
lable at ScienceDirect

Advanced Industrial and Engineering Polymer Research 4 (2021) 105e115
Contents lists avai
Advanced Industrial and Engineering Polymer Research

journal homepage: http: / /www.keaipubl ishing.com/aiepr
Towards sustainable structural composites: A review on the recycling
of continuous-fiber-reinforced thermoplastics

Alessandro Pegoretti
University of Trento, Department of Industrial Engineering, via Sommarive 9, 38123 Trento, Italy
a r t i c l e i n f o

Article history:
Received 5 December 2020
Received in revised form
29 January 2021
Accepted 4 March 2021

Keywords:
Thermoplastic composites
Continuous fibers
Recycling
Mechanical properties
E-mail address: alessandro.pegoretti@unitn.it.

https://doi.org/10.1016/j.aiepr.2021.03.001
2542-5048/© 2021 Kingfa Scientific and Technologica
under the CC BY-NC-ND license (http://creativecomm
a b s t r a c t

In the last years, continuous-fiber-reinforced thermoplastic composites (CFRTCs) received an increasing
interest for their potential advantages over composites with thermosetting resin mainly in terms of i)
shorter manufacturing cycles ii) higher impact resistance and toughness and iii) recyclability at the end
of first life. The main strategies for recycling CFRTCs are here reviewed on the basis of the information
available in the scientific literature. The main recycling options currently available for CFRTCs can be
broadly divided into mechanical, thermal and chemical methodologies. Moreover, the concept of all-
polymer composites, i.e. composites in which both matrix and reinforcing components are made with
thermoplastic polymers, is discussed in view of their relevance in recycling technology.
© 2021 Kingfa Scientific and Technological Co. Ltd. Publishing services by Elsevier B.V. on behalf of KeAi

Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polymer composites reinforced with continuous high-
performance fibers have become an important class of structural
engineering materials [1]. In fact, due to their high specific me-
chanical properties, they are extensively used in several applicative
fields such as the automotive, aerospace, construction, and energy
sectors [2]. The use of thermoplastics as matrix material in fiber
reinforced composites has been growing steadily, especially for
automotive and aerospace applications [3]. The main reasons
behind the diffuse interest for CFRTCs are mainly based on their
better recyclability and ability to be processed more rapidly than
composites with thermosetting matrices [4,5]. Moreover, in com-
parison to thermosettingdbased composites, CFRTCs also offer
improved fracture toughness and impact strength [6] as well as the
possibility to be easily joined using welding techniques [7]. Several
thermoplastic polymers have been investigated as matrices for
CFRTCs, including polyethylene (PE) [8e12], polypropylene (PP)
[13e19], poly(ethylene terephthalate) (PET) [20], poly(buthylene
terephthalate) (PBT) [21,22], polyamide-6 (PA6) [23e29], polylactic
acid (PLA) [30], polyurethane (PUR) [25], methacrylate (MA) [31],
polyphenylene sulfide (PPS) [18,32,33], PA6 [34,35], PA66 [34],
polyamide-11 (PA11) [15], polyetheretherketone (PEEK) [36e43],
polyeitherimide (PEI) [44e48], polyethersulfone (PES) [18,49] and
l Co. Ltd. Publishing services by El
ons.org/licenses/by-nc-nd/4.0/).
also liquid crystalline polymer (LCP) [50,51]. In CFRTCs, the above
mentioned thermoplastic matrices are generally used to impreg-
nate high-performances fibers such as carbon fiber (CF), glass fiber
(GF), natural fiber (NF) and polymeric fibers in form of unidirec-
tional towns or woven fabrics.

Incorporating fibers into high-viscous thermoplastic resins
and achieving a good fiber wet-out are tasks much harder to be
performed than in low-viscous thermosetting resins [1]. Never-
theless, several fiber incorporation techniques in thermoplastic
resins have been developed, and many of them are now
commercially used to produce thermoplastic prepregs. The most
common methods include i) hot-melt impregnation [52], ii) so-
lution impregnation [53] iii) liquid impregnation [1], iv) film
stacking [54], v) fiber mixing (i.e. comingled yarn) [55] and vi) dry
powder coating [56]. Contrarily to thermosetting prepregs, ther-
moplastic prepregs can be stored for an unlimited period of time
without any special storage facility and, whenever required,
stacked and consolidated into laminates by the application of
heat and pressure. Since thermoplastic matrix composites can be
shaped and formed repeatedly by the application of heat and
pressure, they can be processed using some metal-working as
well as thermoplastic forming techniques, such as i) matched die
forming [57], ii) hydroforming [58], and iii) thermoforming [59].
Moreover, tape placement is also becoming an important and
widely used process for the manufacturing of CFRTCs [60].
Another emerging technique is liquid molding which has become
an optionwith the availability of suitable reactive systems such as
sevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
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Nomenclature

h viscosity
r density
sb stress at break
εb strain at break
tand loss tangent
CF carbon fiber
CFRTC continuous-fiber-reinforced thermoplastic

composite
E elastic modulus
E0 tensile storage modulus
EoL end-of-life
FLD fiber length distribution
GF glass fiber
ILSS interlaminar shear strength
IS impact strength
LCP liquid crystalline polymer
Mw weight average molecular weight

MA methacrylate
NF natural fibers
PA6 polyamide-6
PA66 polyamide-66
PA11 polyamide-11
PE polyethylene
PEEK polyetheretherketone
PES polyethersulfone
PET poly(ethylene terephthalate)
PBT poly(buthylene terephthalate)
PLA polylactic acid
PP polypropylene
PPS polyphenylene sulfide
PVDF poly(vinylidene fluoride)
SFRTC short fiber reinforced thermoplastic composites
Tc crystallization temperature
Tg glass transition temperature
Tm melting temperature
Xc crystallinity content
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cyclic PBT [22], methacrylates (Elium) [31] and anionic
polyamide-6 [61,62].

As illustrated in Fig. 1, during the preparatory operations and the
manufacturing processes of CFRTCs there are several steps inwhich
scraps can be generated. Therefore, with the increasing use of
CFRTCs in several applicative sectors, the recovery and valorization
of these scraps is becoming an environmental and economical
challenge for the industries operating in this field. Moreover, the
management of the CFRTCs components at the end of life first life
also requires a special attention to the possibility of a full or at least
partial recycling of the involved raw materials.

The currently available end-of-life (EoL) options for CFRTCs are
schematically summarized in Fig. 2a. In landfilling, disposal of
waste composites occurs in a sanitary landfill, constructed by lining
an excavation with gravel, bituminous concrete and polyethylene
sheet to create a barrier between the waste and surrounding
environment [63]. From the environmental point of view this is
certainly the worst option since no recovery is performed in terms
of energy and raw materials. Moreover, landfilling introduces other
negative burdens on the environment since i) landfill gas contains
methane and carbon dioxide (both greenhouse gases), ii) contam-
ination of soil and water can occur by toxic substances in the
leachate, iii) land is diverted from other possible uses (such
as agriculture) for future generations. A step toward a more
Fig. 1. Schematic overview of the main sources of scrap during the manufacturing of CFRTC
highlight the operations where scrap is mainly generated. (reprinted from Vincent et al. [3
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sustainable disposal of composites at the end of the first life is
represented by incineration. In fact, through incineration part of the
embodied energy can be recovered in the form of heat, with resi-
dues still going to landfill [64]. Options for a recovery of all or parts
of the constituents of CFRTCs such as mechanical, thermal and
chemical recycling processes, schematically represented in Fig. 2b,
will be introduced and discussed in the following paragraphs.

With reference to the above scheme, the following main dif-
ferences between thermoplastics vs thermosets based composites
can be highlighted.

i) Landfilling and incineration can be practiced for both ther-
moplastics and thermosets based composites.

ii) Mechanical recycling. Both thermoplastics and thermosets
based composites can be shredded or crushed into particles
or milled into fine powders. After this step, thermoplastics
based composites can be reprocessed several times with the
application of heat and pressure (see paragraph 2). On the
contrary, thermosets based composites can only be used as
fillers, reinforcement or raw materials for cement, concrete,
among others [65].

iii) Thermal recycling can be practiced for both thermoplastics
and thermosets based composites with no substantial
differences.
s. The light-grey arrows represent the processing steps, whereas the dark-grey arrows
3] with permission of Elsevier).



Fig. 2. a) End-of-life options for CFRTCs, b) main steps to move from the initial composite/scrap to the final recycled product for mechanical, thermal and chemical recycling.
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iv) Chemical recycling can also be practiced for both thermo-
plastics and thermosets based composites. Nevertheless, the
chemical stability of thermosets is generally higher than
those of thermoplastic polymers. Therefore, the recovery of
fibers from thermosets based composites generally requires
more drastic conditions. Moreover, it is important tomention
that thermoplastic matrices can be dissolves and recovered
from the solution, while thermosets matrices are generally
degraded and cannot be therefore recovered.
2. Mechanical recycling

The first step in mechanical recycling of CFRTCs consist in
reducing the size of the scrap off-cuts or of a component at its EoL
by crushing or shredding followed by grinding [66]. The most
adopted comminution techniques for composite parts make use of
single [27] or multiple shaft shredding machines [18,33], of
hammer mills or cutting mills [37]. The typical schematics of a
multiple shaft shredder is reported in Fig. 3.

After shredding and grinding, recyclated can be recovered and
separatedby sievingdistinguishingbetweenpowderswith ahigh resin
content and fibers still embeddedwith resin. Due to the thermoplastic
nature of the matrices used in CFRTCs, these fractions can be reproc-
essed by using conventional techniques such as compression molding
(hot pressing) [18,21,26,33,36,67] extrusion-compressionmolding [21]
or injectionmolding [15e17,21,22,26,27,31,37,68]. In some cases, due to
their elevated fiber volume fraction, the viscosity of CFRTCs in the
molten state is toohigh for injectionmolding. Adilutionwithneat resin
is therefore required to lower thefiber content and themelt viscosity to
the typical values of short fiber reinforced thermoplastic composites
[15e17,22,27,32,37]. This often requires a melt compounding step in a
twin-screw extruder or low-shear mixer [15] before the injection
molding process.More recently also 3D-printing has been investigated
as a possible re-processing route for CFRTCs [30].

Mechanical recycling unavoidably leads to a reduction of the
length of the reinforcing fibers. Therefore, the recycled composite
materials cannot longer be considered as CFRTCs but more properly
as discontinuous fiber reinforced thermoplastic composites also
called short fiber reinforced thermoplastic composites (SFRTCs). It
is worthwhile to note that, for this class of composites, the fibers
can efficiently increase the matrix modulus and strength only if a
Fig. 3. Schematics of a multiple shaft shredder (four-shafts): a) top and front views; b) insi
Elsevier).
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good transfer of mechanical loads from the matrix to them is
assured. All micromechanical models indicate that the maximum
stress transferred to the fibers increases as the fiber length in-
creases [69]. The maximum stress in the fiber can reach a limiting
value corresponding to that of a unidirectional composite rein-
forced with the same volume fraction of continuous fibers and
under the same applied external load. This limiting value can be
reached provided that the fiber length reaches a minimum length
called the “load transfer length” Lt [70]. Of course, the maximum
stress in the fibers is also limited by their strength. Therefore, a
critical fiber length, Lc, can be also defined as the minimum fiber
length required to transfer to the fibers a maximum stress equal to
its ultimate strength [70]. Therefore, fibers shorter than Lc are
ineffective or even dangerous since they will be pulled out of the
matrix under tensile load.

Of course all these consideration assume a perfect bonding at
the fiber/matrix interface which is an unrealistic case [71]. A simply
balance of the forces acting on a short fiber clearly indicate that the
critical length depends on the fiber/matrix interfacial shear
strength [69]. Therefore, in the mechanical recycling processes it is
of crucial importance i) to preserve the fibers length at values
higher than Lc [72] and ii) to assure that a suitable adhesion at the
fiber/matrix interface is ultimately achieved [73,74]. It has been
proven that a proper design of the screw profiles of extruders and of
injection molding machines can contribute in reducing the in-
tensity of the fiber breakage process [75].

Several investigations can be found in the scientific literature on
the mechanical recycling (reprocessing) of CFRTCs. Some of the
most relevant studies are listed in Table 1 where indications on the
type of matrix materials (PP, PBT, PPS, MA, PA6, PA11, PLA, PEEK),
the fiber type (CF, GF, NF, polymeric fibers), fiber content, the steps
adopted for mechanical recycling along with the investigated ma-
terials properties are summarized.

In a study on PA6/GF CFRTCs, Moritzer and Heiderich [27]
investigated the mechanical recycling of process-offcuts of
continuous-fiber-reinforced composite sheets, consisting of a
polyamide 6 matrix reinforced with a glass fiber fabric at 64 wt%
content. After collection, the offcuts were shredded with a single-
shaft shredder equipped with 18.5 kW drive power and a
segment screen insert with holes having diameters of 8 mm and
10 mm. For the creation of pellets from the shredded material, a
twin-screw extruder with a 25 mm screw and a ten barrel setup via
de view of a four-shaft shredder (reprinted from Vincent et al. [33] with permission of



Table 1
Summary of the literature review on the mechanical recycling (re-processing) of CFRTCs.

Matrix Fiber type/content Steps for mechanical recycling Measured quantities Ref.

PP NF/49 vol% - Grinding þ injection molding (up to 7 cycles) E, sb, εb, h, Tc, Xc, FLD [15]
PP GF/60 wt% - Shredding þ twin-screw extrusion þ injection molding E, sb, εb, IS [16]
PP CF/31 vol% - Shredding þ twin-screw extrusion þ injection molding FLD, E, sb, IS, flammability, [17]
PP GF/not-reported - Hot pressing

- Grinding þ injection molding (up to 3 cycles)
E, sb [26]

PP NF/50 wt% - Grinding þ reuse
- Grinding þ injection molding

E, sb, IS
E, sb, εb, IS, FLD, h

[68]

PBT GF/35 wt% - Grinding þ injection molding
- Grinding þ extrusion-compression molding
- Grinding þ compression molding

E, sb, εb, IS, FLD, Mw Xc [21]

PBT GF/58.7 wt% - Grinding þ injection molding E, sb, εb, Mw, Xc, Tm, [22]
PPS CF/not-reported - Shredding, low-shear mixing, compression molding FLD, r, visual inspection [18,33]
PPS CF/50 wt% - Shredding þ low shear mixing E, sb [32]
PPS CF/not-reported - Grinding þ extrusion-compression molding Tg, Tm, dynamic mechanical response [67]
MA (Elium) GF/22 wt% - Thermoforming

- Grinding þ injection molding
E, sb [31]

PA6 GF/67 wt% - Shredding þ twin-screw extrusion þ injection molding E, sb [27]
PA11 NF/50 vol% - Grinding þ injection molding (up to 7 cycles) E, sb, εb, h, Tc, Xc, FLD [15]
PLA CF/not-reported - 3D-printing þ re-manufacturing by 3D printing E, sb, IS, Mw, [30]
PEEK CF/not-reported - Hammer milling þ shredding þ compression molding E, sb, G0 , tand, double lap shear strength [36]
PEEK CF/30,40,50 wt% - Hammer milling þ shredding þ injection molding E, sb, εb [37]
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the main feed was used. Moreover, the recycled PA6/GF composites
were diluted with virgin PA6 added during the melt-compounding
process through a side-feed along the barrel to reach fiber contents
of 40, 30, 20 and 0 wt%. Finally, the obtained PA6/GF pellets were
used to feed an injection molding machine with a screw diameter
of 25 mm and a length-to-diameter ratio of 24 to produce samples
for the mechanical tests. For comparison, also conventional virgin
pellets of PA6 filled with 60 wt% of short glass fibers were used to
produce samples by injection molding. The results in terms of
tensile modulus and strength are summarized in Fig. 4. First of all, it
is worthwhile to note that the mechanical properties of the pure
recycled CFRTC material (i.e. without dilution with virgin PA6) are
comparable with those of a conventional virgin PA6/GF short fiber
reinforced composite with a similar fiber content. In fact, only a
slight reduction of tensile modulus and strength can be noticed.
Moreover, Fig. 4 clearly shows how the addition of recycled CFRTC
to pure polyamide results in a remarkable increase in both the
Young's modulus and the tensile strength.
Fig. 4. Tensile modulus and strength of virgin PA6/GF CFRTC, reprocessed PA6/CFRTC diluted
Moritzer et al. [27]).
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Also reactive thermoplastic matrices have been investigated for
the preparation of CFRTCs in light of their possible mechanical
recyclability [22,31]. Steenkamer and Sullivan [22] explored the
mechanical recycling of virgin composites prepared by liquid
molding of a cyclic PBT resin and a knitted glass fabric with a fiber
content of 58.7 wt%. In particular, the investigated CFRTC was
recycled by a grinding/compounding/injection molding process.
Prior to re-processing the ground cyclic composite by injection
molding, it was dry blended with neat, virgin PBT to lower the
reinforcement level to approximately 30 wt%. A variety of physical
and mechanical tests were then conducted on the composite
samples and compared with a baseline, commercially available
short fiber reinforced PBT/glass composite. The values of modulus
and strength obtained under various loading modes (tension,
flexure, compression) are summarized and compared in Fig. 5.
Interestingly enough, the mechanical properties of virgin and
recycled systems are quite similar to those of the baseline material,
with similar or only slightly lower modulus and strength values
with virgin PA6, and short fiber reinforced PA/GF thermoplastic composites (data from



Fig. 5. Modulus and strength under various loading modes for virgin Valox 420 PBT/GF SFRTC and recycled cyclic PBT/GF CFRTC (data from Steenkamer and Sullivan [22]).

Fig. 6. Effect of exposure time in distilled water soak at room temperature on the
modulus, strength and strain at failure of virgin Valox 420 PBT/GF SFRTC and recycled
cyclic PBT/GF CFRTC (data from Steenkamer and Sullivan [22]).
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measured on recycled cyclic PBT/GF CFRTC in comparison to virgin
Valox 420 PBT/GF SFRTC.

The authors also evaluated the stability of the investigated
materials after soaking them in water at room temperature for
various periods of time [22]. As reported in Fig. 6, the effects of the
immersion in water were quite similar on both virgin Valox 420
PBT/GF SFRTC and recycled cyclic PBT/GF CFRTC. It is worthwhile
to note that for both composites most of the degradation occurred
within the first 3 days of exposure. Among the differences be-
tween the recycled and the baseline systems, it is worth
mentioning that after 3 days of exposure the elongation at break
of the Valox 420 dropped approximately by 10% while the elon-
gation of the recycled cyclic dropped by almost 20%. This differ-
ence could be more likely attributed to a degradation of the fiber/
matrix adhesion occurring in the recycled cyclic composite. The
recyclability of PBT-based continuous thermoplastic composites
reinforced with glass fibers was also investigated by Chu and
Sullivan [21]. In particular, the authors concluded that after
treatment with a suitable silane, processed regrind composites can
be successfully recycled, with mechanical properties as good as a
those of commercial short fiber composites with the same
composition.

A procedure for recycling PP-based sandwich panels was
assessed by Corvaglia et al. [14]. In particular, they investigated
sandwich panels with PP/GF laminates in the skins and PP foam as
the core material. The panels were first ground by a mill and ho-
mogenized in a mixer or an extruder, then the pellets were re-
ground and injection molded. A continuum increase of the tensile
modulus was observed with the fiber content, while the tensile
strength manifested a maximum for about 40 wt% of fibers. A drop
of the Charpy impact strength was observed for the composites in
comparison to the neat PP matrix [14].

Li and Englund [36] demonstrated that post-industrial trim-
mings and off-cuts of PEEK/CF composite can be successfully
recycled into new composite products. In particular, after commi-
nution via hammer mill and/or shredder, the recycled PEEK/CF
materials were compression molded into flat panels whose me-
chanical properties resulted to be dependent on the size of the
shredded fraction. The manufactured flat panels were also post
thermoformed thus proving the possibility of a closed-loop
recycling.

The concept of mechanical recycling and remanufacturing of
CFRTC has been also recently investigated on 3D printed contin-
uous carbon fiber reinforced PLA composites. Tian et al. [30] proved
that PLA impregnated carbon fiber filament from 3D printed
composite components can be recycled and reused as the raw
material for further 3D printing process.
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An interesting concept that could open new possibilities in the
recycling of CFRTCs is represented by the so called “all-polymer
composites”. This class of composites includes i) single-polymer



Fig. 7. Effect of the recycled carbon fiber treatment temperature during the pyrolysis process and of composite processing conditions (manufacturing temperature and
manufacturing time) on the interlaminar shear strength values of the obtained recycled PET/CF composites (data from Baek et al. [29]).

Fig. 8. Effect of chopped tape length on the tensile modulus and strength of virgin and recycled PEI/CF composites (data from Liu et al. [48]).
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composites (SPC) in which the matrix and the reinforcement are of
the same chemical composition, i.e. they are one-component sys-
tems, and ii) polymer-polymer composites (PPC) in which both
matrix and reinforcing components are made with polymers, in
some cases with the same chemical nature [76e85]. Several types
of all-polymer composites have been investigated with polymers
such as PE [8e10,79,86,87], PP [13,79,88e91], PET [87,92e94], PA6
[23,87,95], PLA [96], PVDF [97] and liquid crystalline polyesters
[50,51]. At the end of the first life these composites can be remelted
with a full recovery of the polymers they are made of [80,98,99].
Barany et at. [99] investigated the possibility of a re-processing of
self-reinforced PP composites prepared by compressionmolding. In
particular, the investigated composites consisted of sheets of a
plain woven fabric of highly stretched split PP yarns as reinforce-
ment and three kinds of PP asmatrixmaterial (b form of isotactic PP
homopolymer, random PP copolymer, and a b form of the latter).
Composite sheets with a thickness of 2.5 mm and a nominal rein-
forcement (i.e. a-PP fabric) content of 50 wt% were shredded, then
extruded five times with a twin screw extruder and then granu-
lated and injection molded after the first and fifth cycle in order to
investigate the behaviour of the material during reprocessing [99].
On the basis of the results obtained from the thermo-mechanical
characterization, the authors concluded that self-reinforced PP
composites can well be reprocessed without any loss of properties
of the matrix materials. The cyclic reprocessing (once and five
times) did not result in considerable deterioration of the mechan-
ical properties.
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3. Thermal recycling

Thermal recycling is generally performed mainly to remove the
polymer matrix of composites by thermal treatments with the aim
to recover the fibers and reuse them again for the fabrication of
composite materials. Methods for thermal recycling include py-
rolysis, fluidized-bed pyrolysis and pyrolysis assisted with micro-
waves [66]. The above-mentioned techniques allow a recovery of
the fibers and fillers while the matrix is generally volatilized into
lower-weight molecules and gases such as carbon dioxide,
hydrogen and methane for example, and an oil fraction, but also
char on the fibers. Most processes operate at temperatures between
450 �C and 700 �C depending on the resin. The low temperature
range is suitable for unsaturated polyester resin while high-
performance thermoplastics, such as like PEEK for example,
require higher temperatures [66]. The exposure to the elevated
temperatures required for the pyrolysis processes can be detri-
mental for the mechanical performance of the recovered fibers
[66,100].

Since mechanical recycling is not applicable to thermosetting
composites, thermal and chemical recycling are often the only
options for a partial material recovery from these composites.
Therefore, most of the studies on the thermal recycling available in
the scientific literature are mainly dealing with thermosetting
composites [101e106] and only limited information are available
on the thermal recycling of CFRTCs [29]. Baek et al. [29] used py-
rolysis at 400 �C, 500 �C, 600 �C and 700 �C to obtain carbon fibers
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from waste PA/CF composites. The recovered carbon fiber mats
were used in combination with a PET matrix coming from recycled
bottles and converted into film. To prepare PET/CF composites, the
authors alternately stacked these PET films and carbon fiber mats
followed by hot pressing at 270 �C for 5 min. The properties of the
recycled PET/CF composites were compared with those of com-
posites obtained with virgin CF. The interlaminar shear strength
(ILSS) values of recycled PET/CF composites obtained under
different processing conditions (manufacturing temperature and
manufacturing time) by using recycled carbon fiber obtained with
various treatment temperatures during the pyrolysis process are
summarized in Fig. 7.

It is interesting to observe that for an optimized recycled CF
treatment temperature of 500 �C the ILSS values approached those of
composites obtained with virgin fibers (11.8 ± 0.8 MPa). Moreover, it
can be noticed that the processing conditions can be optimized to
maximize the ILSS values (in the specific case for a manufacturing
temperature of 270 �C and a manufacturing time of 3 min) [29].
Fig. 9. Mass normalized tensile properties of glass fiber rovings recovered from
dissolution of the thermoplastic part compared to those of virgin fibers. (a) Mass-
normalized force at break (b) Mass-normalized slope of the load displacement
curve, d. The center points represent the mean, the center line the median, the box is
the inter-quartile range, and the whiskers are 1.5 times the standard deviation.
(reprinted from Cousins et al. [31] with permission of Elsevier).
4. Chemical recycling

Chemical recycling of both thermosetting and thermoplastic
polymeric composites consists in the removal of the matrix by
solvolysis or dissolution in a proper solvent. In general, solvolysis
implies the use of reactive solvents to break the covalent bonds of a
thermosetting matrix, while dissolution refers to the phenomenon
of dissolving thermoplastic polymer chains into a solvent, which is
a purely physical process. The advantages of chemical recycling
over thermal recycling, is that lower temperatures are generally
required to degrade the polymeric matrices [66] with lower dam-
ages on the recovered fibers. In fact, dissolution and solvolysis can
be operated by using a wide spectrum of solvents in a range of
temperatures and pressure, with various catalysts. Moreover,
contrarily to thermal recycling, chemical recycling by matrix
dissolution allows a recovery of both the polymer matrix and full-
length fibers [31].

Several investigation have been conducted on the dissolution or
solvolysis of thermoplastic polymers of relevance for CFRTSs such
as PE [107], PA66 [108], PET [109], PBT [110] and PEEK [111].
Dissolution and solvolysis processes can be conducted i) at low
temperature or ii) under supercritical conditions [112]. Among the
investigated chemical solvents it is worthwhile to mention water
(i.e. hydrolysis) [108,113,114], methanol (i.e. methanolysis) [110]
and glycols (i.e. glycolysis [109,115], alcohols (i.e. alcolysys) [116],
chloroform [31], an organic solvent (such as N-methyl-2-
pyrrolidone) [48] or strong acids such as nitric acid [117,118].

A limited number of studies are available in the scientific liter-
ature on the chemical recycling of CFRTCs [24,25,31,48]. For
example, Liu et al. [48] investigated on the chemical recycling of
CFRTCs based on polyethermide reinforced with carbon fibers. In
particular, discarded PEI/CF composites were chopped in tapes (at
two different length of 15 and 30mm) and put in an organic solvent
(N-methyl-2-pyrrolidone) for 2 h in order to dissolve the polymer
matrix. The obtained chopped tapes were randomly placed in a
container and shaken for 10 min in a shaker machine to obtain a
uniform distribution. The obtained resin solution was filtered to
separate any insoluble ingredients, some virgin resins was added
and then poured into the container with uniformly distributed
chopped tapes. After complete impregnation of the chopped fabric
tapes, the solvent was evaporated in an oven. Finally, the material
was thermally treated in a hot-press at 0.12 MPa and 290 �C for
10 min to consolidate the composites. The effect of chopped tape
length on the tensile modulus and strength of virgin and recycled
PEI/CF composites is summarized in Fig. 8. It is worthwhile to note
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that recycled composites present mechanical properties only
slightly lower than virgin ones.

In the attempt to prove the possibility to recover the constitu-
ents of glass fiber thermoplastic composites from wind turbine
blades, Cousins et al. [31] adopted a dissolution process on spar cap
components made of MA(Elium)/GF by repeated soaking in fresh
chloroform up to 72 h. After dissolution, the glass fibers were
recovered and the polymer precipitated from the chloroform into
methanol and dried. Tensile properties of the fibers recycled from
the dissolution experiment were measured on rovings and
compared with those of virgin fibers. The obtained results are re-
ported in Fig. 9. It is interesting to observe that the mass-
normalized strength of the fibers is preserved after the matrix
dissolution process and that the mass-normalized stiffness shows
only a limited (12%) reduction [31].
5. Conclusions and future trends

According to the analysis of the existing literature, it clearly
emerges how recycling methods for CFRTC has been quite inten-
sively investigated in recent years with the hope to effectively
improve the circularity in materials usage. Most of the currently
available CFRTC waste comes directly from production. As a matter
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of fact, both mechanical and chemical recycling processes have
been proven to allow a full recovery of the constituents (matrix and
fibers) both from internal scraps and from products at the end of
their first life.

Mechanical recycling appears to be the most suitable option for
the recycling of CFRTC because it can be implemented with rela-
tively simple techniques and it does not require the use of haz-
ardous chemicals or high-temperature treatments. The main
current limitation of mechanical recycling methods is the difficulty
to preserve the fiber integrity and therefore to maintain adequate
mechanical properties on the recycled materials.

Thermal recycling methods, such as pyrolysis, fluidized-bed
pyrolysis and pyrolysis assisted with microwaves can also repre-
sents a recycling option for CFRTC. The main limitation in this case
is that only the fibers are recovered while the thermoplastic matrix
is completely degraded and removed during the process.

Chemical recycling methods, represented by dissolution or
solvolysis of the polymer matrix, have also been quite actively
investigated as recycling options for CFRTCs. In the case of matrix
dissolution, both fibers andmatrix can be fully recovered. The main
limitations of chemical recycling is that their require a careful
management of the solvents involved in the processes.

Future developments in the recycling opportunities for both
CFRTCs can be forecasted in the following directions:

i) an optimization of the parameters of mechanical recycling
for a maximization of the fiber length after re-processing.
This can be achieved though low-shear mixing conditions
possible reached by an optimization of the profiles of the
screws used in extrusion/injection molding processes;

ii) a wider use of all-polymer composites, i.e. composites in
which both matrix and reinforcing components are made
with thermoplastic polymers, in some cases the polymers
have the same chemical nature. In this case, mechanical
recycling allows a full recovery of the constituents in form of
polymer or polymer blends to be reused with processing
technologies typical of thermoplastic materials;

iii) an improvement of the chemical methods with the use of
less harmful solvents such as water or alcohols in super-
critical conditions to reach a matrix removal with a lower
environmental impact.
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