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ARTICLE INFO ABSTRACT

Handling editor: Panos Seferlis Fishing nets and related gear account for approximately 20% of the total plastic waste in the ocean, amounting to
around 640,000 tons per year. Efforts are underway to develop circular economy strategies for the reuse and
recycling of marine plastics. In this context, the present study introduces an innovative approach for developing
advanced composite materials, employing recycled polyamide 6 (rPA6) derived from fishing nets and reinforced
with recycled carbon fibers (rCF) recovered from epoxy resins through a novel thermo-oxidative process. The
Recycling process involves pyrolysis at 510 °C in nitrogen to degrade the epoxy matrix, followed by gasification in air to
Life cycle assessment produce clean rCF with enhanced adhesion to rPA6, eliminating the need for new sizing. This treatment increases
LCA the presence of polar groups on the surface of rCF compared to virgin carbon fibers (vCF), improving the O/C
ratio (from 0.021 to 0.054 wt%) while maintaining their dimensions (7-8 pm) and surface smoothness, resulting
in similar mechanical properties (293 + 20 versus 282 + 35 GPa). The improved compatibility of rCF with rPA6,
compared to vCF, is demonstrated by the enhanced tensile modulus (11.1 and 13.1 GPa) and impact toughness
(25.9 and 28.4 kJ/m?) observed in vCF/rPA6 and rCF/rPA6 composites, respectively, at the highest fiber loading
of 15 wt%, in contrast to pure rPA6 (3.2 GPa and 11.8 kJ/m?). A Life Cycle Assessment (LCA) was conducted to
evaluate the environmental sustainability of the CF-polyamide 6 composites. Three production scenarios were
compared: Scenario 0 (virgin PA6 and vCF), Scenario 1 (rPA6 and vCF), and Scenario 2 (rPA6 and rCF). Scenario
2 showed the highest reduction in emissions, saving 5.74E+03 kg of CO, equivalents. While off-site wastewater
treatment increased some emissions, the use of recycled materials consistently reduced the overall environmental
impact, highlighting the benefits of sustainable waste recovery.
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1. Introduction industry, where fishing nets and related gear contribute around 20% of

the total oceanic plastic accumulation (approximately 640,000 tons/-

Plastics are widely employed due to their advantageous properties
and cost-efficiency, with packaging and construction sectors accounting
for approximately 60% of global production. In 2022, the demand for
plastics in Europe was estimated at around 57 million tons (Plastic
Europe), with production rates showing significant growth. This
increasing demand poses significant risks to ecosystems, particularly
marine environments (Barnes et al., 2009; Peng et al., 2020; Lebreton
et al., 2018), as an estimated 11 million tons of plastic waste are mis-
managed and discharged into the oceans annually, a figure projected to
nearly triple by 2040 (Linton et al., 2020). The improper disposal of
plastic waste from marine activities is a major concern within the fishing
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year). Furthermore, ghost fishing gear, including lost or abandoned nets,
accounts for about 70% of all macroplastic debris in marine environ-
ments, highlighting the severe environmental consequences of discarded
fishing equipment (Macfadyend et al., 2009; Hanke et al., 2019).
Currently, there is no specific waste recovery system or regulation for
recycling plastic materials derived from marine activities; as a result,
they are often landfilled or incinerated. Therefore, recycling strategies
are strongly encouraged to mitigate this type of plastic waste. Despite
the complexities of recycling fishing gears - due to inherent challenges in
sorting, cleaning, and reprocessing durable polymers such as nylon 6,
nylon 66, and HDPE (Li et al., 2016) - significant efforts are underway to
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promote the reuse of these plastics in new recycled products (Juan et al.,
2021; Mondragon et al., 2020; Vilaplana and Karlsson, 2008). Specif-
ically, PE and HDPE-based nets have a lower economic value, as they are
primarily used to manufacture trawl nets, which are susceptible to
abrasive damage and organic contamination (Basurko et al., 2023).
These nets can be reprocessed with virgin HDPE through melt extrusion
to preserve mechanical properties or, alternatively (Juan et al., 2021),
used as fibers reinforcement in ceramic composites (Bertelsen and
Ottosen, 2022; Romero-Gomez et al., 2023). For polyamide nets, ther-
momechanical recycling has emerged as the most promising approach,
as it retains their thermal and rheological characteristics (Mondragon
et al., 2020). More recently, cold-mixing techniques have been applied
to produce polyamide 6-based composites from discarded nets, com-
bined with recycled expanded polystyrene (PS) and ABS (Liotta et al.,
2023).

In this context, polyamide 6, the most common polymer used in the
fabrication of fishing accessories, is finding emerging applications as
recycled material in various fields, including sustainable fabrics,
clothing, construction and building, and more recently, within the
automotive sector (Rossi et al., 2024). This latter opportunity is
increasingly being leveraged by some prestigious automotive companies
which, driven by the new End-of-Life regulation in the production of
new vehicles (End-of-Life Vehicles Available online), have patented car
components (Econyl® and Circulen-Recover®) made from nylon
recovered from maritime plastics (CirculenRecover Available online,
ECONYL Available online)

Polymer materials can be reinforced with Carbon Fibers (CF) to
produce Carbon Fibers Reinforced Polymers (CFRP) with enhanced high
strength, stiffness, low density, and corrosion resistance. These
advanced materials are used in aerospace, wind turbine blades, sports
and leisure, and automotive applications (Kausar, 2019). Increasing
automotive demand and the push for lightweight vehicles are driving
the growth of the CF market (End-of-Life Vehicles Available online). Key
factors influencing this industry segment include the need for
fuel-efficient vehicles and stringent government regulations on carbon
emissions. The global demand for CF reached 115,000 tons in 2023 and
is projected to grow to 280,300 tons by 2030 (Lin, 2023). The world
market for CF in the automotive industry was estimated at 7000 ton-
nes/year with a forecasted value of USD 10.91 billion by 2032 (Lin,
2023; Market Research Future Available online). In this context, the
extensive use of CFRP is expected to lead to an increase in waste
generated from manufacturing processes such as prepregs, cured com-
posite offcuts, and end-of-life composites (Zhang et al., 2020). Inciner-
ation and landfilling are the main solutions for disposing of CFRP
wastes. However, these approaches are inadequate because they cause
environmental pollution and result in the loss of valuable CF (Giorgini
et al, 2020). The production and cutting of CF is highly
energy-intensive, consuming approximately 200-600 MJ/kg - roughly
ten times more than is required for glass fibers (Meng et al., 2018).
Therefore, recovering used CF can significantly reduce their potential
environmental impact. Recycled carbon fibers are inherently “short”
after recovery, making them ideal for reinforcing injection-moulded
thermoplastics.

Thermosetting epoxy resin-based composites currently account for
75-80% of all CF-reinforced composite materials (Lebreton et al., 2018).
However, recovering CF from thermoset matrices is particularly chal-
lenging due to their irreversible cross-linking, which prevents reshaping
or mechanical separation. Chemical solvolysis can recover CF but re-
quires high temperatures and prolonged aggressive reaction conditions,
posing significant environmental concerns. Additionally, mechanical
and chemical recycling methods often cause CF fragmentation and
damage, compromising their thermal and mechanical performance in
second-life recycled products (Zhang et al., 2020; Giorgini et al., 2020).
Among the various recycling strategies, thermochemical degradation
stands out as the most promising solution, allowing for the recovery of
CF with properties similar to virgin CF, achieved with moderately low
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energy consumption (Zhang et al., 2020; Giorgini et al., 2020). This
process consists of two consecutive steps carried out in the temperature
range of 400-600 °C. During the first pyrolysis step, the CFRP matrix
decomposes in the absence of oxygen to produce syngas and condens-
able oil, which can help offset the energy requirement of the process
itself (Meyer et al., 2009). In the second oxidative step, air is introduced
to remove the char residue accumulated on the fiber surface, yielding
clean fibers for reuse (Oliveux et al., 2015).

Various studies and patents are currently focused on optimizing
thermo-oxidative conditions tailored to common matrices such as epoxy
resins, polyesters, vinyl esters, and polyamides (Giorgini et al., 2020;
Sandak et al., 2019; Wei and Hadigheh, 2024; Schwarz et al., 2020;
Montorsi et al., 2022). Innovative thermal degradation approaches have
demonstrated that using superheated steam (Hecker et al., 2023), COq
(Limburg et al., 2019), microwave-assisted pyrolysis (Jiang et al., 2024),
and chemical acid-base pre-treatments (Wei and Hadigheh, 2023) can
produce high-quality recycled CF with minimal char residue and me-
chanical performance similar to virgin CF. A recent pilot-scale process
has been developed using a fluidized bed technique in combination with
papermaking and compression moulding methods to produce recycled
CFRP (Meng et al., 2017). Post-processing treatments of reclaimed CF,
such as acid oxidation, plasma treatment, and gamma irradiation,
enhance CF-polymer adhesion, improving CFRP mechanical properties
(Tiwari and Bijwe, 2014). However, achieving such conditions through
a single thermal step using N» and air is considered ideal from a process
perspective. In this context, thermo-oxidative processes have proven
effective in increasing the surface polarity of fibers by enhancing the
presence of oxygen-containing groups (e.g., C=0 and -OH), making CF
more compatible with polar polymer matrices such as polyamides
(Tiwari and Bijwe, 2014; Guo et al., 2022; Salas et al., 2023; Wang et al.,
2020). Schwarz et al. (2020) recently demonstrated good compatibility
between pyrolyzed CF at 560 °C and polyamide 6, although performance
was slightly reduced compared to virgin fibers (Schwarz et al., 2020). A
more detailed analysis by Jeantet et al. (2024) evaluated the reuse of CF
with polyamide 6 matrices through pyrolytic treatment followed by
thermo-oxidative steps. The study showed a 15% decrease in tensile
strength compared to virgin fibers, while the elastic modulus remained
unchanged (Jeantet et al., 2024). CF recycling via pyrolysis has also
been successfully applied in producing CFRP filaments based on poly-
amide 6,6 for FDM 3D printing (Valente et al., 2023).

Considering the growing opportunity for reusing CF in polyamide
matrices, the present study aims to evaluate the recycling of CF in
polyamide 6 composites derived from discarded fishing nets. High-value
recycled CF were obtained through an innovative thermo-oxidative
process developed in previous works by Giorgini et al. (2017)
(Giorgini et al., 2016) and Ciacci et al. (2022) (Ciacci et al., 2022). This
was achieved by optimizing a novel semi-industrial pilot plant capable
of performing both pyrolysis and the subsequent oxidation steps
(pyro-gasification) within the same reactor. According to the authors
(Giorgini et al., 2016; Ciacci et al., 2022), this process was found to be
more sustainable, reducing CO5 emissions by 40 kg COz-eq per kg of
recycled CF compared to the commercial production of virgin CF.
Therefore, our objective is to integrate these two recycling streams
(fishing net and CF recycling) through a comprehensive Life Cycle
Assessment (LCA) to estimate the associated environmental impacts to
produce recycled CF-polyamide 6 composites obtained through melt
extrusion compounding. To the best of our knowledge, this type of
process analysis has never been examined in the literature for the pro-
duction of such CF-polyamide 6 composites. These materials find ap-
plications beyond the marine sector of fishing nets, such as in the
automotive industry (Colucci et al., 2015; dos Santos et al., 2024).
Consequently, they will not pose significant concerns for the marine
ecosystem, as they will be managed through a specific and dedicated
disposal supply chain. Furthermore, the proposed approach will
contribute to the reduction of marine polyamide plastic waste, while
generating commercial value through its synergic integration with CF
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recycling, within the framework of circular economy.

The industrial-scale LCA study was supported by a preliminary
analysis in which various samples of composite material with different
virgin and recycled CF concentrations were produced through melt
extrusion compounding and subsequently examined to assess their
thermal, morphological, and mechanical properties in comparison to
typical virgin material benchmarks. In this context, thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), SEM/EDS mi-
croscopy, tensile tests, and Charpy impact testing were conducted on the
various CF-polyamide 6 formulations.

2. Materials and methods
2.1. Materials

Monofilament thermoplastic polyamide 6 fishing nets were collected
from the nearby port of Livorno (Italy), then subjected to washing to
remove sand, sea salt, and organic residues (Fig. S17). The recycled
polyamide 6 nets (rPA6) were dried overnight at room temperature and
pelletised using a granulator Shini SG-3048 Chinchio Sergio (Brescia,
Italy) to produce small cylindrical cuts measuring 0.5-1 mm in diameter
and 2-4 mm in length.

Reclaimed CF were obtained from CFRP provided confidentially by
an automotive company. Offcuts of woven long-fibers fabric of prepreg
composite (epoxy matrix + T830H Torayca® CF) were selected to
recover CF for incorporation in rPA6 fishing nets based on the semi-
industrial pyro-gasification process previously described and opti-
mized (Giorgini et al., 2016; Ciacci et al., 2022). This pyro-gasification
process technologically involves a thermal treatment consisting of two
steps. During the first one, pyrolysis, the samples are treated at 510 °C
for 20 min under an inert atmosphere (N3) to thermally degrade the
epoxy matrix. In the second step, gasification, the samples are subjected
to an oxidizing environment (air) at 510 °C for 120 min to decompose
the pyrolytic carbon (char) formed during the previous step into COs,
thus obtaining matrix-free recycled carbon fibers (rCF). This selective
controlled oxidation cleaning of graphitic fibers serves to improve fiber
adhesion and functionality for an enhanced chemical interaction with
rPA6 without the need for the application of a new sizing. The pyrolysis
and gasification steps are applied separately in this work but would be
carried out as a continuous process in a large-scale plant. To reflect this,
the pyrolysis and gasification steps were conducted at the same tem-
perature (510 °C), with the residence time in each step adjusted to
achieve optimal conditions for producing recycled fibers with superior
overall quality.

rCF were compared against commercially available unsized virgin
carbon fibers T830H Torayca® (vCF). Both rCF and vCF were manually
cut to a length of 5-6 mm prior to their usage for producing PA6
composites.

2.2. CF-polyamide 6 composites preparation

vCF and rCF cuts were dried at 100 °C for 24 h to remove moisture.
Similarly, rPA6 granules were dried for 24 h in a vacuum oven at 100 °C.
The complete removal of water was assessed by monitoring the weight
variation of rPA6 granules over time until a stable plateau was reached
(Rossi et al., 2024). Then, mixtures of rPA6 + vCF and rPA6 + rCF with
different fiber contents (5, 10, and 15 wt%) were processed using a
single-screw Brabender® Extruder (GmbH & Co. KG) (Fig. S17). These
blends are identified as PvCFX and PrCFX, with X representing the fiber
weight percentage. The blends were produced using a consistent
feed-to-head zone temperature profile of 50 | 180-200 | 240-245 |
250-255 | 240-245 °C. During processing, the screw-speed was main-
tained steady at 30-35 rpm, with a mean torque value ranging from 16
to 19 Nm and a mass rate of about 2 kg/h. An increase in fiber content
beyond 15 wt% resulted in significantly elevated torque and extreme
thermal conditions, potentially causing stress and degradation of the
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polymer matrix. For this reason, a moderate fiber loading was used to
maintain consistent thermal conditions and obtain comparable blends.

After extrusion, the filaments were cooled in a water bath at room
temperature, and then automatically cut into pellets using a cutter
Procut 3D Chinchio Sergio (Brescia, Italy). These pellets were finally
dried for 24 h in a vacuum oven at 100 °C and then sealed in vacuum
bags to prevent moisture absorption before conducting various charac-
terization analyses.

2.3. SEM/EDS

The morphological aspects of CF-polyamide 6 composites and CF
before and after pyro-gasification treatments were examined using a
Quanta™ FEG 450 Scanning Electron Microscope (SEM) equipped with
Energy Dispersive X-Ray Spectroscopy (EDS), manufactured by FEI
Quanta ESEM Instrument (Hillsboro, US). Micrographs of the compos-
ites were taken after liquid-nitrogen brittle fracture of the surface. Prior
to analysis, the sample surfaces were sputter-coated with a thin layer of
gold using an Edwards Sputter Coater S150B.

2.4. Thermal analysis: TGA and DSC

To evaluate the thermal stability of the various composites, TGA was
conducted from room temperature to 900 °C at a rate of 10 °C/min
under a nitrogen flow of 20 ml/min. Subsequently, the samples were
heated to 1300 °C in air at the same rate and flow. TGA analyses were
performed using a NETZSCH STA 2500 Regulus Instrument (Selb, Ger-
many). Approximately 15 mg of each sample was placed in a platinum
pan to conduct the tests. All TGAs were conducted in triplicate, and
average mass loss was reported.

Differential Scanning Calorimetry (DSC) was conducted on various
extruded pellets to evaluate the impact of fiber addition on the PA6
degree of crystallinity. The analysis was performed using a PerkinElmer
Instrument Pyris 1 DSC 6000 (Waltham, US). Approximately 20 mg of
each sample was sealed in an aluminium pan and heated at a rate of
10 °C/min from —50 °C to 330 °C under a nitrogen atmosphere (50 mL/
min) to remove any thermal history from processing. The samples were
maintained at 250 °C for 3 min, then cooled to —50 °C at 10 °C/min, and
subsequently reheated to 330 °C at 10 °C/min under the same atmo-
sphere (50 ml/min). The melting temperature (Ty,) and enthalpy change
(AHp,) during the second heating phase were measured to determine the
degree of crystallinity (X.) of the matrix, using the following equation:

AHp,

X, (%) :m&oo )}

where AHY, = 240 J/g represents the melting enthalpy per gram of
theoretical 100% crystalline PA6 (average between a-phase at 241 J/g
and y-phase at 239 J/g, respectively (Katoh and Okamoto, 2009). The
term f,, denotes the weight fraction of the fiber in the composite,
rescaled on the residue at the end of thermal analysis in air atmosphere.
The DSC curves presented in the article correspond to the second heating
cycle. All DSC were conducted in triplicate, and average mass loss were
reported.

2.5. Mechanical analysis

Micromechanical tensile tests were carried out on vCF and rCF to
evaluate the impact of the pyro-gasification on the mechanical proper-
ties of the recycled fibers. Approximately 20-25 single fibers of 30 mm
length (per sample) were tested on a universal testing machine Quasar
10 Galdabini (Varese, Italy) equipped with a 10 N load cell using a
crosshead speed of 10 mm/min (ASTM D3379) (Fig. S17).

Tensile tests were performed on the produced CF-polyamide 6
composites in accordance with the UNI 527-2 standard, using type 5A
dog-bone specimens. The dog-bones were obtained by injection-
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moulding using a Mega Tech HD 22/50 Injection Moulding Machine
Tecnica Duebi (Ancona, Italy). Pellets were initially loaded into the
thermostatic barrel at 250 °C and, after 1 min, the resulting melt was
mechanically injected into a stainless-steel dog-bone mould. The sam-
ples were then maintained at 80 °C for an additional minute before
removal. Stress-strain tests were conducted at room temperature using a
Quasar 10 Galdabini (Varese, Italy) system machine equipped with a 1
kN load cell. Each test was carried out on five replicates at a crosshead
speed of 10 mm/min. Mean values and relative standard deviations were
reported.

The impact properties of the composites were evaluated according to
ISO179. The Charpy test was carried out on a AMSE HIT2492 machine
(Torino, Italy) equipped with a 2 J Charpy pendulum. Rectangular
specimens with dimension 80 x 10 x 4 mm were used. The specimens
were V-notched in the middle by a V-notch type A manual cutter (notch
of 45°, 2 mm deep with a 0.25 mm radius of curve at the base of notch).
At least 5 specimens were tested, and an average value was reported.

2.6. Life-cycle-assessment

2.6.1. Goal and scope definition

In this study, the production of CFRP composites using rPA6 from
discarded fishing nets was investigated using a Life Cycle Assessment
(LCA), to evaluate the environmental sustainability of the process at an
industrial level. Specifically, two alternative scenarios were modeled,
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exploring the production of CFRP composites obtained through melt
extrusion compounding of: i) rPA6 and vCF (Scenario 1); ii) rPA6 and
rCF (Scenario 2).

LCA only assesses environmental impacts, while sustainability is a
holistic concept spanning the environment, economy, and society. In
view of that, Fegade and Trembly (2017) (Fegade and Trembly, 2017)
identified 6 sustainability pointers. In addition to environmental issues,
life cycle costing (LCC) and social life cycle assessment (S-LCA) methods
could be applied to evaluate economic and social implications from a life
cycle perspective (Parris and Kates, 2003; Jin and Xu, 2024). However,
LCC and S-LCA were considered out of scope.

ISO standard 14040 and 14044 were followed for the implementa-
tion of LCA analysis. A gate-to-gate approach was adopted for system
boundaries, including the consumption of materials, energy, chemicals,
and transports involved in the operational phases (Fig. 1). Environ-
mental impacts due to the construction and dismantling stages were
considered out of scope and negligible compared to the manufacturing
phases. System boundaries were expanded and recovered products were
considered as avoided impacts, which can replace primary products
(Pasciucco et al., 2023a).

Scenario 1 (rPA6 + vCF) and Scenario 2 (rPA6 + rCF) were compared
with the reference scenario (Scenario 0), which is represented by the
production of CFRP composites totally obtained from raw materials, i.e.
through melt extrusion compounding virgin PA6 (vPA6) and vCF (vPA6
+ vCF).

a) PAG6 discarded Environmental system
fishing nets
System
Electricity Collection boundary
&transp Carbon fiber
Transport Washing e reinforced
& Shredding - polymer
Diesel diying compounding (CFRP)
Water Wastewater CompoSics
Virgin
Chemicals - e PAG recycled carbon Emissions
H Lt 0smosis pellets fibers = to air, soil,
eat water
-
Natural landfill
gas
Water PA6
production production
Avoided tap
water
PAG discarded Environmental system
b) fishing nets ¥
Electricity System
Transport Callection oSy
& transport Carbon fiber
Diesel Washing o reinforced
& Shredding polymer
Water drying compounding (CFRP)
composites
Wastewater
Chemicals Emissions
to air, soil,
Heat PA6 n;ci'cled water
osmosis DE‘els Sanitar
Nitrogen Pyro- Ash 1 “andtil
S gasification
Ox anitary
Y Jandill CFRP
scrap
Liquefied
petroleum 1
gas Water PA6 Carbon fiber Plastic waste
production production production reuse
Avoided Avoided PA6 Avoided carbon Avoided
tap water production fiber production landfill

Fig. 1. System boundaries of alternative Scenario

1 (rPA6 + vCF) (a) and Scenario 2 (rPA6 and rCF) (b).
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The port of Livorno was considered as a case study. Calculations and
assumptions were based on an average quantity of 100 t/year of dis-
carded fishing nets, assuming an average size of 33 x 3 m and an average
weight of 3.5 kg for a professional fishing net. The production of 1 ton of
CFRP composites (consisting of 85 wt% PA6 and 15 wt% CF) was
adopted as functional unit (FU).

2.6.2. Life cycle inventory analysis

Foreground data was collected from literature, experimental tests
and commercial catalogues in the case of industrial machinery. Back-
ground data was retrieved from the ecoinvent database, using the latest
version 3.10. Processes and phases that make up the analysed scenarios
are described below. Electricity consumption of industrial machinery
selected from commercial catalogues were estimated considering the
power requirement and operating hours (Hospido et al., 2008).

2.6.2.1. Recycling of PA6 from discarded fishing nets. In the alternative
scenarios (Scenario 1 and Scenario 2), the use of rPA6 from discarded
fishing net to produce CFRP composites was considered.

Initially, it was assumed that discarded PA6 fishing nets are placed
by fishermen in special light boxes (volume of 120 x 100 x 100 cm),
distributed within the port area. By means of an electric forklift
(Table S1), the boxes are loaded onto a truck and transported to the PA6
recovery plant, assuming it is in the neighbouring industrial area 6 km
away. Once transported to the recovery plant, the boxes are unloaded
using an electric forklift having the same technical specifications as the
one previously described (Table S1), and the PA6 fishing nets are
washed using a marine net washing machine to remove sand, sea salt,
and organic residues. The marine net washing machine used in this
study consists of a stainless-steel rotating drum (capacity volume of 6.5
m3) powered by an electric motor (4.5 kW, 380 VAC). According to the
manufacturer’s instructions, the net washing process is similar to that of
a common washing machine: first, the drum is filled with tap water up to
a third of the total volume; then, the remaining volume is occupied by
the PA6 fishing nets, which are loaded into the marine net washing
machine via a mini diesel-fueled crane (Table S2). Each wash cycle lasts
60 min and no chemical additives are added during the process.

After the washing phase, the wet fishing nets are collected using the
mini crane and loaded onto the electric forklift to be transported to the
nearby solar greenhouses (20 m of distance), where they are naturally
dried. As showed by Kokate et al. (2014) (Kokate et al., 2014), the use
solar energy for drying of PA6 has proven to be effective, removing 82%
of the moisture content after 6 h of exposure. In addition, the configu-
ration and shape of solar greenhouses significantly influence drying
performance (Srinivasan and Muthukumar, 2021). In view of that, a
single-span shape greenhouse oriented in an east-west direction was
adopted, as Mobtaker et al. (2019) (Mobtaker et al., 2019) compared
different shapes of greenhouses from the perspective of the availability
of solar radiation, reporting that this configuration received approxi-
mately 8% more solar radiation during all the months in a year. To
optimize the spaces inside the greenhouses, the fishing nets to be dried
are fixed vertically using tie rods spaced a few centimetres apart from
each other. The difference in weight of fishing nets between washing and
drying phases was assumed to be negligible and no air treatment systems
were foreseen, as the generation of polluting emissions was excluded.

Once dry, the fishing nets are collected and transported (via the
electric forklift, Table S1) to an adjacent shed (20 m of distance) for
recovery processing. Here, the fishing nets are loaded onto a conveyor
belt (Table S3) feeding an industrial shredder for recycling applications
(Table S4), to obtain PA6 pellets of a size suitable for subsequent
treatment. At the end of the shredding phase, the PA6 pellets fall by
gravity into the hopper of a screw conveyor (Table S5) feeding an in-
dustrial extruder for the final compounding with vCF (Scenario 1) or rCF
(Scenario 2).
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2.6.2.2. Treatment of wastewater from fishing net washing. Wastewater
produced by fishing net washing is particularly polluted (Ozgur et al.,
2023), especially in terms of chemical oxygen demand (COD) and
salinity concentrations (Table S6), and need to be treated before being
disposed of into the environment. Due to the expected high consumption
of water, a reverse osmosis treatment was envisaged, so as to simulta-
neously achieve the decontamination and recovery of part of the used
water (no water losses were counted in the fishing net washing phase).

The life cycle inventory (LCI) for reverse osmosis treatment was
retrieved from the literature, providing the use of chemicals for disin-
fection of reclaimed water, pH control, membrane maintenance and
coagulation-flocculation of solids. According to Qasim et al. (2019)
(Qasim et al., 2019), an average recovery of 67% of the treated water
was supposed, considering a reduction in COD and salinity contents by
85% and 91%, respectively (Thirugnanasambandham et al., 2016). The
LCI for reverse osmosis treatment is reported in Table S7. Due to the high
pollution levels and the lack of bibliographical references similar to the
case studied, the LCI was filled by adopting precautionary parameters of
energy consumption, chemical use, removal and recovery efficiencies.

The management of brines, which represent the remaining 33% of
the flows coming out from reverse osmosis process, represents a serious
environmental problem due to its high salinity. In this study, due to the
uncertainties on this topic, disposal in a sanitary landfill (50 km away)
was supposed for brine management (Morillo et al., 2014). In addition, a
brine drying process was provided, so as to obtain a dry solid percentage
of 80%, compliant with landfill disposal: according to Pasciucco et al.
(2021) (Pasciucco et al., 2021), the use of a belt dryer was considered,
consuming 0.8 kWh of thermal energy and 0.0375 kWh of electrical
energy per kg of evaporated water.

2.6.2.3. Recycling of CF. The introduction of rCF was considered in
Scenario 2, where the production of CFRP composites is totally made of
recycled materials (rfPA6 + rCF). In this study, the pyro-gasification
process described in section 2.1 was considered for the production of
rCF, based on the LCA study conducted by Ciacci et al. (2022) (Ciacci
et al., 2022), who optimized the pyro-gasification process by investi-
gating different operating parameters and real CFRP scrap samples. The
optimal conditions found by the authors were used for process model-
ling as follows.

In the first part of the process, the pyrolysis step is performed: the air
inside the reactor is removed by flushing N, and the reactor is heated up
to the set point temperature, which is kept constant for 20 min. After this
time in pyrolysis conditions, the gasification step is carried out:
throughout this phase air is blown in to oxidize the amorphous char
deposited on the rCF during the pyrolysis stage. At the end of the pro-
cesses, the heating is stopped, and N3 is blown again into the reactor, so
as to stop the oxidation reaction and promote cooling of the system.
According to the authors (Ciacci et al., 2022), the production of rCF from
CFRP containing 62 wt% of T830H Torayca® CF dispersed in epoxy
resin (38 wt%) showed the best environmental results, while 120 min of
gasification time and a set point process temperature of 510 °C proved to
be suitable conditions to eliminate pyrolytic residues on the surface of
the rCF without fiber degradation.

The ash produced during the process was supposed to be transported
to a sanitary landfill (50 km away). According to the literature, the main
gas outflows produced during thermal processes concern CO and CO,
emissions, and it was assumed that they were burned at temperatures
above 750 °C before being released into the atmosphere. The LCI of the
pyro-gasification process and literature references are reported in
Table S8.

2.6.2.4. Production of CF and PA6 from virgin materials. The use of vCF
and vPA6 was introduced in Scenario 1 (rPA6 + vCF) and Scenario
0 (vPA6 + VvCF), to highlight the impact of recycled materials in the
production chain of CFRP composites.
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The production of vCF was based on the study conducted by Ciacci
et al. (2022) (Ciacci et al., 2022) who compared the environmental
impacts from vCF and rCF productions, and the LCI provided by Meng
etal. (2017) (Meng et al., 2017), as shown in Table S9. According to the
authors the production of vCF was accomplished from the synthesis of
polyacrylonitrile (PAN) via acrylonitrile (AN).

The appropriate ecoinvent record was used for modeling the pro-
duction of vPA6, considering a production process and transport of
Nylon 6 calibrated on the European market.

2.6.2.5. Melt extrusion compounding process. In each scenario, the pro-
duction of CFRP composites is obtained through melt extrusion com-
pounding of rPA6/vPA6 (85 wt%) and rCF/vCF (15 wt%), depending on
the analysed case scenario. In this study, the environmental impacts of
this process were retrieved from the ecoinvent 3.10 database, consid-
ering a co-extrusion process which includes melting of the materials,
cooling and pelletizing of the final product. Previous experimental tests
indicated a 2% loss relative to the input materials.

2.6.3. Sensitivity analysis

The treatment of wastewater produced from PA6 fishing net washing
was considered a fundamental aspect, generating high environmental
emissions and affected by many uncertainties. Because of that, a sensi-
tivity analysis was conducted assuming the treatment of wastewater at
an industrial wastewater treatment plant (WWTP).

Based on the analysed case study, the presence of a suitable WWTP
100 km away was considered. In addition, further distances of the
WWTPs were taken into account to investigate how results change with
different transport distances. The treatment of wastewater was modeled
using the database provided by ecoinvent 3.10. Due to the lack of spe-
cific records in the ecoinvent database, the process was simulated
considering the treatment of a wastewater stream with similar charac-
teristics (Table S6) produced by an industrial facility. Wastewater
transportation was carried out by truck.

2.6.4. Life cycle impact assessment

Life cycle impact assessment (LCIA) was conducted in Simapro
software, using the latest version 9.6 and the CML-IA baseline method,
developed by the Institute of Environmental Sciences of the Leiden
University (Castagnoli et al., 2022). The CML-IA baseline is one of the
most applied method in the LCA studies on plastic sector and was chosen
for its compactness and ability to group the most significant environ-
mental indicators into 11 midpoint impact categories (Marson et al.,
2023).

In the LCIA, the avoided impacts due to the avoided production of
commercial products were credited as emissions subtracted from the
system, thus considering the advantages deriving from the replacement
of conventional products (Pasciucco et al., 2023b). Specifically, the
production of reclaimed water, rPA6 and rCF was assumed as avoided
production of tap water, vPA6 and vCF.

Based on previous experimental results, thermal or mechanical
properties of rPA6 and rCF are very close to those of virgin materials.
Because of that, a replacement ratio of 1:1 was adopted. Furthermore,
the use of CFRP scrap involved the avoided landfill of plastic compo-
nents (Santolini et al., 2023), as disposed of landfill currently represents
the main option for CFRP waste (Ciacci et al., 2022).

3. Results and discussion
3.1. CF-polyamide 6 characterization
3.1.1. Thermal properties: TGA and DSC
Both vCF and rCF exhibit nearly identical degradation trends up to

approximately 900 °C in Ny, with Tfirst onset at 902 °C (weight loss of 9 wt
%) and 903 °C (weight loss of 7 wt%) for vCF and rCF, respectively
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(Fig. S1). rCF exhibits a slightly higher degradation rate and leaves a
lower residue at 1300 °C in air (10 wt% vs 8.5 wt%, respectively).
However, such differences affect the thermal behaviour at very high
temperatures, whereas in the temperature range experienced by CF
during composite production and service life, the loss of thermal sta-
bility is practically negligible. The fibers further demonstrate compa-
rable thermal stability when incorporated into the same rPA6 matrix.
Consequently, PvCFX and PrCFX composites display overlapping TGA
profiles, maintaining consistent thermal behaviour and stability up to
approximately 380 °C (with Tfirst onser ranging from 381 to 385 °C and
weight loss from 7 to 8 wt%) (Fig. S2). This temperature threshold is
compatible with the adopted extrusion conditions. The curves show
similar sharp mass decay, reaching a plateau at 445-450 C° in Ny, with
residues approximately matching the original fiber concentrations in the
composites (5, 10, and 15 wt%). Upon transitioning to an oxidizing
environment at 1300 °C, the residues approach zero, indicating the
complete combustion of both the matrix and the fibers. All composites
exhibit the same thermal behaviour, regardless of the fiber loading in the
matrix, which overlap with the thermogram of the recycled polyamide
rPA6. This indicates a homogeneous dispersion of the fibers and good
compatibility with the matrix, without any significant cracking,
delamination, or debonding phenomena that could otherwise accelerate
degradation processes (Adler et al., 2021; Kimura et al., 2019). Lastly,
the TGA presented in Figs. S1 and S2 confirm the effective drying of rCF,
vCF, and rPA6 granules, as they do not exhibit onset temperatures
around 100 °C, which are typically indicative of residual water.

The DSC analyses on pellets reported in Fig. S3 confirm the weak
chemical interaction between polyamide 6 and both types of CF.
Moreover, no preferential induction of a specific polymorphic form is
promoted by the inclusion of the CF. This is evidenced by the similar
melting temperatures of the « and y phases of rPA6 (T ~ 213-215 °C
and T2 = 203-205 °C respectively) (Murthy, 1991; Zhang et al., 2011),
as well as the glass transition temperature (Tg ~ 48.0-49.0 °C), all of
which are confined within 1 or 2 °C difference with no particular trend
observed concerning fiber loading and fiber type. This is further
corroborated by the very similar degree of total crystallinity (X, ~
19.5-21.9) calculated across the various composite samples. CF could be
act as nucleating agents and, due to their high conductivity, can alter the
ratio between the two polymorphic forms, particularly between the
interior and exterior of the composite, resulting in a skin-core
morphology (Feng et al., 2013). However, these differences are usu-
ally detectable at particularly high cooling rates (up to 100 °C/min)
which are higher than those employed in our study (Guglhoer et al.,
2015).

3.1.2. SEM/EDS morphology

The SEM images in Fig. 2a and c confirm the superior fiber cleaning
performance provided by the developed thermo-oxidative pyro-gasifi-
cation process (Giorgini et al., 2016; Ciacci et al., 2022), resulting in rCF
having the same diameter (7-8 pm) as the vCF, with minimal presence of
char debris or impurities. In contrast, the surfaces of the fibers before the
oxidative process (Fig. 2b) appear completely covered with char,
rendering them unsuitable for use in composites. Interestingly, the EDS
analysis reveals an almost three-fold increase in the oxygen-to-carbon
(O/C wt.%) ratio on the surface of the rCF compared to the vCF
(0.054 + 0.011 versus 0.021 + 0.003 wt%). This is likely due to the
presence of polar groups such as hydroxyl, carbonyl, ether, and amine
groups, resulting from the air oxidation treatment (Tiwari and Bijwe,
2014; Guo et al., 2022; Salas et al., 2023; Wang et al., 2020). This surface
activation could not be quantified from previous thermal analysis
(Section 3.1) but is evident from the SEM images of the PvCF15 and
PrCF15 fractured samples (Fig. 3). These images clearly show longer
segments of fiber pull-out and debonding in PvCR15 (Fig. 3a) compared
to PrVC15 (Fig. 3b), indicating greater adhesion of rCF to the polyamide
matrix compared to the one displayed by vCF. These findings are
consistent with the recent study by Jeantet et al. (2024), which
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Fig. 2. SEM images of vCF (a), rCF after pyrolysis at 510 °C for 20 min in N, (b) and rCF after pyrolysis and gasification at 510 °C for 120 min in air (c).

Fig. 3. SEM images of PvCF15 with major CF pull-out (a) and PrCF15 with
minor CF pull-out (b).

demonstrated the effectiveness of nitrogen-air thermo-oxidative pro-
cesses at temperatures around 500 °C in producing clean fibers with a
high O/C ratio. This polar functionalization enhances surface energy
and improves adhesion properties with PA6 (Jeantet et al., 2024).

The 5-6 mm fiber cuts initially fed into the extruder experienced
fragmentation due to the mechanical stresses exerted by the screw,
resulting in an average size of 100-300 pm for both types of fibers. These
values represent typical dimensions for CF length in composite materials
produced by melt extrusion compounding (Karsli et al., 2012).

3.1.3. Mechanical properties

To assess the effectiveness of the thermo-oxidative recycling process
(Giorgini et al., 2016; Ciacci et al., 2022), the mechanical properties of
the rCF - such as elastic modulus, stress at break, and elongation at break
- were determined and found to be nearly equivalent to those of the vCF
(Table 1). Note, vCF values result slightly different from those reported
in the Company datasheet due to the different standards employed
(TY-030B-01 versus ASTM D3379) (Toray Toray Composite Materials
America). Despite the mechanical properties of the two CF being almost
comparable to each other, they behave differently once embedded in the
rPA6. Increasing the fiber content up to 15 wt% enhances the overall
stiffness and strength of the material. Specifically, the elastic modulus
increases by up to 4.1 and 3.5 times (18% raise) compared to the
unloaded matrix rPA6 for rCF and vCF (Fig. 4a), respectively, while the
stress at break reaches 2.7 and 2.4 times (9% raise) the values of the

Table 1
Mechanical properties of vCF and rCF by micromechanical tensile testing.

Sample Elastic modulus Stress at break Deformation at break
(GPa) (GPa) (%)
vCF 294 +/ 53+/ 1.80 £/
(T830H)"
vCF 282 + 35 5.6 +1.3 1.80 + 0.20
(T830H)
rCF (T830H) 293 + 20 5.8+ 0.8 1.74 £ 0.21

# From Company datasheet based on the internal standard procedure (TY-
030B-01) (Toray Toray Composite Materials America).

unloaded matrix for recycled and virgin fibers, respectively (Fig. 4b).
These values are accompanied by an inevitable reduction in the mate-
rial’s ductility, demonstrated by a diminished strain at break of about
5.5 and 6 times (7% decrease) the value of rPA6 for vCF and rCF,
respectively (Fig. 4c).

It is important to highlight that using rCF does not negatively affect
the mechanical properties of the composites. Besides, rCF-reinforced
composites display even slightly better performance due to improved
rCF affinity with rPA6 matrix. This improvement in rCF over vCF is
attributable to their oxidative surface activation (as assessed via EDS
analysis) which makes rCF more compatible with the polar groups
present in the polyamide 6 macromolecular backbone. The enhanced
mechanical performance is further confirmed by the results of Charpy
impact tests, which show an increase in the impact energy for PrCF15
and PvCF15 of 2.4 and 2.2 times (10% raise), respectively, compared to
the initial values of rPA6 (Fig. 4d).

The Young’s modulus and stress at break are higher than those
achieved by You et al. (2021), who used 30 wt% CF treated with
plasma-assisted mechanochemistry and an interlocking approach, fol-
lowed by melt compounding with polyamide (You et al., 2021). Colucci
et al. (2024) observed slightly superior mechanical properties compared
to our findings; however, they used recycled polyamide 6,6, which offers
greater tensile strength and rigidity than PA6, in addition to a higher
fiber content (30 wt%) (Colucci et al., 2015). Notably, our results exceed
those of Valente et al. (2023) (Valente et al., 2023) and Schwarz et al.
(2020) (Schwarz et al., 2020). The authors tested single-step pyrolytic
approaches to recover CF and reported reduced mechanical properties
compared to vCF, specifically attributed to the lack of surface activation.
The excellent compatibility between CF and PA6 observed in the present
study leads to superior impact strength when compared to that achieved
by dos Santos et al. (2024), who employed a simple, cost-effective
method involving granulation followed by hot compression moulding
of CF-PA6 waste laminates (dos Santos et al., 2024). Although direct
comparisons with analogous CF-PA6 composites derived entirely from
virgin materials are complex, due to the dependency of their properties
on factors such as fiber length, presence of additives, fillers, molecular
weight of the matrix, and stabilizers, the composites produced in this
study demonstrate properties that are either comparable to or exceed
those of PA6 composites with virgin fibers reported in the literature
(Schwarz et al., 2020; Valente et al., 2023; Colucci et al., 2015; dos
Santos et al., 2024; Xiao et al., 2023; Dinh et al., 2024). PA6 composites
with 15 wt% fiber typically exhibit the following ranges: Young’s
modulus of 5-15 GPa, stress at break of 120-160 MPa, and impact
strength of 10-25 kJ/m?2.

In conclusion, the designed composites are suitable for high-
performance applications where structural integrity and light-
weighting are critical. The actual sustainability of the CF-polyamide 6
composites developed is evaluated in the next section, considering the
best performance achieved at the highest fiber loading (15 wt%).
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Fig. 4. Mechanical properties of rPA6, PvCFX, and PrCFX samples. Tensile tests: Young’s modulus (a), stress at break (b), strain at break (c). Charpy impact energy
tests (d). Mean values + standard deviation based on 5 replicates reported on error bars.

3.2. LCA analysis

3.2.1. General findings

An overview of the results obtained from the LCA analysis is reported
in Fig. 5, displaying the percentage differences in the potential envi-
ronmental impacts generated by Scenario 1 (rPA6 + vCF) Scenario 2
(rPA6 + rCF) compared to Scenario 0 (vVPA6 + vCF), according to the FU.
Specific values for each impact category are provided in Table S10. The
negative values show that the avoided effects outweigh the direct effects
(positive values) produced by the systems (Table S10).

In Scenario 1, the use of rPA6 from discarded fishing nets led to lower
environmental impacts in 6 out of 11 indicators provided by the CML-IA
baseline methodology, including global warming potential (GWP).
Despite an overall saving in COy emissions of 69%, the production of
CFRP composites from virgin materials (Scenario 0) was still preferable
in important categories such as ozone layer depletion potential (OLDP).

The melt extrusion compounding of only recycled products made
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50% I I I
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-100%
-150%

-200%
Scenario 1 (rPA6 + vCF)

Abiotic depletion

Global warming
® Human toxicity
® Marine aquatic ecotoxicity
H Photochemical oxidation
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Scenario 2 the most environmentally sound option. Due to the use of
both rPA6 and rCF to produce CFRP composites, the avoided impacts
significantly exceeded the direct impacts generated by the system,
leading to notable reductions in total emissions in 11 out of 11 envi-
ronmental indicators.

As mentioned, no recovered products were applied in Scenario 0;
therefore, no avoided impacts were caused. As general result, scenario
comparison in Fig. 5 shows how the introduction of recycled materials
into the CFRP composite production chain led to a progressive reduction
in total emissions and highlights the importance of a sustainable re-
covery of waste products.

Contribution analyses of the several impact categories are described
below. The impact categories of GWP, OLDP and eutrophication po-
tential (EP) are described in detail, as they were identified as the envi-
ronmental indicators of greatest interest for this study.

Scenario 2 (rPA6 + rCF)

= Abiotic depletion (fossil fuel)
Ozone layer depletion

m Freshwater aquatic ecotoxicity

H Terrestrial ecotoxicity

H Acidification

Fig. 5. Percentage differences in the environmental impacts compared to the reference (Scenario 0).
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3.2.2. Contribution analysis to global warming potential

In GWP category, both the alternative scenarios were environmen-
tally advantageous solutions compared to the reference, especially due
to the avoided production of vPA6 (Fig. 6a).

In scenario O, the environmental impacts generated from vPA6
production were higher than those from vCF production, representing
almost 57% and 40% of CO, equivalent emissions, respectively. Total
emissions were basically completed by the melt extrusion compounding
process, accounting for 3% of direct impacts.

In Scenario 1, the recovery of PA6 involved significant contributions,
such as the treatment of wastewater from discarded fishing net washing.
Wastewater treatment, involved in the alternative scenarios for rPA6
production, resulted in the highest environmental burden (48% of direct
CO3 equivalent emissions), followed by vCF production (45% of direct
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CO; equivalent emissions). Despite this, direct emissions in Scenario 1
(1.21E+04 kg of CO2 equivalent) were similar to those in Scenario
0 (1.37E+04 kg of CO; equivalent). Indeed, Scenario 1 was freed by the
production of vPA6 (accounting for an avoided impact of —7.78E+03 kg
of CO;y equivalent), thus showing a total release of 4.26E+03 COy
equivalent emissions (Table S10).

In Scenario 2, avoided impacts (negative values) were higher than
direct effects (positive values). Wastewater treatment substantially
represented the main environmental burden in Scenario 2 (77% of direct
emissions). The production of rCF implied the generation of non-
negligible impacts (12% of direct emissions); on the other hand, in
addition to the avoided vPA6 production (59% of avoided emissions),
the avoided production of vCF (41% of avoided emissions) contributed
significantly, allowing an overall saving of 5.74E+03 kg of COy

Global warming potential (GWP)
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Fig. 6. Contribution analysis of GWP (a), OLDP (b) and EP (c).
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equivalent emissions (Table S10).

3.2.3. Contribution analysis to ozone layer depletion potential

In OLDP category, Scenario 2 was the most environmentally friendly
option, followed by Scenario 0 and Scenario 1, with the avoided pro-
duction of vCF that played a key role (Fig. 6b).

The environmental burden due to the production of vCF accounted
for almost all the impacts in Scenario 0, representing approximately
90% of CFC-11 equivalent emissions. The melt extrusion compounding
process accounted for almost 10% of the total emissions, while the
environmental impacts due to vPA6 production were negligible (less
than 1%).

Consequently, Scenario 1 was a worse option than the reference
scenario, as they showed total CFC-11 equivalent emissions of 2.33E-04
and 1.57E-04, respectively (Table S10). Indeed, in addition to the im-
pacts deriving from vCF production (60% of direct emissions), the
emissions due to the treatment of wastewater from fishing net washing
(31% of direct emissions) were counted in Scenario 1; however, direct
emissions were not offset by significant avoided impacts, given that the
production of vPA6 had no tangible effects on this environmental
indicator.

The treatment of wastewater represented the highest contribution in
Scenario 2 (71% of direct impacts), accounting for 7.22E-05 kg of CFC-
11 equivalent emissions. Direct emissions in Scenario 2 were lower than
Scenario 0 and Scenario 1, and the avoided impacts from vCF production
(99% of avoided impacts) led to a strong reduction in total emissions,
showing a prevalence of avoided impacts (negative values) over direct
impacts (positive values) and an overall saving of 4.04E-05 kg of CFC-11
equivalent emissions (Table S10).

3.2.4. Contribution analysis to eutrophication potential

In EP category, Scenario 2 was always the best option (Fig. 6¢).
Scenario 1 was found to be a better solution than Scenario 0, although
they showed total emissions of the same order of magnitude (Table S10).

In Scenario 0, vCF production was the highest impact (63% of PO4
equivalent emissions), followed by vPA6 production (almost 30%) and
melt extrusion compounding process (more than 7%).

In this impact category, the treatment of wastewater from fishing net
washing did not produce significant effects as in previous environmental
indicators, generating 2.76E+00 kg of PO, equivalent emissions.
Because of that, Scenario 1 was still affected by the huge emissions from
vCF production (1.10E+01 kg of PO4 equivalent, 70% of direct impacts),
while the avoided production of vPA6 did not contribute significantly in
terms of avoided emissions (—5.16E+00 kg of PO4 equivalent
emissions).

On the other hand, Scenario 2 showed an overall saving of 1.36E+01
kg of PO4 equivalent emissions (Table S10). Indeed, in addition to the
vPA6 avoided production, the direct emissions from system (6.50E+00
kg of PO4 equivalent) were contrasted by the avoided emissions from
vCF production, which was particularly influential in EP (—1.10E+01 kg
of PO4 equivalent). Also, the avoided CFRP landfill provided a concrete
contribution (19% of avoided emissions), while it was negligible in other
impact categories.

3.2.5. Contribution analysis to abiotic depletion and abiotic depletion
(fossil fuel) potential

Contribution analysis to abiotic depletion and abiotic depletion
(fossil fuel) potential are reported in Fig. S4 and Fig. S5, respectively,
representing the depletion of non-renewable resources.

In abiotic depletion potential, the production of vPA6 had a huge
impact on this category, accounting for 78% of the total emissions in
Scenario 0. On the contrary, the recovery of rPA6 from discarded fishing
nets, which was carried out both in Scenario 1 and Scenario 2, generated
significant environmental benefits due to the avoided vPA6 production.
The production of vCF and wastewater treatment did not particularly
affect abiotic depletion potential; therefore, both Scenario 1 and
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Scenario 2 showed a predominance of the avoided impacts (negative
values), allowing for an overall saving of 3.28E-02 and 6.04E-02 kg of Sb
equivalent, respectively (Table S10).

On the other hand, both vCF and vPA6 productions provided
important contributions in abiotic depletion (fossil fuel) potential, ac-
counting for 53% and 45% of total emissions in Scenario 0. At the same
time, wastewater treatment produced a notable impact 8.46E+04 MJ in
this category, representing 42% and 84% of direct emissions in Scenario
1 and Scenario 2, respectively. Because of that, both Scenario 1 and
Scenario 2 were better configuration than the reference thanks to the
avoided emissions from vCF and vPA6 productions. Anyway, the avoi-
ded effects outweighed the direct effects only in Scenario 2, showing a
total saving of 9.77E+04 MJ (Table S10).

3.2.6. Contribution analysis to human toxicity, freshwater aquatic
ecotoxicity, marine aquatic ecotoxicity and terrestrial ecotoxicity potential

Contribution analyses to human toxicity (Fig. S6), freshwater aquatic
ecotoxicity (Fig. S7), marine aquatic ecotoxicity (Fig. S8) and terrestrial
ecotoxicity potential (Fig. S9) behaved similarly and were strongly
affected by the production of vCF.

Specifically, the emissions from vCF production ranged from 88% to
92% of total impacts in Scenario 0, while the production of vPA6
occupied approximately 3-5%. In addition, wastewater treatment rep-
resented a substantial contribution to direct emissions. Because of that,
Scenario 0 was a better option than Scenario 1 in each ecosystem
toxicity category, since the environmental credits from the avoided
vPA6 production were negligible. In contrast, Scenario 2 benefited from
the huge contributions of avoided vCF production and showed emission
savings in each impact category (Table S10).

3.2.7. Contribution analysis to photochemical oxidation and acidification
potential

Contribution analyses to photochemical oxidation and acidification
potential are reported in Figs. S10 and S11, respectively.

The productions of vPA6 and vCF generated similar contributions in
Scenario 0, accounting for 51% and 45% of the impacts in photochem-
ical oxidation potential, 56% and 40% in acidification potential,
respectively.

The emissions from wastewater treatment generated more signifi-
cant contributions in photochemical oxidation potential (Fig. S10) than
in acidification potential (Fig. S11); however, its contribution was not as
predominant as in other indicators. For this reason, environmental
credits from the avoided vPA6 production were enough to make Sce-
nario 1 a better option than Scenario 0 in both categories.

Due to the further benefits from the avoided vCF production, Sce-
nario 2 a prevalence of avoided impacts (negative values) over direct
impacts (positive values) in acidification potential, accounting for an
overall saving of 3.21E+01 kg of SO, equivalent (Table S10).

At the same time, Scenario 2 also showed overall negative emissions
in photochemical oxidation potential (—8.86E-01 kg of CoH4 equiva-
lent), despite the fact that the rCF production provided a notable
contribution in terms of direct emissions (6.28E-01 kg of CoH4 equiva-
lent), unlike the other impact categories.

3.2.8. Sensitivity analysis

In sensitivity analysis, the transport and treatment of wastewater
produced from fishing net washing at an industrial WWTP was
investigated.

As shown in Fig. S12, considering a distance of 100 km, the sensi-
tivity analysis reflected the results obtained in default LCA. In fact,
Scenario 2 was always the best option, while Scenario 1 showed envi-
ronmental benefits compared to Scenario 0 in the same impact cate-
gories. However, it should be noted that the changes made in sensitivity
analysis generally led to an increase in the environmental impacts.

Although the reverse osmosis treatment proposed in default LCA
consumed a lot of chemicals and energy, and water recovery did not
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provide significant benefits in terms of avoided emissions, the disposal
of wastewater at an industrial WWTP generated an increase in the
environmental impacts in 8 out of 11 indicators (Table 2). Specifically,
this result was due by wastewater transport rather than the treatment
phase at the facility, representing more than 50% of the emissions
(Fig. 7).

On the other hand, the solution proposed in sensitivity analysis led to
environmental benefits in important categories, such as abiotic deple-
tion (fossil fuel) potential, GWP and OLDP, which are mainly affected by
energy and chemical consumptions.

Results from sensitivity analysis suggested the quantity of waste-
water to be treated and the distance from the WWTP are strategic as-
pects in decision planning. In view of that, further distances of the
WWTPs were taken into account to investigate how results change with
different transport distances.

Tables S11-S14 show the percentage differences in the environ-
mental impacts generated by the alternative scenarios compared to
default LCA, considering a WWTP distance of 50, 150, 200 and 250 km,
respectively. In case of a WWTP 50 km away (Table S11), the disposal of
wastewater at an industrial WWTP led to environmental benefits in 9 out
of 11 indicators. Whereas, considering transport distances greater than
150 km, the on-site treatment using reverse osmosis was the preferred
solution in any impact category.

Figs. S13-516 show the percentage differences in the potential
environmental impacts generated by the alternative scenarios compared
to the reference (Scenario 0), considering a WWTP distance of 50, 150,
200 and 250 km, respectively. Although polluting emissions increased
with the distance from the plant, scenario 2 was still the environmen-
tally best solution in 9 out of 11 categories even considering the greater
distance of 250 km (Fig. S16), confirming that the use of recycled ma-
terials has a key role in the environmental sustainability of the entire
process.

3.3. Literature comparison on LCA

In recent years there has been a growing interest in recycled and
innovative materials in polymeric matrices, including CFRP (Zheng
et al., 2022), glass fibers reinforced polymers (GFRP) (Andrew and
Dhakal, 2022), and geopolymer (Qaidi et al., 2022). In fact, given their
excellent properties, these materials have a wide field of applicability,
such as aviation (Khalil, 2017), aerospace (Al-Lami et al., 2018), auto-
motive (Romani et al., 2023), and construction (Unis Ahmed et al.,
2022) industries. In this study, the production of CFRP composites ob-
tained through melt extrusion compounding of rPA6 from discarded
fishing nets and vCF/rCF was assessed using LCA. Despite the broad
interest of the scientific community, there are no similar studies in au-
thors” knowledge, as they investigated different materials, technologies
and objectives. In this context, many studies have explored the LCA of
recycling CF from CFRP waste and their reprocessing in the production
of composite materials using raw polymers.

Table 2

Percentage differences in the environmental impacts generated by the alterna-
tive scenarios in sensitivity analysis (WWTP 100 km away) compared to default
LCA.

Impact category Scenario 1 Scenario 2

31%
—27%
—36%
—3%
24%
5%
3%
73%
9%
94%

52%

17%
—30%
—27%
—17%
210%
92%
47%
405%
5%
4%
40%

Abiotic depletion [kg Sb eq.]

Abiotic depletion (fossil fuels) [MJ]
Global warming [kg CO- eq.]

Ozone layer depletion [kg CFC-11 eq.]
Human toxicity [kg 1,4-DB eq.]
Freshwater aquatic ecotoxicity [kg 1,4-DB eq.]
Marine aquatic ecotoxicity [kg 1,4-DB eq.]
Terrestrial ecotoxicity [kg 1,4-DB eq.]
Photochemical oxidation [kg C2Hy4 eq.]
Acidification [kg SO eq.]

Eutrophication [kg PO4 eq.]
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Meng et al. (2017) (Meng et al., 2018) evaluated the recovery of CF
through a fluidized bed recycling process and their use in the production
of CFRP considering different pathways, including compression
moulding with epoxy resin and injection moulding with polypropylene.
Based on the comparison with similar composite materials produced
from vCF, the use of rCF resulted in lower energy consumption and a
reduction of GWP by 33-51%. Karuppannan Gopalraj et al. (2021)
(Karuppannan Gopalraj et al.,, 2021) investigated the production of
CFRP through compression moulding of fresh laminating epoxy with CF
recovered by a thermal recycling process, stating that thermal recycling
route led to lower environmental impacts compared to conventional
waste management options, such as landfill and incineration. Cheng
et al. (2022) (Cheng et al., 2022) explored the recovery of CF using
thermally activated oxide semiconductors (TASC) and pyrolysis tech-
nologies. Then, thermoplastic resin and rCF are remanufactured into
CFRP by the resin transfer moulding (RTM) process. According to the
authors, TASC performed better than pyrolysis and achieved a reduction
in GWP, acidification potential and EP by 28%, 32%, and 25 %,
respectively, compared to conventional disposal option. Beaucamp et al.
(2024) (Beaucamp et al., 2024) tested the production of CFRP through
injection moulding of lignin-based CF and polyamide 66 (PA66), pre-
dicting a reduction in GWP by 54% compared to the use of virgin
materials.

On the other hand, Liotta et al. (2024) (Liotta et al., 2023) have
recently tested the recycling of PA66 discarded fishing nets and the
creation of composite materials in combination with recycled expanded
polystyrene  or  poly(acrylonitrile-butadiene-styrene)  matrices,
observing mechanical properties similar to commercial products.
Karadurmus et al. (2024) (Karadurmus and Bilgili, 2024) examined the
LCA of synthetic fishing nets (manly composed of PA) from
manufacturing to disposal, demonstrating that fishing net recycling
achieved environmental benefits in all impact categories compared to
incineration.

4. Conclusions
4.1. Future perspectives and challenges

The widespread adoption of the proposed recycling approach re-
quires careful consideration and resolution of the following technical
and socio-political challenges.

LCA limitations. Despite the differences described above, our results
appear consistent with literature studies, as they highlight the positive
contribution of recycled materials in the CFRP production chain,
showing improved mechanical properties and environmental feasibility
of the process. Potential limitations and future perspective of this work
concerned the adopted system boundaries and the section of wastewater
treatment. Indeed, the LCA study ends with the production of 1 ton of
CFRP composites, while the use phase was excluded as it was out of
scope. Although rPA6 and rCF showed improved mechanical properties,
the long-term durability of the materials should be tested and included
in system boundaries for a comprehensive evaluation. On the other
hand, the wastewater treatment section was mainly modeled using
literature data in default LCA, adopting precautionary parameters due to
the existing uncertainties. Wastewater treatment through reverse
osmosis generated notable environmental impacts in many indicators,
and the use of chemicals contributed significantly to the production of
polluting emissions. In order to maximize the environmental benefits of
on-site water recovery and improve the overall sustainability of the
process, the use of natural coagulants such as chitosan could be
considered in a future perspective. Indeed, natural coagulants should be
less harmful to the environment and have proven to be a valid alter-
native to conventional coagulants. However, the efficiency of the pro-
cess can be affected by several factors, such as the working pH value or
type of contaminants; therefore, it is advisable to test them properly
before being used (Ang et al., 2016). Finally, it should be noted that
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Fig. 7. Contributions to wastewater treatment in sensitivity analysis (WWTP 100 km away).

potential unpredictable challenges may arise in large-scale applications
of the process. For example, despite the encouraging results of LCA, the
process still requires a fair amount of energy, as well as managing the
wastewater generated could prove more difficult than expected, both in
practical and regulatory terms.

Fishing Net Inhomogeneity. Fishing nets are made from a variety of
materials, including polyolefins, polyamide, and polyesters, each with
distinct chemical and physical properties compared to polyamide PA6.
This variability complicates recycling, as different polymers require
specific temperature conditions for extrusion and may not blend effec-
tively. Consequently, the separation of polymers in fishing gear prior to
recycling is essential to ensure compatibility and maintain consistent
properties in the final products. To improve adhesion and overall com-
posite performance, the use of compatibilizing agents or process ad-
justments may be required, depending on the polymer matrix (Juan
et al., 2021; Koziot et al., 2022). Polyamide PA6 offers distinct advan-
tages due to its availability and inherent compatibility with polar
reclaimed carbon fibers obtained through thermo-oxidation.
Conversely, polymers such as HDPE or polyolefins often necessitate
fiber functionalization and surface activation (Moosburger-Will et al.,
2018).

Scaling up. Upstream material selection is crucial for enabling large-
scale composite manufacturing, ensuring consistent mechanical perfor-
mance, and minimizing environmental impact. While the recovery of
carbon fibers (CF) from CFRP resins is supported by well-established
industrial processes, the large-scale recovery of fishing nets poses
greater challenges. Effective recovery requires coordinated efforts be-
tween port authorities and the fishing industry, from managing nets
during fishing operations to ensuring their collection at port facilities.
Establishing efficient logistics for net collection would not only improve
material separation and ensure consistent performance, but also
enhance recycling rates for plastic waste. Despite the large volume of
discarded nets — estimated at 640,000 tonnes of marine plastic annually
(Macfadyend et al., 2009; Hanke et al., 2019), and accounting for over
70% of marine litter in the Mediterranean Sea (Liotta et al., 2023) -
streamlined collection and recycling systems are crucial to address this
urgent environmental challenge.

Lack of regulations. The European Commission (EC) has tackled the
issue of End-of-Life (EOL) fishing gear and Abandoned, Lost, or other-
wise Discarded Fishing Gear (ALDFG) by promoting a circular economy
framework. The Single-Use Plastic (SUP) Directive (EU, 2019/904)
introduced goals targeting the top 10 SUP items most commonly found
on European beaches, including fishing gear (Single-Use Plastic). Cur-
rent directives highlight the importance of well-structured management
systems for handling EOL fishing gear, advocating for its separate
collection, transport, and treatment in accordance with circular econ-
omy principles. Member States are also required to establish measurable

targets for collection and processing. In recent years, several projects
and initiatives have been launched to improve marine waste manage-
ment. For example, in 2020, the European Commission commissioned a
study to explore ways to enhance the circularity of fishing gear (Study on
Circular Design of). In the Baltic region, the MARELITT project devel-
oped strategies to identify, recover, recycle, and prevent End-of-Life
fishing gear, using reverse logistics to streamline these -efforts
(MARELITT Project Available online). Outside Europe, the Fishing Gear
Coalition developed recommendations and best practices for managing
the onshore disposal of ALDFG, EOL fishing gear, and related materials
in Atlantic Canada (Fishing Gear Coalition Available online). Mean-
while, the OSPAR Commission examined the barriers to recycling fish-
ing gear in the North-East Atlantic (OSPAR Commission). While recent
studies focusing on the North and South Atlantic regions demonstrate
the technical feasibility of recycling networks for EOL fishing nets and
identify a potential market capable of processing thousands of tons of
plastic gear annually (Basurko et al., 2023; Erasmus et al., 2024), the
implementation of these measures remains inconsistent. The lack of
coordination and systematic regulation across regions and nations
continues to undermine the effectiveness of these initiatives. In
conclusion, developing an adaptable recycling system for fishing gear
requires the establishment of an integrated network for collection and
sorting, enabling the efficient upstream separation of materials. Stra-
tegic collaboration with fishermen and local industries, such as imple-
menting fishing-type-specific collection schemes, can enhance sorting
accuracy and facilitate material-specific recycling processes. Standard-
ized pre-treatment protocols and modular, scalable recycling technolo-
gies are essential to accommodate regional and material variability.
Additionally, leveraging advanced technologies, including artificial in-
telligence for automated material identification and optimized extrusion
processes, can significantly improve resource management and enhance
the overall efficiency of recycling systems.

4.2. Potential applications

Recycled CF-PA6 composite materials could be suitable for a range of
applications. Examples include the automotive sector (e.g., chassis and
battery enclosures) and aerospace (e.g. body panels), where lightweight,
durable, and resistant components are essential. This represents an
important opportunity considering the increasingly stringent End-of-
Life regulations in the production of new sustainable vehicles
(End-of-Life Vehicles Available online). Other applications involve: in-
dustrial packaging for durable and reusable logistics solutions; the
electronics sector for components in heat-resistant and durable devices;
civil engineering for lightweight panels or structural components;
sporting goods (e.g., tennis rackets and bicycles), and wind energy in-
dustry, where their high stiffness and low weight enable the design of
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longer and more efficient turbine blades. Additionally, rCF/rPA6 com-
posites could find use within the marine industry itself, enhancing the
performance of boat and yacht hulls and masts while reducing the
environmental impact associated with the transportation of fishing nets.
Mass production of goods and components made from recycled
materials requires a reliable supply chain for the raw materials. While
thermoplastic recycling is well-established, carbon fiber recycling pre-
sents greater challenges. However, industrial-scale recycling of carbon
fibers via the pyro-gasification process is already feasible. This is
demonstrated by the recent establishment of an Italian industrial plant
operated by a major player in the environmental sector, Herambiente S.
p-A. The plant was developed through a collaboration between the In-
dustrial Chemistry Department of the University of Bologna and a
technological partner, Curti S.p.A. Lavorazioni Meccaniche.

4.3. Summary and key findings

This study explores the development of sustainable CFRP composites
made from recycled polyamide 6 (rPA6), sourced from discarded fishing
nets, reinforced with reclaimed carbon fibers (CF) obtained from a
previously optimized thermo-oxidative process.

In the first part, the performance of the CFRP composites was eval-
uated by examining the thermal, mechanical, and morphological prop-
erties of the composites made from rPA6 reinforced with either virgin or
recycled CF (vCF and rCF). The composites were produced via melt
extrusion compounding at different concentrations (5, 10, and 15 wt%
CF). Thermal (TGA and DSC) and morphological (SEM/EDS) analyses
demonstrated the enhanced fiber-cleaning efficiency of the thermo-
oxidative process, which produces rCF with the same diameter as vCF
(7-8 pm) and minimal char residue, impurities, or defects. Interestingly,
rCF exhibited both appearance and mechanical properties comparable
to vCF but showed superior performance when embedded in the recy-
cled polyamide 6. This improvement is attributed to the efficient
cleaning of the fiber surface achieved through the thermo-oxidative
process, which offers a dual benefit: enhancing physical adhesion be-
tween the rCF and the rPA6 matrix, and increasing surface polarity (O/C
ratio from 0.021 to 0.054 wt%), thereby improving the compatibility of
rCF with the polyamide 6 matrix compared to vCF. This is evidenced by
the superior tensile properties (13.1 vs 11.1 GPa), and impact toughness
(28.4 vs 25.9 kJ/m?) of rCF/rPA6 composites compared vCF/rPA6 at the
highest fiber loading of 15 wt%. This result can be reliably attributed to
the increase in polar groups on the surface of the carbon fibers, which
can interact positively with the polar groups of polyamide, enhancing
the adhesion between the reinforcement and the matrix.

In the second part, the production of CFRP composites using PA6
from discarded fishing nets was studied through a Life Cycle Assessment
(LCA). A gate-to-gate approach was applied to evaluate the environ-
mental sustainability of the process at an industrial level. Two alterna-
tive scenarios were modeled, exploring the production of 1 ton of CFRP
composites (consisting of 85 wt% PA6 and 15 wt% CF) obtained through
melt extrusion compounding of: i) rPA6 and vCF (Scenario 1); ii) rPA6
and rCF (Scenario 2). The alternative scenarios were compared with the
reference scenario (Scenario 0), which represents the production of
CFRP composites through melt extrusion compounding of virgin PA6
and CF materials. A sensitivity analysis was carried out on wastewater
produced from fishing net washing, considering off-site treatment at an
industrial wastewater treatment plant (WWTP, assumed to be 100 km
away) rather than on-site treatment using reverse osmosis. Compared to
Scenario 0, Scenario 1 produced less pollutant emissions in 6 out of 11
impact categories provided by the CML-IA baseline method. Scenario 2
was the best option in all indicators due the avoided productions of vPA6
and vCF, showing a total saving of 5.74E+03 kg of CO2 equivalent
emissions. Although off-site wastewater treatment resulted in an overall
increase in pollutant emissions, except for few important categories such
as global warming potential (GWP) and ozone layer depletion potential
(OLDP), the sensitivity analysis confirmed that the introduction of
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recycled materials into the production chain led to a progressive
reduction in total emissions, highlighting the importance of a sustain-
able recovery of waste products.

4.4. Final remarks

The main novelty of the proposed investigation lies in the ability to
revalorize PA6 from end-of-life fishing nets and reclaimed carbon fiber
(CF) by designing CF-PA6 composites that exhibit superior thermal and
mechanical properties compared to virgin materials, as well as good
processability. In the study, we examined rPA6/rCF with a 15 wt%
content, though higher loadings could also be attainable. This approach
not only enhances the material’s properties but also promotes high
circularity, making it a key strategy for repurposing a significant waste
stream at the end of its life cycle.
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