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ABSTRACT

The increasing use of Carbon Fibre Reinforced Polymers (CFRPs) necessitates sustainable end-of-life solutions due to their
environmental persistence and the high energy cost of virgin carbon fibre production. This work examines recent advancements in
recycling technologies for CFRPs, including thermal, chemical, mechanical, and hybrid processes, and their impact on the mechanical
and electrical properties of recycled carbon fibre composite. The review analyses how different recycling methods influence the
overall composite performance. While mechanical properties like strength and stiffness are often prioritised, this review also
addresses the less-studied area of dielectric properties, including electromagnetic interference shielding and electrical conductivity.
The goal is to provide a comprehensive overview of the current state of recycled Carbon Fibre Reinforced Polymers (rCFRPs)
technology, highlighting both opportunities and challenges for reuse and remanufacturing. The review concludes by identifying critical
research gaps and future directions to fully realize the potential of rCFRPs as a sustainable alternative to virgin CFRPs in a wider range

of structural and functional applications.
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1. INTRODUCTION

Engineering offers a unique combination of properties that
exceed those of traditional materials. Traditionally, metals
such as cast iron and aluminium alloys dominated
engineering applications, but their limitations in terms of
weight, efficiency, and performance constrained the
development of advanced materials like Carbon Fibre
Reinforced Polymers (CFRPs) [1]. CFRPs consist of high-
strength Carbon Fibres (CF) embedded within a polymer
matrix, such as thermosets, thermoplastics, or elastomers
[2], resulting in a material with an exceptional strength-to-
weight ratio [3], stiffness, and durability [1][4]. These
properties have made CFRPs indispensable in industries
ranging from aerospace and automotive to marine
engineering, civil construction, wind energy, sports
equipment, and robotics [5].

Apart from the mechanical properties, CFRP materials have
advantages for low density, good dimensional stability and
resistance to corrosion. CFRPs also exhibit electrical
properties, which significantly enhance their versatility [6].
For example, the electrical conductivity of the materials
enables the use in lightning strike protection for aircrafts.
The composite could dissipate electrical currents effectively
[7]. CFRPs can also be utilised for electromagnetic
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interference shielding, a critical requirement in aerospace
sectors. Apart from that, the electrical properties allow
CFRP parts to have a capability of generating heat when an
electric current is applied. This makes them ideal for anti-
icing systems in wind turbine blades [8].

The application of CFRPs is essential in aerospace sectors,
where lightweight and high-strength materials are crucial
for structural components. By the 1990s, the price of CFRPs
had reduced significantly allowing the material to be
applied in other sectors, such as sports equipment [9]. The
use of CFRPs worldwide doubled between the year 1998
and 2006 while industry projections indicated a compound
annual growth rate of 12.5% by 2018 [10]. The market has
continued to evolve since then. Recent data estimates that
the market size was approximately $5.9 billion in 2022 and
is projected to reach $16.8 billion by 2032. This represents
a compound annual growth rate of approximately 11% from
2022 to 2032 [11]. Gardiner [12] and Sivanur et al. [13]
suggested that the demand for CFRPs in emerging
applications, such as hydrogen storage tanks and electric
vehicle components, will further drive the growth.

However, the increasing utilization of CFRPs has raised
significant environmental concerns, particularly at the end
of the CFRP lifecycle. A concerning parallel trend exists



Omar et al. / A recent review of recycled carbon fibre reinforced polymers: Recycling methods, mechanical and electrical performance

between rising CF demand and the generation of CFRP
waste, highlighting the urgent need for effective waste
management strategies [14-15]. Gopalraj & Karki [16]
stated that 62,000 tonnes of unused end-of-life and CFRP
production waste will accumulate every year, with aircraft
and wind energy being major contributors. By 2050, the
aviation industry alone is projected to generate
approximately 500,000 tonnes of accumulated CFRP waste
[17]. The environmental impact of these materials is further
exacerbated by their exceptional durability and resistance
to natural degradation. Conventional waste management
routes, such as landfilling and incineration have been shown
to be unsustainable. Incineration of CFRPs releases a high
amount of carbon dioxide, leading to greenhouse gas
emissions and other types of air pollution. The landfilling
route poses risks of toxic substances leaching into the
environment and consume land resources.

The CF waste usually retains much of its mechanical
properties, making the disposal wasteful [18]. In 2020, total
CFRP waste was estimated to be around 62,000 tonnes [16].
It is also estimated that the waste contains around 60 wt%
of CF, which means approximately 37,200 tonnes of CFs
could be potentially recovered [19]. The situation presents
an economic opportunity, given that the demand of CF is
escalating and production of virgin CF requires high
resource intensity. The advancement of composite recycling
technologies is key to recover this valuable resource. Recent
technologies, such as microwave-assisted pyrolysis and
chemical solvolysis, have demonstrated promising results
in recovering CF with limited degradation in mechanical
properties [20]. The technological advancements not only
shows the viability of CFRPs recycling but also highlight the
potential to reduce CFRPs production and end-of-life waste
thereby supporting the circular economy agenda.

Recycled CF recovered through recycling processes from
CFRP materials has potential for reuse, particularly in
applications demanding high performance and cost-
effectiveness [21]. The latest recycling technologies have
demonstrated that recycled CF can retain a significant
portion of its original mechanical properties, with some
studies reporting up to 90% retention [18]. This excellent
performance highlights the suitability of recycled CF for
structural or semi-structural applications across industries
such as automotive and aerospace. Several studies explored
the properties of recycled CF for reuse purposes [22-25].
For instance, recycled CF has been integrated into
automotive components, achieving material cost reductions
and reduced environmental impact without compromising
performance [26]. In addition, recycled CF has also been
utilized in non-structural applications, such as panels and
reinforcements in construction sector. In order to improve
the interfacial bonding between recycled CF and new
polymer matrices, surface treatment techniques such as
chemical treatments or plasma processing are typically
employed. The methods enable the utilization of enhanced
recycled CF in advanced composites. The use of recycled CF
in emerging applications, including hydrogen storage tanks
and electric vehicle battery enclosures could contribute to
sustainable manufacturing practices by addressing the
growing demand for lightweight and durable materials.
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Several companies are already involved in the recovery and
reuse of CF [27-28].

Recent review studies on CFRPs recycling [29-31] have
primarily focused on the recycling methods, the properties
of recycled CF, and the potential applications of recycled
CFRPs. However, these studies have not analysed electrical
properties of recycled CFRPs thoroughly, despite the
importance in applications such as electromagnetic
interference shielding, lightning strike protection, and anti-
icing systems. One reason is that electrical properties of
recycled CFRPs are often limited by the shorter length of
fibres, compared to their virgin counterparts [18]. This
affects electrical performance of recycled CFRPs. While
mechanical properties such as tensile and flexural strengths
remain a primary focus, the electrical conductivity and
dielectric properties are equally important for recycled
CFRPs to be used in advanced composite materials. This
literature gap highlights the need for a comprehensive
analysis that integrates both mechanical and electrical
properties. With such analysis, potential of recycled CFRPs
can be fully understood.

By considering studies published between 2010 and 2025,
this review critically evaluates composite recycling
technologies, including thermal, chemical, mechanical, and
hybrid processes. The goal is to bridge existing gaps in the
literature by addressing both mechanical and electrical
performance as well as assessing the implications of using
recycled CFRPS across diverse sectors.

2. CFRP RECYCLING METHODS

The wunique physicochemical properties of CFRPs
significantly influence the recycling process. These
composite materials, typically fabricated via thermo-
compression moulding, incorporate CF within a resin
matrix. While this structure imparts excellent mechanical
properties, it also results in significant anisotropy and low
interlaminar strength. The epoxy resin, for example,
recommended for its resistance to heat, corrosion, and
aging, as well as its strong adhesion, forms an irreversible
cross-linking structure during curing. This renders the resin
insoluble and non-fusible, greatly complicating the
recycling process [32]. Consequently, developing effective
recycling methods for CFRPs remains a critical challenge in
materials science and environmental sustainability [33].
Currently, CFRP can be recycled using four types of
technologies. There are two main categories of CF waste.
The first category includes virgin CF scraps generated
during production from dry fibres and unused expired
materials. The second category involves the recovery of
fibres CFRPs waste. Figure 1 illustrates the recycling
methods for composite waste [29].

2.1. Mechanical Recycling

Mechanical recycling involves breaking down composite
materials into smaller fragments, known as recyclates,
through shredding, crushing, and milling [29]. The process
begins with size reduction using slow-speed cutting or
shredding mills, which produce fragments approximately



50-100 mm in size. These fragments are then further
processed through grinding or milling to achieve finer
particle sizes ranging from 50 pm to 10 mm [29][34]. The
resulting recyclates are classified into coarse recyclates,
rich in fibres, and fine recyclates, with a higher resin content
[3][29]. This classification is achieved using cyclones,
sieves, or air classifiers to separate materials based on
particle size and density. One of the key advantages of
mechanical recycling is its energy efficiency compared to
other recycling methods like thermal or chemical recycling.
The energy demand for mechanical recycling ranges from
0.1 to 5.3 MJ/kg, significantly lower than chemical recycling
(21 - 93 MJ/kg) or pyrolysis (3 - 30 MJ/kg) [35]. However,
the process has limitations, including the degradation of
mechanical properties in recycled fibres due to the loss of
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structural integrity during shredding and grinding. As a
result, the recycled CF is often used in low-value
applications such as fillers or reinforcements in non-
structural products rather than high-performance
composites. Despite its challenges, mechanical recycling
contributes significantly to sustainability by reducing
landfill waste and enabling the reuse of recyclates in new
products. For instance, fine powders obtained from
mechanical recycling can be used as polymeric fillers in
cementitious materials or injection moulding applications.
Mechanical recycling can also serve as a pre-treatment step
for other recycling methods, such as chemical or thermal
recycling, when the original composite waste does not meet
process requirements [35].

Recycling Carbon Waste

[ I

I l

Mechanical Chemical
— Crushing 1 Solvolysis
L - | Supercritical
Shredding fluids
T Milling — Electrochemical

Hydrolysis

Thermal Hybrid
L : | Thermolysis-
Pyrolysis gasification
| | Microwave | Solvolysis-
pyrolysis pyrolysis
“— Fluidized bed "~ Thermochemical

Figure 1. Recycling of CFRP Techniques

2.2. Chemical Recycling

Chemical recycling of CFRPs involves breaking down the
polymer matrix into monomers or oligomers to separate
fibres from the resin through a chemical reaction [34]. This
approach preserves the mechanical properties of recovered
CF while consuming significantly less energy than thermal
methods like pyrolysis (~38 M]/kg compared to ~198 - 595
M]/kg for virgin CF production) [36]. The process typically
begins with mechanical grinding of CFRPs waste to increase
surface area, followed by dissolving the polymer matrix
using acids, bases, or solvents. The primary mechanisms for
chemical recycling include solvolysis and supercritical
solvolysis. Studies have shown that chemical recycling can
yield recycled CF with high retention of mechanical
properties compared to virgin fibres. For instance, Li et al.
[37] reported achieving a decomposition ratio of over 90%
for the epoxy matrix while retaining more than 95% of the
original strength of the CFs using a mild oxidative system.
Huan et al. [18] demonstrated high retention ratios of
97.1% for tensile strength and 99.5% for modulus using a
phosphoric acid-based reclamation process. However,
factors like the type of solvent, temperature, and reaction
time can significantly influence the properties of the
recovered fibres. Some methods may lead to fibre damage

or surface degradation, mechanical

performance [38].

reducing their

2.2.1. Solvolysis

Solvolysis is a primary method for chemical recycling,
which operates under controlled conditions of temperature,
pressure, and catalysts to depolymerize the resin matrix.
Depending on the solvent system, solvolysis can occur at
low temperatures (below 200 °C) under atmospheric
pressure or in supercritical conditions at higher
temperatures and pressures [3]. Common solvents include
alcohols (e.g., methanol, ethanol), acetone, and water.
Subcritical water and alcohol have demonstrated
effectiveness in degrading epoxy resins while preserving
fibre integrity. Using water as a reactive medium, hydrolysis
offers an environmentally friendly alternative but requires
elevated temperatures and pressures for effective resin
breakdown [20]. The efficiency of solvolysis mostly
depends on the choice of chemicals and operating
parameters. For instance, nitric acid (HNO3) achieves high
resin degradation rates at moderate temperatures (~80 °C).
Alkaline catalysts like potassium hydroxide (KOH) are
particularly effective in subcritical methanol systems,
achieving high degradation rates at temperature around
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210 °C, which is relatively low compared to thermal
process. Zinc chloride (ZnCl,) has also been used
successfully as a liquid catalyst, yielding clean fibres with
minimal surface defects. Additives such as surfactants and
ultrasonic assistance further enhance solvolysis, with
ultrasonic-assisted solvolysis using diluted HNO; and
hydrogen peroxide (H,0,) achieving up to 95% matrix
decomposition at temperatures below 60 °C [39]. Despite
these advances, the use of hazardous chemicals, including
strong acids or bases, can generate toxic by-products if not
properly managed. This highlighting the need of greener
alternatives like subcritical water or alcohols.

2.2.2. Sub or Supercritical Solvolysis

Supercritical fluid technology represents a encouraging
development in chemical recycling. Supercritical solvents
such as ethanol or propanol combine liquid-like solvating
abilities with gas-like diffusivity, qualify efficient
penetration into composite matrices [36]. These properties
make the solvents highly effective in resin matrix
degradation, with recovery of fibres achieving up to 98% of
the mechanical properties of virgin CF. However, these
processes require specialised equipment capable of
withstanding high pressures and temperatures, which
increases operational costs and presents scalability
challenges [20]. Additionally, the reliance supercritical
systems often rely on expensive solvents and energy-
intensive conditions, thus further hindering economic
feasibility.

2.3. Thermal Recycling

Thermal recycling of CFRPs utilizes high-temperature
processes to separate CF from the polymer matrix,
producing recycled CF and various by-products, such as
gases and oils [34]. This process can be achieved through
methods such as pyrolysis, fluidized bed pyrolysis, or
microwave pyrolysis. These methods rely on the principle
of matrix decomposition under controlled thermal
conditions, leaving the valuable fibres intact. The success of
thermal recycling processes depends on optimised control
of operational parameters, including temperature, reaction
time, and oxygen concentration [20][40]. These factors
directly influence the quality of the recycled fibres and the
environmental impact of the process. However, a key
disadvantage of thermal recycling is that the high
temperatures can cause surface damage to the fibres,
potentially leading to poor interfacial bonding with a new
resin matrix or even fibre breakage, ultimately reducing the
mechanical and electrical properties of the resulting
composite [41].

2.3.1. Pyrolysis

Pyrolysis is a widely researched method that operates in an
oxygen-free environment at temperatures ranging from
400to0 1000 °C [42]. During this process, the polymer matrix
decomposes into gaseous, liquid, and solid by-products.
Pyrolysis is notable for its energy efficiency, consuming only
5 - 10% of the energy required for virgin CF production.
Under optimised conditions, it can retain up to 90 - 95% of
the mechanical properties of the fibres [40]. However, the
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quality of the recycled fibres depends significantly on the
process parameters. Inadequate temperatures result in
incomplete decomposition of the matrix, leaving a residual
carbonaceous layer on the fibre surface, which
compromises bonding with new matrices. Conversely,
excessively high temperatures reduce the fibre diameter
and degrade the tensile strength. Both scenarios lead to a
decline in mechanical performance [42]. While an auxiliary
oxidation step can remove residual char, it introduces
environmental challenges due to the release of toxic gases.
Recent advancements, such as the incorporation of
microwave heating in pyrolysis systems, have shown
potential to improve thermal efficiency, minimize char
formation, and reduce energy consumption [40]. However,
the scalability of microwave pyrolysis remains limited,
restricting its widespread adoption in industrial
applications.

2.3.2. Fluidized Bed

The Fluidized Bed Pyrolysis (FBP) process offers an
alternative approach to recycle CFRPs waste. In this
process, mechanically reduced waste fragments are
introduced into a heated bed of silica sand fluidized by hot
air at temperatures between 400 and 650 °C. This method
rapidly decomposes the polymer matrix, leaving behind
recycled fibres [39]. FBP is advantageous due to its
scalability and ability to process composites containing
additives like paints, fillers, or metal inserts, which are
challenging to separate through other recycling methods
[40]. However, the mechanical properties of the recovered
fibres are often significantly degraded, with tensile strength
retention ranging from 10% to 75% due to the combined
effects of mechanical damage caused by fluidized sand and
thermal exposure. Additionally, maintaining a continuous
flow of hot air is energy-intensive, and the process
generates harmful emissions, including organic solvents
and acid gases from halogenated additives, necessitating
advanced emission control systems. Nonetheless, FBP
remains a promising method for recycling CFRPs waste,
particularly for composites with diverse material
compositions.

2.3.3. Microwave Pyrolysis

Microwave pyrolysis is a technique for recycling CFRPs that
utilises microwave energy to decompose the polymer
matrix, leaving behind reusable fibres. The mechanism
involves the interaction of microwaves with the dielectric
properties of the material, generating heat internally within
the composite. This leads to rapid and selective heating of
the polymer matrix, which reduced reaction time by 56.67%
and increased the recovery ratio by 15% compared to
conventional pyrolysis methods. The rapid heating and
shorter processing times also translate to lower energy
consumption [44]. Furthermore, the selective heating of the
matrix in microwave pyrolysis minimises the potential for
fibre damage, resulting in recycled fibres with better
preserved mechanical properties [45]. Seiler et al. [46]
discussed microwave pyrolysis as a promising technology
for separating the fibre-matrix composite, addressing the
challenges in establishing a circular economy for CFRPs.
Unlike conventional pyrolysis, which usually leave residual



char on the fibre surface, microwave pyrolysis often
produces cleaner fibres, simplifying the post treatment [45].
However, like any process, microwave pyrolysis also has
challenges. Optimising parameters such as microwave
frequency and power is crucial for efficient and uniform
heating. Despite these challenges, the potential of
microwave pyrolysis as a sustainable and efficient method
for CFRP recycling is evident in the growing body of
research [47-48]. Studies have demonstrated its ability to
achieve faster reaction times and higher heating rates
compared to conventional pyrolysis [44-45]. For example,
Hao et al. highlighted the potential of microwave heating to
yield clean CF from thermoset composite waste due to its
rapid and selective heating.
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3. MECHANICAL PROPERTIES OF RECYCLED CFRP

Recycling of CFRP composites has gained significant
attention due to increasing environmental concerns and the
need for sustainable material utilization. Various recycling
methods, including thermal, chemical, mechanical, and
hybrid processes, have been explored to recover CFs while
maintaining the mechanical properties of the
remanufactured product. This section discusses the
mechanical properties of composites made from recycled
CF. The tensile properties of rCFRPs in terms of recycling
techniques and retained strength are presented in Table 1.

Table 1. Retained Tensile Properties Compared to Control Product

Recycling Techniques Process Conditions Retained Tensile References
Properties Compared to
Control Product (%)
Thermal (Pyrolysis) He.atm.g temperagure of 500 °C and further 93.4 Nahil & Williams [49]
oxidation of 500 °C
Thermal (Pyrolysis) Heatlpg temperature of 350 °C - 500 °C for 82 Onwudili et al. [51]
60 mins
Thermal (Catalytic | Samples were soaked in molten ZnCl,
Pyrolysis) which was heated to 360 °C for 20-160 mins % Wuetal. [50]
Chemical 3% - 20% NaCl solution with 4 mA - 25 mA 80 Sun etal. [55]
(Electrochemical) levels of applied current '
Chemical  (hydrolysis- | Ester bonds in UPRs were cleaved by
oxidation synergistic | hydrolysis using 80% hydrazine hydrate
catalytic strategy) and NaOH, followed by carbon-carbon bond L6 Wang etal. [53]
cleavage via the Fenton reaction
Hybrid (thermolysis- | Thermolysis at 500 °C 700 °C, then
gasification) followed by gasification process at 500 °C ~72 Lopez et al. [43]
for 30-180 mins
Chemical CFRP was pretreated with 1M citric acid
solution at 120 °C for 6 hours, followed by
the introduction of mCPBA and DCM, 93.6 Jeongetal. [52]
initiating the decomposition reaction at
40 °C for 6 hours
Hybrid (solvolysis- | Solvolysis process using 0.1M acetic
pyrolysis) solution at 100 °C, followed by pyrolysis at 90.5 Wei & Hadigheh [57]
425 °C and oxidation under air at 550 °C
Chemical CFRP decomposed by supercritical solvent
(methanol, 1-propanol, 2-propanol, 1-
butanol, 2-butanol, tert-butanol, acetone, or 100 Okajima et al. [58]
methyl ethyl ketone) at 320 °C for 6 -
120 mins.
Chemical- CFRP as the anode and stainless steel as the
electrochemical cathode, separated by 25 mm within a .
DMSO and ammonium acetate electrolyte 93.55 Peietal. [56]
solution
Chemical CFRP was immersed in 8M nitric acid
aqueous solution (16 mL per 1 g of CFRP) at 128 Sakai et al. [54]
80°C for 2-120 hours
Hybrid Simulation of injection moulding on 427 (Nylon 6)
(Mechanical-Thermal) Moldflow  with  injection  pressure Tarkar et al. [60]
50 MPa to 150 MPa 781 (Polypropylene)
Mechanical Hammer milling 25.4mm screen and .
shredding with 19 mm wide teeth 130 Li & Englund [59]
Mechanical gRﬁiI;ia;ulatlon by RSP 15 open-type rotor 80 Colucdi et al. [57]
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3.1. Tensile Properties

Recycling methods have demonstrated varying degrees of
success in retaining the tensile properties of CFs. Among
thermal recycling, [49-51] investigated pyrolysis-based
techniques. Nahil and Williams [49] achieved 93% tensile
strength retention at 500 °C, whereas Wu et al. [50]
demonstrated that catalytic pyrolysis using molten ZnCl, at
360 °C effectively preserved the graphitic structure of the
fibres, achieving 95% tensile strength retention. Onwudili
et al. [51] observed strength retention of 82% when
applying pyrolysis at 350-500 °C in a nitrogen atmosphere.
Lopez et al. [43] combined thermolysis and gasification at
500 °C, recovering fibres with 70% tensile strength
retention but maintaining high elasticity. These studies
indicate that lower pyrolysis temperatures with catalytic
agents enhance fibre quality.

Tensile properties of chemical recycling approaches have
also been investigated. Jeong et al. [52] utilized meta-
chloroperoxybenzoic acid (mCPBA), achieving 93.6%
tensile strength retention, while Wang et al. [53]
demonstrated a hydrolysis-oxidation strategy below 100 °C,
with only an 8.4% strength reduction. While Sakai etal. [54]
used nitric acid at 80 °C, unexpectedly enhancing tensile
strength by 1.4 times. The SEM results from these studies
consistently demonstrate that more complete resin removal
leads to higher tensile strength retention, highlighting the
critical role of a clean fibre surface for optimal performance
in recycled composites. Electrochemical methods by Sun et
al. [55] and Pei et al. [56] also preserved high fibre strength,
with Pei et al. achieving 93.55% tensile strength retention
through a combined chemical swelling in dimethyl sulfoxide
(DMSO) and electrochemical oxidation process. These

findings suggest that chemical and electrochemical
methods are effective for fibre recovery with minimal
thermal degradation. This is crucial because minimising
thermal degradation helps to retain the fibre's surface
properties and inherent strength, ensuring that the recycled
CF can effectively reinforce new composites [18]. Tensile
properties by hybrid and alternative techniques further
expand CFRPs recycling strategies. Wei and Hadigheh [57]
developed a hybrid solvolysis-pyrolysis process that
maintained up to 90.53% of the original fibre strength.
Supercritical fluid processing by Okajima et al. [58]
effectively decomposed epoxy resin at 320 °C while
preserving fibre structure. Mechanical recycling,
demonstrated by Colucci et al. [59], resulted in a 20%
reduction in tensile properties but retained structural
integrity for applications such as automotive parts.

The tensile properties of rCFRPs, in relation to recycling
techniques and retained strength, are illustrated in Figure
2. Specifically, Figure 2 highlights that the majority of
studies on tensile property retention in rCFRPs report
values between 80 and 100% of the original material’'s
strength. Notably, the studies by Sakai et al. and Li &
Englund demonstrate exceptional performance, even
exceeding 100% retention. Retention more than 100%
means the rCFRP sample has better properties compared to
the virgin or control sample. This improvement may be
attributed to factors such as a reduction in voids and
reinforcement of fibre strength due to the formation of new
polar functional groups via nitric acid treatment [54], or
enhancements in the recycling process itself [61]. It is also
important to consider that mechanical recycling methods
are less common due to the significant size reduction of the
fibres and the challenges associated with their reuse.

140 -
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S ) )
-~ @ Li & Englund [61] 130 Sakai et al. [54] 128
»
2 120 -
=
2
£
& 100 - | Okajimaetal.[58]100
] Wu et al. [50] 95 3 Pei et al.[56] 93.6
= Nahn&w[iuia]ms [49] 93.4 Jeongetal.[52]93.6 ©
E ' Wang et al. [53]91.6 © Wei & Hadigheh [57] 90.5
ﬁ 30 @ onwudilietal. [51]82 @ Colucci et al. [59] 80 Sun et al. [55] 80
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g ® Lopez etal. [43]72
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[
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Figure 2. Tensile Properties According to Different Recycling Methods



3.2. Interlaminar Shear Strength

While research on the Interlaminar Shear Strength (IFSS)
properties of recycled CFRP fibres remains limited, existing
studies indicate promising outcomes. Jeong et al. [52]
reported that fibres recovered through chemical oxidation
exhibited superior bonding performance, particularly with
epoxy resin and polyamide 6. Pei et al. [56] observed a
118.76% increase in IFSS for fibres recovered using
electrochemical oxidation, suggesting enhanced fibre-
matrix adhesion. This is because electrochemical oxidation
increases the surface roughness and the number of surface
functional groups on the recycled CF, which promotes
mechanical interlocking and chemical bonding between the
fiber and epoxy resin, leading to improved interfacial shear
strength.
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Sakai et al. [54] noted a 2.2 times increase in IFSS for fibres
recycled via a nitric acid-based process, demonstrating the
potential of chemical treatments to improve fibre
compatibility in composite applications. Ballout et al. [62]
introduced an environmentally friendly recycling method
using formic acid at room temperature and atmospheric
pressure, achieving up to 93% retention in shear strength.
Compared to high-temperature processes, this approach
effectively preserved fibre integrity while maintaining
shear strength properties, offering a sustainable alternative
for large-scale CFRPs recycling. The IFSS properties of the
research where chemical was used as the recycling method
of CFRPs are listed in Table 2, while Figure 3 shows the
retained value of IFSS in graphical form.

Table 2. IFSS of rCFRP Products after Chemical Recycling

Recycling Technique Process Conditions Retained ISS Compared to References
Control Product (%)

Chemical CFRP was immersed in 8M nitric acid
aqueous solution (16 mL per 1 g of CFRP) 153.3 Sakai et al. [54]
at 80 °C for 2-120 hours

Chemical CFRP was pretreated with 1M citric acid
solution at 120 °C for 6 hours, followed by
the introduction of mCPBA and DCM, 126 Jeongetal. [52]
initiating the decomposition reaction at
40 °C for 6 hours

Chemical Composite panel immersed in a formic

(Solvolysis) acid bath for 48 h 88.4 Balloutetal. [62]

Chemical (electrochemical) CFRP as anode and stainless steel as the
cathode, separated within a DMSO and 118.76 Pei et al. [56]
ammonium acetate electrolyte solution

126
118.76

88.4

Retained Interlaminar Shear Strength (%)

Sakai et al. [54] Jeong et al. [52] Ballout et al.[62] Pei et al.[56]

Figure 3. The Comparison of the IFSS Property of Chemical
Recycling

3.3. Flexural Properties

The impact of recycling methods on flexural properties has
also been extensively studied in several papers [50][63-68].
Work by Palmer et al. [63] investigated the use of recycled
CF in SMC composites through a hammer milling process.
The results showed that the SMC sample with 4.6% recycled
CF by volume exhibited a 3% reduction in flexural modulus
and a 9% decrease in flexural strength while maintaining
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properties comparable to the reference material. Thomas et
al. [64] used recycled CF obtained from composite laminate
cutting to enhance the flexural properties. The results
showed that the sample with 20% recycled CF had
significantly improved the flexural strength by 30%.
Durante et al. [65] studied the down-milling process to
analyse how cutting parameters affect fibre size. Recovered
fibres were classified as fine (smaller than 0.3 mm) or
coarse (larger than 0.3 mm) and were used in epoxy
composites. Flexural tests showed that compared to pure
resin, composites with coarse fibres improved flexural
strength, showing a 45% increase.

According to Tian et al. [66], the 3D printing process was
reversed to enable the recycling and remanufacturing of
Carbon Fibre Reinforced Thermoplastic Polymers
(CFRTPs). By retracing the original printing path, the
process achieves 100% continuous CF recovery without
compromising mechanical properties. Tests showed that
remanufactured CFRTPCs had 25% higher bending
strength. Jiang et al. [67] highlighted the flexural properties
of microwave-assisted pyrolysis recycled CF composite.
However, a comparison with virgin CF showed that the
recycled CF composites exhibited 14% lower flexural
strength and 25% lower modulus. It can be attributed to the
high temperatures required for microwave pyrolysis, which
can cause surface damage to the CF during the
decomposition of the polymer matrix. This damage can lead
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to poor interfacial bonding with a new resin or even fibre
breakage, ultimately reducing the flexural properties.
Furthermore, authors observed that even at 600°C, some

residue and cavities form on the fibre surface, indicating
this degradation. Table 3 lists the retained flexural strength
values of rCFRP products.

Table 3. Main Results of Flexural Properties as Compared to Virgin and Control Samples

Recycling Technique Process Conditions Retained Flexural Properties References
Compared to Control Product (%)
Mechanical Hammer mill with 8mm screen 81 Palmer et al. [63]
Mechanical Cutting process of laminate composites 130 Thomas et al. [64]
Mechanical Three flute end mills with a 20mm 145 D L 165
diameter urante et al. [65]
Reverse 3D printing Hot air gun to remelt the matrix 125 Tian et al. [66]
material
Microwave pyrolysis CFRP scrap is heated to 400-600°C for .
30 minutes 86 Jiang et al. [67]

4. ELECTRICAL PROPERTIES OF RECYCLED CFRP

The electrical properties of CFRPs are primarily governed
by the conductive nature of CFs, which exhibit high
electrical conductivity due to the CF graphitic structure. In
virgin CF composites, the alignment and continuity of fibres
create effective conductive networks, enabling applications
such as Electromagnetic Interference (EMI) shielding,
Electrostatic Discharge (ESD) protection, and sensing.
However, the recycling process, whether through
pyrolysis, solvolysis, or mechanical methods, can
significantly alter the electrical properties of CFs. For
instance, the high temperatures and chemical treatments
involved in recycling may introduce defects, reduce fibre
length, and degrade the graphitic structure, leading to
diminished electrical conductivity and altered dielectric
behavior.

Several studies have compared the electrical properties of
recycled CF and virgin CF, revealing that recycling
processes and post-treatment methods can significantly
influence performance. Wong et al. [69] demonstrated that
CFs recovered using a fluidized bed process maintained
resistivity comparable to virgin CF. This finding suggests
that the intrinsic electrical properties of the CF are not
inherently compromised during recycling. super This
highlights the potential to not only preserve but also
improve the electrical properties of recycled CF through
post-recycling treatments. Furthermore, research by Pang
etal. [70] showed that treating fluidized bed recycled fibres
with sulfuric and nitric acids (a doping process) could
enhance both the electrical conductivity and Seebeck
coefficient. The Seebeck coefficient, which measures a
material efficiency in converting temperature differences
into electrical voltage, was specifically shown to increase
by up to 1.74 times in the N-direction.

Kim et al. [71], using a green recycling method with
supercritical water, produced recycled CF reinforced
composites with a cyclic butylene terephthalate matrix.
These composites exhibited an electrical conductivity of
11.23 x 107® S/cm. While this value is considerably lower
than that reported by Akonda et al. [72] for polypropylene
composites, it is important to note that conductivity is
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influenced by both the fibre and matrix materials, as well
as processing techniques. The lower conductivity observed
by Kim et al. likely stems from the choice of matrix material
and other processing differences [71]. Akonda et al.
compared polypropylene composites reinforced with
recycled CF and waste CF, finding that waste CF composites
exhibited higher conductivity (10.75 x 10® Sm™) than
those made with recycled CF [72]. This difference was
attributed to the longer fibre lengths present in the waste
CF, which facilitated better electrical pathways. Both
composite types were deemed potentially suitable for use
as cost-effective heating elements in lightweight
applications.

The studies above primarily focus on conductivity and
resistivity. However, other electrical properties, such as
EMI shielding effectiveness, are also relevant for many
applications. For instance, Huan et al. [18] have shown that
recycled CF composites can exhibit promising EMI
shielding performance, particularly with optimized fibre
alignment. While some studies have explored recycled CF's
use in cement [73-75], there is a lack of direct comparison
between recycled CF and virgin CF regarding electrical
performance in polymers. This limited research hinders a
full assessment of recycled CF’s potential as a substitute for
virgin CF in various applications. More studies are needed
to evaluate key electrical properties such as dielectric
behaviour, charge storage capabilities, and conductivity
variations under different processing conditions.
Addressing these gaps will provide a clearer understanding
of the feasibility of recycled CF as a sustainable alternative
to virgin CF in electrically functional materials.

5. CONCLUSION

This study comprehensively assesses the current state of
composite recycling initiatives, focusing on the latest
recycling methods and the resulting mechanical and
electrical properties. The assessment covers several main
recycling techniques namely thermal, chemical, mechanical
and hybrid by analyzing the effect of the processes on
recovered fibre performance and its suitability for reuse in
new applications. Mechanical performance of rCFRPs such
as tensile and flexural properties have been extensively



studied in literature, demonstrating the potential of
retaining the properties and successful reuse with new
polymer matrices. However, consideration of electrical
properties remains scarce. This presents a knowledge gap
that limits scientifically informed decision-making in
evaluating suitability of rCFRPs in electrical and electronic
applications. Previous studies have indicated potential for
rCFRPs to be incorporated in functional applications,
particularly in areas such as electromagnetic interference
shielding and thermoelectric. Nonetheless, more
investigations are required to fully understand and
optimize the electrical properties of the rCFRPs.

Future work should emphasize optimising fibre recovery
methods to improve electrical conductivity, investigate
new composite formulations to enhance the dielectric
performance and develop standardized methodology to
ensure accurate and reliable assessment of the properties.
Beyond technical advancement, future research must also
address the industrial scalability and economic feasibility
of recycling technologies. Large scale implementation
depends not only on structural integrity and functional
performance but also on processing costs and other
resource consumption. Energy consumption, resin type
and processing parameters directly influence both cost and
environmental outcomes. Integrating life cycle
assessments into recycling strategies can highlight
reductions in carbon footprint, landfill burden and raw
material demand.
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