEVs (battery electric vehicles) use
FRPs to reduce weight and extend range, which help meet stringent
standards for greenhouse gas emissions. In addition, FRPs are used
for structural retrofitting, power transmission lines, and modular
housing. While expanding use of FRPs reduces adverse environ-
mental impact, particularly arising from fuel savings, these benefits
are mitigated by the problem of FRP waste disposal.

There are currently no approaches for recycling end-of-life
FRP composite products that can keep up with the volume of
waste. Existing methods focus on recovering fibers by either (1)
shredding the FRP and downcycling it to be an additive in
materials like reinforced concrete or (2) pyrolyzing or dissolving
the polymer matrix. These processes (Fig. 1, top) destroy the
matrix and can damage the fibres, thus reducing their length,
strength, and stiffness. This converts aligned fiber beds into
lower-value random short-fiber mats.
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Three decades of work in FRP composite recycling have not
resulted in a tenable solution to the deconstruction and
recycling of these materials, but methods are now beginning
to appear that specifically target the chemical vulnerabilities of
certain composite matrices (Fig. 1, bottom). Chemical recycling
methods are diverse, ranging from using the unique properties
of supercritical solvents to separate polymer matrices from
their reinforcing fibres, to chemical reactions tailored for
selective bond cleavage. Through these advancements, new
products such as near-virgin quality fibers and useful organic
small molecule and polymeric recyclates are being recovered
for the first time.

Another emerging strategy for managing CFRP lifecycles is
to build the deconstruction plan into the matrix at the point of
its original manufacture. Popular strategies, such as vitrimers
or covalent adaptable networks (CAN), function based on
reversible, dynamic covalent bond exchange processes available
with reactions like transesterification, Diels–Alder cycloaddi-
tions, reversible radical processes, and olefin metathesis.2

These materials can act as conventional thermosets under
normal operating conditions, but when the bond exchange
dynamics are fast relative to the duration of an external
stimulus, such as heat, the polymer acts like a thermoplastic
with high malleability and reprocessability.3,4 While such
materials are not well-suited to the manufacture of components
for heat-sensitive applications, this strategy can simplify
matrix recycling and undoubtedly will be useful in some select
applications. Since it’s hard to imagine that we would fly in an
airplane that is designed to deconstruct when it is heated,
expanded efforts to recycle matrices found in current compo-
sites are clearly necessary.

Fiber-reinforced polymer composites are ‘‘an important
cross-cutting technology’’ for U.S. manufacturing,5 with applica-
tions in transportation (aerospace, automotive), power genera-
tion, and infrastructure. The global composites industry is
experiencing ca. 8% annual growth, leading up to a total volume

of $131B in 2024. Composites are emerging in automotive
manufacturing; 45 billion pounds of composite materials were
sold into the industry in 2019.6 Aerospace growth is predicted
to continue across several application areas, and wind energy
(blades) is slated for similar growth.7

By contrast to the industry’s rapid growth, the present state
of composites recycling is woeful: a mere 1% of CF (estimated)
is recovered and reused as of 2020. This stems from key gaps in
recycling technology: current recycling approaches cannot
recover the resin or retain the fiber architecture/alignment/
continuity, relegating the reclaimed fiber to downcycling path-
ways. Leaders in the aerospace and automotive industries tell
us that the absence of a reasonable recycling pathway for these
materials at the end of their lives is a key factor impeding their
more broad use.8,9 This creates strong push to develop new
technology, and we see few firms in this space.

This Focus Article provides an overview of methods that are
currently in use in FRP recycling, then show how the design
of methods to target specific polymerization linkages in
thermoset matrices can enable new progress in this area,
ultimately to enable new chemical methods with which to
approach the FRP recycling problem.

Physical recycling methods

Physical methods for CFRP recycling rely on size-reduction stra-
tegies like pulverization, where composite waste is mechanically
shredded into pellets and added into new composites or cement
as structural filler.10 There is merit in this approach: composite
additives in construction materials like concrete are advantageous
because the CFRP epoxy matrix improves bonding with the
concrete, imparting improved ductility, load-carrying capacity,
and fracture toughness.11 Although pulverization fully re-uses
the waste composite, the value obtained by using CFRP material
as an additive is minute compared to the initial financial and
energetic costs used to manufacture the starting fibers. Carbon
fibers are estimated to cost up to $30 USD lb�1 and require up to
75 kW h lb�1 to produce, while reinforced concrete costs about
$0.17 USD lb�1.12,13 While this approach preserves some value,
much value remains to be recovered if the carbon fiber weaves
could be preserved for high-quality reuse.

There’s environmental merit in this technology because
composites that are shredded and used as building materials
do not go immediately to landfill. Globally, o1% of composite
waste is recycled, and even if it is significantly downcycled into
a single-use material like concrete, some of its in-service life
can be preserved and landfill impact can be reduced. As more
composite waste is recycled, presumably using increasingly
value-preserving technologies, this downcycling method will
retain value, because both the volume of unutilized waste is
large, and downcycling by shredding can impart a second life to
materials that will remain refractory to modern methods.

Alternative strategies to pulverization have been developed
that can separate polymer matrix from carbon fiber. One example
is high voltage fragmentation (HVF), a method in which the

Fig. 1 Waste CFRP recycled using physical processes usually recover
milled fibers by crushing or combusting the matrix, recovering its energy
as heat or electricity, while mild chemical methods can recover woven
fiber weaves and resin components.
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composite is immersed in water and repeatedly pulsed with
electrical discharge (Fig. 2). This creates extreme temperatures
and pressures at the composite surface that disintegrate the
matrix.14 However, the treatment time necessary to recover
fibers without residue is too long to be practical and reduces
the average fiber length.14 In an alternative to pyrolysis, fluidised
bed processes (FBPs) were developed where hot air passes
through a silica bed containing shredded composites to remove
the matrix from the fiber.1 The matrix particles are carried away
by the air stream to a separate chamber for destruction at
1000 1C.1 FBPs have the same limitations as HVF in that the
matrix is destroyed, and the fibers are disordered, which high-
lights two key opportunities for improving composite recycling.

Generally, these methods are analogous to pyrolysis in that
the polymer matrix is discarded and the fibers are downgraded,
sacrificing fiber continuity and fiber architecture. Depending
on the approach, however, much higher quality fibers can be
retained and re-manufactured into higher-value products, such
as moulding compounds, than are possible with pyrolysis
recyclates or reinforced concrete.

High-pressure decomposition

High-pressure methods for recycling composites typically rely
on a solvent system, sometimes with an acid or base reagent,
that is heated and pressurized to become supercritical. Super-
critical fluids have unusual properties, including low viscosity,
high diffusivity, and increased solvation strength, and these
qualities are appealing for composite recycling because they
better permeate the material and accelerate matrix dissolution.15

Supercritical solvents can facilitate bond cleavage within poly-
ester and amine-cured composites that are inert under other
conditions. Thus, high-pressure recycling has become an
important area of investigation, allowing recovery of carbon
fibers with excellent physical properties using inexpensive,
non-toxic, and recyclable reagents.16 Because of the diversity
of reagents and conditions used in this general strategy, the
quality of the fibers varies widely. More chemically mild

approaches enable recovery of relatively undamaged fibers, as
is the case in hydrolysis of polyester-based matrices. Other
conditions that require strongly oxidative or corrosive condi-
tions can damage or cleave fibers and downgrade them to
applications such as bulk moulding compounds. This high-
lights the general conundrum of aerospace-grade resins: the
conditions required to disassemble more robust thermoset
polymers used in more demanding applications also tend to
degrade their imbedded fibers.

Common solvents used in supercritical CFRP recycling
include water, short chain alcohols and ketones, or a mixture
of these. Mixed solvent systems have the benefit of reducing the
supercritical temperature and pressure thresholds and increas-
ing the matrix by-product solubility.9 Supercritical solutions of
water have successfully removed 495% of amine-cured epoxy
resins from fibers in as little as 15 minutes, yielding derivatized
monomers like methylenedianilines and biphenyldiamines.17

Based on by-product analysis, these conditions appear to target
crosslinked C–N bonds and secondary alcohols, and the obser-
vation of diaminobenzophenone species implies there is an
oxidant, likely oxygen gas, performing C–H and oxidations
(Scheme 1).17,18 Other solutions like 80% acetone in water,
20% butanone in water, or neat propylene glycol have also been
effectively used for dissolving amine- and anhydride-cured
epoxy matrices.19–21

A variety of chemical additives have been studied to accel-
erate resin dissolution, frequently by changing the dissolution
mechanism. Hydroxide salts added to supercritical alcohol
solutions remove 70% more matrix from amine-cured compo-
sites than control experiments.22 The molecular mechanism for
this is not obvious. The same process has been adapted from a
batch reaction to a semi-continuous process that enables
recovery of resin-free fibers at conditions 100 1C less forcing
and 10 MPa less forcing than those of the batch process. This is
realized by reducing mass transfer limitations, showcasing the

Fig. 2 (A) A commercial mechanical recycling instrument, (B) a high
voltage fragmentation instrument, (C) glass fibers recovered using
high voltage fragmentation, (D) glass fibers recovered from mechanical
recycling. Images borrowed with permission.14

Scheme 1 Bonds within amine-cured epoxies which are experimentally
found to break when exposed to supercritical water and alcohols.8
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impact of clever reactor design on CFRP recycling.22 Liu et al.
added phenol and potassium hydroxide to supercritical water,
and observed improvement of more than 80 wt% in resin
removal. They attributed this success to phenxoyl-based free-
radical reactions.23 Adding ionic liquids to ethylene glycol shifts
the product distribution away from long-chain oligomers to mono-
mers in polyester matrix transesterification processes.24 Despite
the benefits of chemical additives, scaling up high-pressure
recycling is inherently difficult due to the high energy demand,
safety considerations, and need for specialized reactors.25

Atmospheric pressure decomposition

The introduction of mild conditions to selectively depolymerize
FRP matrices opens new possibilities in FRP recycling, because
such conditions enable fiber recovery with less damage, some-
times even retaining their original weave, and fine chemicals
that form from an orderly deconstruction of the composite
matrix. Chemical recycling methods that have been developed
near ambient pressure also tend to be safer and easier to
implement at an industrial scale than high-pressure methods,
increasing their likelihood of adoption.26 However, without the
brute force provided by supercritical temperatures and pres-
sures, these reactions must rely on grace and design to select
chemical reagents to cleave crosslinking bonds in the matrix:
this fundamentally changes FRP recycling from an engineering
problem to a chemistry problem.

Designing systems for CFRP recycling that target specific
features of the network of their thermoset polymers at mild
conditions requires expertise in basic reaction chemistry, which
has not previously been a focus of the composites recycling
community. As new chemistries are introduced, however, milder
and more delicate conditions are emerging. As a result, we are
seeing cases now where polymers and fine chemicals can be
collected while simultaneously recovering fibers. Unfortunately,
any recycling approach based on a specific polymer structure or
formulation will probably be limited in use to CFRPs containing
that same (or analogous) linking chemistry. Thus, the problem
becomes complex, and the continued relevance for bulk physical
methods is highlighted as one considers the problem of
unknown or mixed composite waste streams.

When engineering these new chemical processes, condi-
tions used should be inexpensive, selective, safe to handle on
large scale, and yield only benign by-products. It is likely that a
reason that the community has seen so few is that process-
minded thinkers have set aside possible but impractical methods
that could homogenize thermoset matrices, but are irrelevant
because of reagent cost, safety, or other practical concerns. Some
emerging examples of successful chemical methods follow.

The crosslinking polyester bonds in anhydride-cured epoxy
composites are susceptible to acid- and base-catalyzed transes-
terifications, which has been exploited to great success. Strong
acids like p-toluenesulfonic acid in acetic anhydride solution
can homogenize polyester resin blocks at temperatures as low
as 80 1C, though other bonds, such as the quaternary carbon in

bisphenol A moieties, are cleaved as well.27 Short-chain alcohol
solutions containing Lewis bases like hydroxides or amines
degrade these matrices in as little as 90 min.28–30 Derivatized
monomers and high-quality recycled carbon fibers are usually
recovered for re-use from these reactions, as Hitachi Chemical
demonstrated.31,32 The inherent lability of the ester, the linker
formed upon curing anhydride-cured epoxy resin system, is a
feature of these methods that contributes to their success: the
lability of the ester serves almost like an engineered strategy for
polymer disassembly (Scheme 2). Unfortunately, programming
this or any other designed vulnerability into the CFRP matrix
will limit the material’s use cases, because it will have a known
vulnerability. There are, however, exceptions, such as efforts
to incorporate cleavable amines into epoxies that facilitate
deconstruction.33

Unlike esters, or even amides, that are amenable to acidic or
alkaline solvolysis, epoxy thermosets do not contain labile
bonds that enable facile disassembly. The carbon–nitrogen
bonds that impart stability and rigidity to amine-cured epoxies
are comparatively stable to acids and bases, so researchers have
used more forcing conditions to realize less complete dissolu-
tion than is realized with anhydride-cured matrices. For exam-
ple, an amine-cured resin block must be soaked in nitric acid
for 21 days for degradation to occur.34 Solutions containing
excess Lewis acids, like zinc or aluminum chlorides, have been
used successfully to digest composites, however, the molecular
mechanism of these degradation reactions remains unclear.35,36

One group suggests that aluminum coordination to Lewis basic
sites in the CFRP matrix creates a leaving group, but this seems
uncertain, as aluminum salts other than the chloride fail to catalyze
the reaction.36 Basic conditions are similarly forceful and unsuccess-
ful: imidazole-cured epoxy Novolac matrices require 2 hours in
molten potassium hydroxide to homogenize.37 If the composite

Scheme 2 Hitachi’s transesterification conditions for depolymerization of
acid-anhydride linked FRP resins.31
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is swelled in nitric acid first, solutions of potassium hydroxide
in poly(ethylene glycol) can eventually fully degrade the resin.38

Alternative chemical strategies are needed to recycle amine-
cured epoxy composites mildly and selectively. Their carbon–
nitrogen bond presents a potential target for selective cleavage,
possibly by conversion to an N-oxide or iminium cation, as the
latter is readily cleaved by water.39 An analogous strategy was
successfully utilized in depolymerizing benzoxazine-epoxy com-
posites by abstracting a hydride atom alpha to an aniline
nitrogen center using a high valent ruthenium species (Scheme 3,
top).40 Another method is to use an inexpensive peroxide, like
hydrogen peroxide, as an oxygen atom transfer agent to form an
amine oxide, or N-oxide (Scheme 3, bottom).41,42 We have pre-
viously reported the formation of imines from N-oxides via NMR
spectroscopy in our degradation studies of small molecule analo-
gues of amine-cured epoxies.43 Through this molecular study, we
argue that other successful reports of amine-cured epoxy
resin degradation involving oxidants like hydrogen peroxide mis-
attribute the mechanism to a series of hydroxyl radical-based
processes.44–46 Identifying the most-likely mechanism occurring
during these degradation reactions is key to build on this knowl-
edge as the community develops an optimal process for depoly-
merizing amine-cured epoxies.

There seems to be great promise in this general strategy of
designing processes for selective depolymerization of CFRP
thermoset matrices, but there are intrinsic limits to the
approach. Structure-dependent recycling strategies will almost
certainly be ineffective on polymers for which they were not
designed. Using such a method would require the waste
processor to know the basic composition of the waste stream.
Further, the practical limitations of safety and cost must be
superimposed on any of these methods before they can be

scaled. Reagents in this literature such as nitric acid, hydrogen
peroxide, certain expensive solvents, and even O2 itself impose
cost and safety limits on the deployment of such processes.
Much chemistry and engineering remains to be done to over-
come these hurdles.

Thermoset matrices with inherent
recyclability

Developing thermoset matrices with inherent recyclability,
which allows them to be easily removed or recycled, is another
attractive approach to composite recycling. Introducing labile
chemical bonds and CANs (covalent adaptable networks) are
two popular strategies to achieve this. By introducing degrad-
able chemical bonds (such as the ester links), thermoset
matrices can become recyclable when exposed to external
stimuli, such as temperature, chemicals, or photolysis.47 A
review of potential recyclable thermosets for structural applica-
tions and limitations thereof has appeared recently.47 A key
problem of using degradable chemical bonds to modify ther-
moset matrices to increase recyclability is that the matrix
structure is destroyed after degradation, which eliminates the
value of the recyclates. CANs overcome this problem, as they
retain the overall structure of the matrix after recycling. CANs
can be categorized into two subgroups – dissociative and
associative – based on the chemical mechanisms involved:
original chemical bonds are broken either before or after the
formation of new chemical bonds (Fig. 3).

Introducing thermally triggered degradable chemical bonds
can reduce the degradation temperature. For example, by adding
thermally cleavable carbamate bonds, redesigned cycloaliphatic

Scheme 3 Matrices cross-linked at nitrogen can be cleaved by oxidizing it to an hydrolyzable imine though (top) hydride abstraction in benzoxazine
using high valent metal-oxo species, or (bottom) oxygen atom transfer under acidic conditions using hydrogen peroxide to form N-oxides.
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diepoxides were decomposed between 200–300 1C, whereas
commercial cycloaliphatic diepoxides are normally stable up to
350 1C.48 Ester bonds are also frequently used to increase
thermal reworkability. One example features the use of hyper-
branched polyaminoester (PAE) with secondary alkyl esters as an
additive to modify a conventional epoxy resin (DGEBA). The
additive reduced the decomposition temperature up to 100 1C.49

Some recyclable thermoset CANs can be triggered by specific
chemical reagents. Early work on associative CANs utilized
photoinitiated radical chain transfer reactions.50 More recent
examples include a proprietary epoxy resin system called
‘‘Cleavamine,’’ which contains acid-labile formyl and acetal
groups (Fig. 4).51 This recyclable resin exhibits thermal and
mechanical properties similar to non-recyclable resins, and this
resin is easily degraded in an acidic environment.33 In this
mechanism an ether group is protonated, leaves as an alcohol,
and is replaced by water to form a hemiacetal. The second ether
group is similarly protonated and leaves, yielding a ketone.

A second example is based on the Diels–Alder reaction,
combining multi-furan and multi-maleimide polymers to form
a novel, dynamic material (Fig. 5).52 The polymer displayed
mechanical properties similar to commercial epoxy resins with
the added advantage of self-healing. Structural failure was
remediable after thermal treatment at 120–150 1C for about
two hours.

Leibler and co-workers undertook pioneering work based
on associative CANs, which involved a new group of material called
vitrimers.53 Via transesterification reactions with proper catalysts,
the viscosity of these vitrimers decreased only slightly with
increasing temperature, whereas viscosity of conventional polymers
changes rapidly near the glass transition temperature.

Overview

Physical methods to reclaim value from composite materials
have created an avenue to deflect composite waste from landfill
and re-insert waste materials into consumer products. However,
the downcycling of value in such processes has limited their
commercialization such that these methods reclaim only a
small portion of composite waste. A second generation of
approaches is now emerging in which chemical strategies are
being designed selectively to deconstruct the bonds that hold
together composite thermoset matrices. Such strategies, along
with new composite resin technology in which cleavable bonds
are built into the polymer when it is first produced, both move
the composite materials industry toward sustainability and
highlight the vital role that synthetic chemistry must play in
enabling fundamental advancement in composites engineering.

The present landscape for composite recycling includes
multiple approaches, each with intrinsic drawbacks and advan-
tages, providing fertile ground for opinion and speculation about
a path forward. A practical criterion for comparing recycling
approaches should weigh both sustainability and economic
factors. Clearly, any approach that destroys the fiber architecture
and continuity must either (a) include realignment of fibers and
the attendant cost, or (b) be considered a downcycling approach.
Downcycling to lower-performance products reclaims fibers for
insertion into a second application, but postpones recycling to
the end of the second service life. Such approaches also sacrifice
the matrix, a highly engineered material of value not unlike that
of the fibers. While such approaches do not require new technol-
ogy and may thus be economically viable, they are not preferred
as a long-term solution. Chemical approaches that can reclaim
both fibers and matrix components offer a superior solution,
provided they operate at acceptable rates and costs, do not create
additional recycling problems, and selectively cleave the matrix
polymers such that high-value molecular components are
retained. Chemical solutions avoid mechanical shredding and
retain fiber architecture, avoiding major downstream costs.
However, the challenge with chemical processes lies in finding
a scalable solution that requires only relatively mild conditions.

Fig. 3 A generalized diagram demonstrating the two pathways by which
new bonds are formed between different functional groups in a CAN.

Fig. 4 Structure of a cleavamine curing agent containing a central acetal group
and the reaction of its acid hydrolysis into a ketone and two amino alcohols.33

Fig. 5 The reversibility of the Diels–Alder cycloaddition reaction between
multi-diene 1 and multi-dienophile 2 allows the resulting polymer to repair
cracks without requiring additional reagents to catalysts.52
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Finally, all approaches face a major issue – lack of market pull –
and until this issue is addressed, progress is likely to be modest in
the foreseeable future. Eventually, the waste disposal problem will
become so severe that legislation will be introduced to pressure
consumers and producers to adopt more sustainable practices.
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