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Introduction

Composites are a broad and versatile
group of materials consisting of multiple
components with desirable individual
characteristics to yield enhanced, and
oen multifunctional, material proper-
ties. Fibre-reinforced polymer matrix
composites combine excellent strength
and low-weight with high thermal
stability and corrosion resistance,
leading to extended lifetime of compo-
nents. They are already extensively used
within high-performance sectors,
ranging from aviation or automotive, to
wind and marine. The glass bre rein-
forced polyester market has been valued1

at £14.9bn in 2023, and the global carbon
bre epoxy composite market similarly
valued2 at £22.1bn in 2020 and expected
to grow at a compound annual growth
rate of 8.3% from 2021 to 2028. Although
the global market was severely affected
due to the global SARS-CoV-2 (COVID-19)
pandemic in 2020, rapid replacement of
conventional materials in automotive
and aerospace applications is expected to
drive the market in the near future. With
around 1500 British companies involved,
the UK composite product market, which
was estimated at £2.3bn in 2015, could
grow to £12bn by 2030.3 Of perhaps even
, Aerospace,

cience and

K

lton Centre,

ughborough

the Royal So
greater importance is the key and
enabling role that composites may play in
driving the transition to Net Zero, with
key applications in the wind and
hydrogen sectors, and lightweighting
transport.

Despite this, the composites industry
still largely follows a historical linear
‘take–make–dispose’ model, with 95% of
bre-reinforced composites currently
made from virgin fossil feedstocks.
Although composite design has moved
beyond their use as ‘black metal’, to date
it has mainly focused on maximising
their material performance within
a single lifetime with less consideration
for their material recovery post use, or
even a cascade of uses. A particular
challenge is the effective removal and/or
recovery of the polymer matrix without
damaging the valuable composite bres,
to enable the reuse of one or both
components in high-performance
applications.

Most composites employ thermoset
matrices, which display enhanced high-
temperature properties compared to
their thermoplastic alternatives but
cannot be remoulded aer use, rendering
their use in a second life problematic.
Current recycling approaches are mostly
focused on the controlled thermal
decomposition of the composite matrix,
through pyrolysis, to enable recovery of
the bre, while the bulk of the material is
lost through degradation of the matrix.
There is increasing interest in the use of
superheated steam, which has been used
for this purpose of reclaiming bres for
ciety of Chemistry
around a decade. The technique was
originally investigated to prevent or
substantially reduce the degradation of
reclaimed bres, which occurs during the
oxidative char removal step of most
pyrolysis-based reclamation techniques.
As yet, this is still comparatively devel-
opmental at commercial scales, but is
clearly growing apace. Alternative
mechanical recycling methods crush or
grind the composites into llers for lower
performance applications, losing the
inherent strength of the bre component.
As a result, only 15% of composites are
currently sent for recycling, with just 6%
reused, yielding increasing quantities of
landll as many rst-generation
composites start to reach the end of
their useable life. While the production
of second-life higher-performance
composites manufactured from
reclaimed components is still in its
infancy (notable remanufacturing tech-
niques including HiPerDiF/AFFT from
the University of Bristol and TUFF from
the University of Delaware), these rely for
their success on the reclaimed discon-
tinuous bres retaining their strength
and modulus following recovery and high
degrees of alignment during the rema-
nufacturing process.

In the context of signicant pressures
to reduce fossil-fuel use and increasing
competition for resources, the compos-
ites industry needs to adapt to a more
sustainable approach by improving
composite lifetime and material recovery,
and embracing a switch from fossil to
renewable resources. To this end, the
RSC Sustainability, 2024, 2, 261–264 | 261
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whole composite lifecycle needs to be
considered at the design stage to mini-
mise manufacturing losses and facilitate
the repair, repurposing, and recycling of
composites at the end of their working
life. There is undoubtedly a role for life
cycle assessment (LCA) in quantifying
these impacts and the databases on
which the various LCA soware packages
depend are becoming more accurate and
representative all the time. Inevitable
carbon losses throughout the composite
value chain need to be compensated with
renewable organic carbon, derived from
biomass or direct CO2 reduction. Devel-
opment of new materials should also
build on the properties of these renew-
able feedstocks, rather than simply
attempting to replicate existing fossil-
based chemistries.

At the same time, as outlined in Mee-
gan’s perspective on the sustainability
challenges faced by the Composites
Industry (https://doi.org/10.1039/
D3SU00200D), development of a more
circular composites industry should be
considered within the context of the
wider chemical industry to take
advantage of existing supply chains and
relationships, economies of scale, and
increased exibility to reuse/repurpose or
recycle more materials. Therefore, the
sustainable composites challenge is
closely related to other ongoing initiatives
focused on improving the resource effi-
ciency of the chemical industry, including
The Royal Society’s ‘Green carbon for the
chemical industry of the future’ initiative,
or the joint study by the UK Department
for Energy Security and Net Zero (DESNZ)
and the Department for Environment,
Agriculture and Rural Affairs (Defra) on
© 2024 The Author(s). Published by the Royal So
the potential benets from increased
resource efficiency across UK industry.4

The present collection showcases
developments in a range of complemen-
tary approaches to address composite
sustainability challenges.

� Although the existence of vitrimers/
covalent adaptive networks (CANs) has
been known for over a couple of decades,
the existence of several commercial
offerings has now stimulated the exami-
nation of their inclusion into blends to
improve the self-healing and repair of
composites (e.g., https://doi.org/10.1039/
D3TA04351G, https://doi.org/10.1039/
D2RA05103F).

� The chemical modication of the
surfaces of reinforcing bres is receiving
signicantly more attention to improve
the matrix/bre interface or the recycla-
bility of composites, e.g. coating of
aramid bres (https://doi.org/10.1039/
D3SU00258F).

� There are opportunities to improve
the intrinsic properties of a composite,
e.g. for super capacitive energy storage
(https://doi.org/10.1039/D3TA02741D), or
addition of functional groups to add
ame-retardant properties and other-
wise prevent the use of additives that
would further complicate composite
stability and polymer recycling (https://
doi.org/10.1039/D2GC01405J).

� The need to deal with legacy mate-
rials is still a challenging task and
superheated steam has already been
mentioned. Other approaches to break
down the thermoset matrix range from
solvolysis to electrochemical methods
(https://doi.org/10.1039/D3GC01765F).

� Renewable feedstocks for composite
manufacture include cellulose, chitosan,
ciety of Chemistry
and bio-based captodative ligands
(https://doi.org/10.1039/D3SU00302G,
https://doi.org/10.1039/D3GC03001F).

Whether targeting composite repair/
rework, extending the ‘as-manufactured’
lifetime, or improving recovery and recy-
clability of component materials, the
requirement for new materials solutions
to align with current polymer processing
techniques and embedded manufacturing
routes cannot be ignored if exploitation is
to be achieved in the short to medium-
term. However, the fundamental ques-
tion of incremental improvement versus
the radical change driven by ‘demand-led
innovation’ remains.

Whilst the challenge of bridging
between materials capability and appli-
cation requirements is not new, it is rec-
ognised that the concept of
‘sustainability’ has many dimensions.
The European Chemical Council (CEFIC)
has adopted the guiding principles of
‘Safe and Sustainable-by-Design’ as
a mechanism to drive transformative
change5 whilst recognising the need for
“.enabling policy measures to ensure
predictability of goals, within timelines
that are ambitious yet realistic.”.

Recognising the value of this
approach, the UK High Value
Manufacturing (HVM) Catapult has
recently launched its own cross-sector
‘Design for Sustainability and Circu-
larity’ initiative6 to drive whole-system
thinking, from raw material selection to
product end-of-life fate.
Concluding remarks

The composites industry is well placed to
meet the monumental and crucial
RSC Sustainability, 2024, 2, 261–264 | 263
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challenge of the transition to Net Zero,
with a high-performance product that can
be integrated across a number of engi-
neering sectors and may lead to reduc-
tions in fuel use and extensions in
lifetime. However, as this collection
makes clear, the change cannot be made
using the same trajectory. The entire
design and manufacturing chain must be
reappraised holistically, approaching the
development of new materials,
manufacturing processes, and composites
design and reuse from a fresh perspective,
unfettered by historical reliance on fossil
fuels. It is indeed an exciting time to be
working in this vibrant and inuential
sector.
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