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In a further research effort toward sustainability and circularity, this work demonstrates the possibility of
designing and producing novel blends derived from recycled polyamide 6 (PA6) fishing net, incorporating two
biochars, i.e., carbonaceous materials obtained from the controlled pyrolysis of vegetable biomasses, at different
loadings (namely 5, 10, and 15 wt%). The biochar derived from lignocellulosic biomass enhanced both the
mechanical properties and moisture resistance of the recycled polyamide, increasing the elastic modulus from 2.6
to 4.5 GPa and reducing water uptake from 3.6 % to 1.8 %. Interestingly, thanks to its high silica content, the
biochar derived from rice husk accounted for an increase in the activation energy for combustion of the polymer
matrix (from 43.6 to 70.9 kJ/mol). However, it also showed a detrimental effect on the water uptake and the
mechanical behaviour of the blends. Besides, the possibility of replacing up to 15 wt% of petroleum-derived
carbon black pigments with the biochars decreased the overall cost of PA6 blends. Also considering the bio-
char densities that are lower than those of traditional carbon fillers, the proposed blends may pave the way for
the design, development, and exploitation of novel sustainable materials suitable for lightweight applications.

1. Introduction

Plastics are widespread in our society due to their exceptional
properties and cost-effectiveness, making them indispensable across
various sectors, notably within the packaging and construction in-
dustries (~ 60 % of the overall plastic production). Recent data indicate
a demand for around 57.2 million tons of plastics in Europe in 2022 [1],
with production rates increasing rapidly. This trend poses significant
challenges to global ecosystems, especially marine habitats [2-4]. It is
estimated that around 11 million tons of plastic debris are improperly
disposed of in the oceans annually, with a projected trend that could
nearly triple by 2040 [5]. In this scenario, governments and industries
are implementing measures to reduce plastic debris stemming from
land-based activities. Nevertheless, the challenge persists in managing
plastic wastes generated by marine activities, such as fishing. Around
20 % of the overall plastic accumulation in oceans (about 640,000 tons
per year) is attributed to fishing nets, and fishing accessories [6,7].
Following the 2020 PETI Report of the Council of the European Union,
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significant resources will be allocated for the development of innovative
methods aimed at reusing and recycling these products within a circular
economy framework [8]. However, there is currently no dedicated re-
covery system for plastic materials from marine activities, highlighting
the critical need for effective recycling strategies to address this type of
plastic pollution.

Recycling fishing products presents hurdles due to the complexities
of material collection, sorting, and re-processing. Fishing gears are
typically fabricated from a variety of robust, resilient, and durable
polymers, including nylon 6 (polyamide 6, PA6), nylon 66 (polyamide
66, PA66), high-density polyethylene (HDPE), ultra-high molecular
weight polyethylene (UHMWPE), and polypropylene (PP). These ma-
terials are not biodegradable and require significant resources and en-
ergy demand for their mechanical sorting and thermal recycling via melt
compounding [9]. Another issue to be addressed is the presence of
organic residues and sea salt, which requires a thorough cleaning phase
that consequently raises the costs associated with the recycling pro-
cesses [10]. To improve cost-effectiveness and properties, as well as to
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broaden the utilization of recycled fishing nets as raw material, blending
them with virgin resins at different percentages may ensure suitability
for the envisaged applications. In fact, the combination of virgin and
recycled materials has emerged as a viable strategy for the reuse of these
plastic materials as we move toward a circular marine plastic economy
[11].

The recycling rates of fishing nets vary depending on their ease of
recyclability and accessibility. PA6 and PA66 nets are widely used,
especially in the production of gill nets, owing to their exceptional
durability and flexibility. Currently, polyamide nets undergo mechani-
cal recycling and, to a lesser extent, chemical recycling through depo-
lymerization [12,13]. Conversely, fishing nets made of HDPE and PP
hold less economic value since both are commonly employed for the
manufacturing of trawl nets, which are prone to abrasive damage and
thus are more difficult to recycle into new products. The market for
products derived from recycled fishing nets includes fabrics, clothing,
and small accessories commercialized by Patagonia NetPlus® and
PlastixGlobal® [14-16]. Furthermore, recycled fishing plastics are
employed in the construction and building sector as reinforcement in
cementitious materials [17]. The automotive industry is another
emerging sector, where thermoplastic fibres and fillers are gradually
introduced to develop new lightweight materials and composites.
Recently, the EU introduced updates to the End-of-Life Vehicles (ELV)
Regulation to promote the circularity of vehicles and set ambitious
recycling targets to ensure that at least 25 % of plastics used in vehicle
construction derive from recycled materials. In line with this initiative,
next-generation Jaguar and Land Rover models will incorporate floor
mats and trims crafted from Econyl® fibre, derived from recycled nylon
possibly recovered from fishing nets. Additionally, LyondellBasell
launched Circulen-Recover®, a new injection-moulded recycled PP
copolymer tailored for automotive applications, produced from recov-
ered maritime plastics [18,19].

Additives like plasticizers, stabilizers, and fibres are typically used in
combination with recycled plastics to mitigate the loss of physical
properties due to mechanical and thermal re-processing. Moreover, the
integration of low-cost renewable additives enhances material afford-
ability and sustainability. Among these sustainable additives, biochar
stands out as the solid residue obtained from thermal cracking (500-900
°C) of biomass in an oxygen-poor atmosphere. While biochar has typi-
cally been used for water pollutant remediation and soil amendment
[20], emerging applications include its adoption as a more sustainable
substitute to conventional fillers such as carbon black in polymer com-
posites, thanks to its high compatibility and thermal/electrical con-
ductivity [21-25]. Biochar porous structure results in biocarbon
composites with lower density than traditional talc and carbonate-based
counterparts, making it a suitable filler for developing lightweight ma-
terials, especially in combination with polyamides [26,27]. In polymer
systems, the inclusion of biochar significantly improves both mechanical
strength and stiffness, while reducing impact toughness and ductility
[24,28-32]. Furthermore, the addition of biochar limits the water up-
take and the consequent hydrothermal ageing processes [27,28]. Inter-
estingly, biochar also exhibits thermal stability and flame-retardant
properties [28,32,33] and has the potential to substitute more tradi-
tional flame-retardants such as ammonium polyphosphate and magne-
sium hydroxide [34,35].

Polymers with good flame-retardant properties help limit the fire
spread and reduce the risk of fires in critical situations. Based on UN-ECE
R118 and ISO 3795 regulations, these properties are crucial in road
vehicle construction, particularly for interior components, panels, ca-
bles, and other materials that might be exposed to irradiative heat
sources or direct flames during a fire occasion. Recently, various
carbonaceous fillers, such as graphite [36], clays [37], and carbon
nanotubes [38], have been explored as alternatives to traditional
chemical flame-retardants to alleviate their adverse environmental ef-
fects. Among these, biochar obtained from silica-rich rice husk accounts
for a unique combination of sustainability, biodegradability, and
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cost-effectiveness. The flame-retardant properties of polymer compos-
ites filled with silica-rich components were attributed to the thermal
shielding effect provided by the ceramic filler layer that originates
during the combustion [39]. The use of rice husk has been investigated
not only with such polyolefins as LDPE, HDPE [28,32,40,41], and PP
[42,43], but also with biobased polymers like PLA [33,44-46] to
improve water resistance, particularly in coatings. Interestingly, Zhang
et al. developed high-loaded PE-based composites incorporating rice
husk, achieving a limited oxygen index of around 25 %, indicating po-
tential flame-retardant properties [32]. Recently, Hoang et al. demon-
strated the efficacy of rice husk in inhibiting heat transfer and mitigating
thermal degradation during the combustion of polypropylene [28].

In this context, the current study investigates the potential for
creating new sustainable blends derived from discarded PA6 fishing
nets, aiming to improve their thermal, rheological, and mechanical
properties through the incorporation of biochar fillers. This represents
the main novelty of the proposed investigation, which refers to the
possibility of revalorizing PA6 material at the end of its life by designing
polymer-biochar blends with improved characteristics. Besides, this
strategy accounts for a high circularity, hence becoming very important
to the revalorization of a waste, the quantity of which is substantial and
deserves to be repurposed.

The use of the two biochars, i.e., a traditional lignocellulosic biochar
and a silica-rich biochar produced from rice husk, in recycled PA6 nets
was assessed by fabricating pellets via melt extrusion at different filler
loadings (namely 5, 10, and 15 wt%). The resulting blends were char-
acterized through Fourier Transform Infrared spectroscopy (FT-IR),
Raman spectroscopy and electron microscopy (FE-SEM) to assess the
molecular interactions occurring between the PA6 matrix and the filler.
Additionally, Differential Scanning Calorimetry (DSC) and Thermogra-
vimetric Analysis (TGA) were employed to study the thermal behaviour
of the PA6/biochar blends. Constant heating rate thermogravimetric
analysis was exploited to study the thermal degradation kinetics with
the method developed by Flynn, Wall, and Ozawa [47,48]. Furthermore,
water uptake and rheological behaviour of the blends were examined to
assess the influence of biochar on moisture absorption and process-
ability, respectively. Finally, the mechanical properties were deter-
mined through tensile tests conducted on dog-bone specimens.

2. Experimental
2.1. Materials

Monofilament polyamide 6 (P) fishing nets were collected from the
nearby port of Livorno, and washed to remove sand, sea salt, and organic
residues. Lignocellulosic biochar (B) of class I quality, derived from the
pyro-gasification of vegetable biomass, was supplied by BioDea Srl
(Arezzo, Italy). This biochar filler contains 3-5 wt% of ash, 67-75 wt%
of C, 0.2-0.4 wt% of total N, 0.03-0.04 wt% P, and traces of elements
such as Fe, Na, K, Ca, and Mg. Rice husk biochar (RH) was produced
from rice husk initially stabilized in a ventilated oven at 105 °C for 72 h.
Then, the husk were subjected to pyrolysis in a tubular oven set at 550
°C, in inert atmosphere (N3), with a heating rate of 10 °C/min, and
maintained at the maximum temperature for 30 min. Both biochars
present similar particle size distributions in the 5-100 um range.

2.2. Blends preparation

B and RH biochar powders were first dried at 110 °C for 48 h to
remove moisture. The P nets were also dried overnight in a vacuum oven
at 100 °C and pelletised using a granulator Shini SG-3048 by Chinchio
Sergio Srl (Brescia, Italy). The blade-to-blade distance was fixed to
produce small cylindrical cuts measuring 0.5-1 mm in diameter and
2-4 mm in length. Then, mixtures of P/B and P/RH with different bio-
char content (5, 10, and 15 wt%) were processed using a single-screw
extruder by Brabender GmbH (Duisburg, Germany). These blends are
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identified as PBX and PRHX, where X represents the biochar wt%
loading. The various 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 remained steady at
30-35 rpm, with a mean torque value ranging from 12 to 18 Nm and a
mass rate of about 2 kg/h. An increase in biochar content beyond 15 wt
% resulted in significantly elevated torque and extreme thermal condi-
tions, possibly causing excessive stresses and degradation of the polymer
matrix. To evaluate the effect of melt processing on the thermal and
mechanical properties, the virgin P net was also processed under the
same conditions (P’ denotes the P net post-processing). After extrusion,
the filaments were cooled in a water bath at room temperature, and then
automatically cut into pellets using a Procut 3D by Chinchio Sergio Srl
(Brescia, Italy) cutter. These pellets were finally dried at 100 °C for 24 h
in a vacuum oven and sealed in vacuum bags to prevent moisture ab-
sorption before conducting the different characterization analyses.

2.3. Characterization methods

2.3.1. Fourier transform infrared spectroscopy (FT-IR) and raman
spectroscopy

FT-IR spectra were acquired to explore potential molecular in-
teractions between the functional groups of nylon 6 and those present in
biochar. The spectra were recorded in ATR mode using a spectrometer
Cary 630 FT-IR by Agilent Inc (CA, US) over the wavenumber range from
4000 to 400 cm™! with a scanning resolution of 4 cm™. Before analysis,
all pellets (P, P’, PBX, and PRHX) were pre-dried at 40 °C in a vacuum
oven for approximately 24 h.

Raman spectra were collected using an inVia Apparatus H43662 by
Renishaw plc (Gloucestershire, UK) equipped with a laser line (wave-
length of 532 nm) in the range from 500 to 3500 cm ™. The deconvo-
lution of signals was performed with a Matlab (version R2020a)
homemade compiled software according to Tagliaferro et al. [49].

2.3.2. Thermal analysis

Differential Scanning Calorimetry (DSC) was performed on the
different pellets to assess the influence of biochar addition on the crys-
tallinity of the blends. The analysis was carried out using a DSC Pyris 1
6000 by Perkin Elmer Inc (Waltham, USA) with a nitrogen flow of
50 ml/min. Approximately 20 mg of each sample was placed in a her-
metically sealed aluminum pan and heated at 10 °C/min from —40 °C to
330 °C to eliminate any thermal history from processing. The sample
was held at 250 °C for 3 min, then cooled down to —50 °C at 10 °C/min,
and finally re-heated to 330 °C at 10 °C/min. The melting temperature
(T, and enthalpy change (AH,,) during the second heating step were
measured to determine the degree of crystallinity (X;) of the blends,
employing the following equation:

AH,,

X (%) :m-loo (€Y

where AHY, = 240 J/g represents the melting enthalpy per gram of
100 % crystalline nylon 6 polymer (average between a-phase - 241 J/g
and y-phase - 239 J/g, respectively [50]), and f,, denotes the weight
fraction of the biochar in the blend, rescaled on the residue at the end of
thermal analysis in air. The DSC curves presented in the manuscript refer
to the second heating step.

To evaluate the thermal stability of the pristine materials and blends,
thermogravimetric analysis (TGA) was performed on the pellets using a
STA 2500 Regulus instrument by Netzsch GmbH (Selb, Germany).
Approximately 15 mg of each sample was placed in a platinum pan and
subjected to heating from room temperature to 900 °C at a rate of 10 °C/
min under a nitrogen atmosphere (50 ml/min), followed by heating to
1300 °C in air at the same rate. Further TGA was conducted to examine
the thermal degradation kinetics of nylon 6-biochar blends. To this aim,
the Flynn-Wall-Ozawa (FWO) Eq. (2) was used to determine the
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activation energy (E) that must be overcome for the combustion reaction
to proceed [48,51]:
E

log(B) = —2.315— 0.457RT

(2)
where $ denotes the heating rate, T is the temperature (K), and R is the
universal gas constant. The equation reveals that the variable log (B)
exhibits a linear correlation with the variable 1/T. Therefore, the acti-
vation energy E corresponding to a given level of degradation can be
derived by calculating the slope of the log (B) versus 1/T graph. Sub-
sequently, the average activation energy was calculated as the mean
value obtained from each conversion. FWO thermogravimetric analyses
were performed from room temperature to 900 °C in air (50 ml/min) at
different heating rates, namely, 1, 5, 10, and 20 °C/min.

2.3.3. Morphology

The morphology of the biochar samples was analysed using a Quanta
FEG 450 Scanning Electron Microscope (SEM) equipped with Energy
Dispersive Spectroscopy (EDS) by FEI Inc (Hillsboro, USA). Before
analysis, the biochar powders were sputter-coated with a thin layer of
gold using an Edwards Sputter Coater S150B apparatus.

Field Emission Scanning Electrical Microscopy FE-SEM, Zeiss
SupraTM 25 (Oberkochen, Germany) operating at 5 keV was employed
to analyse the morphology of composites.

2.3.4. Water absorption analysis

The water uptake of blend granules was evaluated following the
ASTM D570 standard. Three sample replicates were prepared and
desiccated until constant weight before starting the tests. Each sample
was weighed every 24 h over a total period of 30 days using a precision
weight balance with an accuracy of 0.0001 g. The water uptake Wy, was
calculated using Eq. (3):

Wi — W

Wais (%) = =100 3

where W; and Wy are the wet and dry weights of the blends, respec-
tively. The corresponding percentage change in density of P’, PRHX, and
PBX granules was measured at 20 °C using a 50 ml pycnometer and
deionized water as liquid medium.

2.3.5. Rheological analysis

The effect of biochar on the rheological behaviour was assessed at
250 °C using a MCR 92 Rheometer by Anton Paar (Graz, Austria),
employing a plate-plate geometry featuring a 25 mm diameter and
1 mm gap. Initially, an amplitude sweep test (from 0.01 % to 100 %)
was carried out with a fixed angular frequency w = 10 rad/s to deter-
mine optimal operational parameters for identifying the linear visco-
elastic limit. Then, oscillatory frequency sweep tests ranging from 0.05
to 100 Hz (0.314-628 rad/s) were performed with a fixed shear strain
(0.2 %). The complex viscosity (1*), and the loss factor (tan §) were
evaluated as a function of angular frequency (w).

2.3.6. Mechanical tests

Tensile tests were conducted according to the UNI 527-2 standard,
using type 5 A dog-bone specimens. For this purpose, dog-bone speci-
mens were injection-moulded at 250 °C using a Megatech HD 22-50
press by Tecnica Duebi Srl (Ancona, Italy). The samples were then kept
at 80 °C for an additional minute before being extracted from the mould.
Stress-strain testing was carried out at room temperature using a Quasar
10 system machine by Galdabini Srl (Varese, Italy) equipped witha 1 kN
load cell. Each test was performed on 5 specimens at a crosshead speed
of 10 mm/min, and mean values along with relative standard deviations
were subsequently reported.
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Fig. 1. FT-IR spectra of nylon 6 virgin fishing net (P) and processed fishing
net (P).

3. Results and discussion
3.1. FT-IR and raman spectroscopy

To evaluate the impact of thermal processing on the recycling of
fishing nets, virgin net granules were extruded under the processing
conditions outlined in Section 2.2. The structural characterization of the
samples was conducted through FT-IR analysis (Fig. 1). Both unpro-
cessed (P) and processed (P’) nets were analysed, normalizing their
spectra to the band at around 1370 em™!, which corresponds to the
bending vibration of the C-N-H bond [12]. The FT-IR spectrum of the
virgin sample (P) exhibits characteristic bands of polyamide 6, namely: a
peak around 3300 cm ™! attributed to hydrogen-bonded N-H stretching
[12], peaks at 2940 and 2850 cm ! associated with methylene CH,
stretching vibration [12], sharp peaks at approximately 1640 and
1540 cm ™! corresponding to amide I C=0 stretching and amide II N-H
bending, respectively, and bands in the amide III region between 1370
and 1200 cm ™. Comparatively, the processed sample P’ exhibits similar
peaks to the virgin one, with overlapping spectra except in the 1100 and
850 cm ! region, where multiple bands appear due to monoclinic a and
y crystal phases of polyamide 6 [52,53]. Specifically, the band at
930 cm™! is associated with the a crystal phase of polyamide 6, while
the band at around 973 cm ™! is related to the y crystal phase [52,53].
The processed sample (P’) exhibits less pronounced peaks in the
1100-850 cm ™! region compared to the unprocessed sample (P), which

(a)

PRH15

Absorbance

T T T T T

3500 3200 2900 2600 2300 2000 1700 1400 1100 800 500

Wavenumber (cm™)
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may be elucidated by the findings of Mondragon et al. [12]. In partic-
ular, the authors combined FT-IR with XRD analyses and demonstrated
that mechanical and thermal processing at temperatures exceeding 250
°C alters the « to y ratio during recrystallization/cooling at room tem-
perature, thereby affecting the peak proportion in the 1100-850 cm ™!
range. This explains the difference in peak intensity between P and P’
within this spectral region.

The FT-IR spectra of the PRHX and PBX blends reported in Fig. 2
indicate the absence of specific molecular interactions between P’ and
both RH and B biochar, which act as inert fillers. While Ogunsona et al.
[54] suggested that strong interfacial adhesion between biocarbon and
polyamide could be attributed to potential hydrogen bonding, the
spectrum comparison between the processed virgin net P’ and PRHX and
PBX blends reveals negligible chemical shifts or the appearance of
additional bands indicative of chemical bonding between the filler and
the polyamide matrix. Notably, biochar, being predominantly
carbon-based, lacks distinct absorption bands within the 4000-650 cm™
range. The B and RH spectra roughly overlap, except for the
900-1200 cm region (Fig. 3). The intense band at 1055 em™! corre-
sponds to the stretching vibrations of silicon-oxygen tetrahedrons as
SiO4 and denotes a high silica content of RH [55]; conversely, the very
low silica content in B does not allow for detecting Si-O signal in the
corresponding FT-IR spectrum.

Fig. 4a and Fig. 4b show the deconvoluted Raman spectra of typical B
and RH biochars in the characteristic region that allows for the

1055
/ Si-O-Si

Q
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&
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—
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<

B
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Fig. 3. FT-IR spectra of B and RH biochars.
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Fig. 2. FT-IR spectra of P, PRHX (a), and PBX (b) blends.
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Fig. 5. DSC thermograms of P’, PRHX (a), and P’, PBX (b). 2nd heating scan = 10 °C/min from —50 °C to 330 °C.

Table 1
Melting temperature (T;,1, Trn2), glass transition temperature (T), and degree of
crystallinity (X.) of P’, PRHX (a), and P’, PBX (b).

Sample Tm1 °C) Tm2 °C) T, (°C) X, (%)
P’ 214.5 205.0 48.3 21.7
PB5 214.0 206.0 48.5 229
PB10 216.0 205.5 51.7 25.8
PB15 215.5 206.0 55.8 321
PRH5 215.0 205.0 48.3 21.9
PRH10 215.5 206.0 48.1 22.3
PRH15 215.5 205.5 48.4 21.6

quantification of crystallite size of pyrolytic graphite [56]. Both plots
display intense D and G peaks centred respectively at about 1350 and
1600 cm ™! and a not well-structured 2D region in the 2300-3500 cm ™!
range, which is not reported here for the sake of clarity. The Ip/Ig ratio is
approximately 2.4 (B sample) and 3.6 (RH sample), suggesting the
presence of a highly disorganized sp? carbon structure, as evidenced by
the small volumetric crystallite size of up to around 24.7 A and 12.2 A,
respectively [56]. This is consistent with the low temperature of pyrol-
ysis used to produce RH, which did not allow for a turbostratic rear-
rangement of graphitic crystallites, as reported by Torsello et al. for
temperatures exceeding 800 °C [57].

3.2. Thermal characterization

3.2.1. Differential scanning calorimetry (DSC)

The DSC thermograms reported in Fig. 5, corresponding to the sec-
ond heating scan at 10 °C/min, support for the presence of both o and y
crystal phases previously discussed. The o form appears as the more
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Fig. 6. TG and DTG curves of virgin (P) and processed (P’) fishing nets. Heating
rate = 10 °C/min from room temperature to 900 °C in nitrogen, and from 900
°C to 1300 °C in air.

thermodynamically stable phase, evidenced by prominent peaks (Tp,;) in
the 214-216 °C range, whereas the y metastable form is visible as a
minor shoulder peak at lower temperatures (Tp,2) at about 205-206 °C.
All P’, PBX, and PRHX samples exhibit melting temperatures (T;,; and
Tm2) comparable to those reported in the literature [58,59]. The con-
sistency of melting temperatures suggests that none of the fillers pref-
erentially induces the formation of a specific polymorph over the other.
Conversely, the observed increase in glass transition temperature (T)
and degree of crystallinity (X.) of PBX blends suggests a stronger affinity
between the polyamide matrix and biochar type B compared to RH
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Fig. 7. TGA curves of P’, PRHX (a), and P’, PBX (b). Heating rate = 10 °C/min from room temperature to 900 °C in nitrogen, and from 900 °C to 1300 °C in air.

(Table 1). Ty ranges from 48.3 to 55.8 °C, and X, varies from 21.7 % to
32.1 % with the addition of B, whereas they remain relatively constant
with RH incorporation, comparable to pure P’. It is hypothesized that
different biochars may interact diversely with the polyamide matrix.
Particularly, oxygen-rich biochars present carboxyl, hydroxyl, and
carbonyl groups, which can form hydrogen bonds, not clearly detectable
via FT-IR, with the amide groups of polyamide 6, thus enhancing
interfacial adhesion between biocarbon and polyamide [54,60]. Hence,
the more compatible B filler tends to interact favourably with the
polymer chains, restraining their mobility and thereby increasing the T
of the blend material. Additionally, the B filler can act as a nucleating
agent, facilitating the formation of crystalline domains within the
polymer matrix, leading to an increase in the degree of crystallinity (X.).

3.2.2. Thermogravimetric analysis (TGA)

The TGA curves reported in Fig. 6 confirm the findings of the pre-
vious FT-IR spectra (Fig. 1). Both unprocessed P and processed P’ nets
exhibit nearly identical thermal degradation profiles, indicating that
extrusion processing did not degrade the polymer matrix significantly.
Besides, slight deviations in the temperature onset and degradation peak
from 401 °C (P) to 399 °C (P’), and from 454 °C (P) to 451 °C (P’),
respectively, suggest minimal polymer fragmentation during the extru-
sion process. This implies the potential for efficient recycling and com-
pounding of the virgin nets into new polyamide-biochar blends.

B and RH biochars exhibit a comparable degradation behaviour with
a slow mass decay of about 15 wt% from room temperature up to 900 °C
in nitrogen atmosphere (Fig. 7). This gradual decrease primarily stems
from the presence of refractory organic substances and the inherent
resistance of aromatic rings, such as degraded lignin, and robust C-C
covalent bonds. The observed B and RH thermograms are indicative of
carbonized materials derived from agricultural and forestry residues
that underwent graphitization due to pyro-gasification processes [61].
In air atmosphere, rice husk biochar (RH) exhibits a greater residue
(33 wt%) compared to lignocellulosic biochar (B) (10 wt%), thereby
confirming the substantial presence of inert amorphous silica [32,
40-43,62].

PRHX and PBX blends showed very similar degradation profiles with
consistent thermal stability up to about 380-385 °C, which is compatible
with the extrusion conditions adopted. All curves showed a single sharp
mass decay with decomposition peaks at around 445-450 °C and
asymptotic values in the nitrogen atmosphere, which roughly corre-
sponds to the concentrations of biochar filler introduced into the blends
(5, 10, and 15 wt%). This result confirms the effective dispersion of the
biochars within the blends. Interestingly, PRHX presents final residues
of 4-5 wt% in the oxidizing atmosphere compared to the PBX residues
(1-2 wt%), which aligns with the greater presence of inert silica and
other inorganic compounds based on Al, Cu, Fe, and Zn [43].

3.2.3. Flynn-Wall-Ozawa (FWO) degradation kinetics

To deepen our understanding of the degradation behaviour of the
formulated PBX and PRHX blends, and to elucidate the impact of biochar
on the initial temperature onset and degradation peak, additional
thermogravimetric experiments were conducted under oxidative con-
ditions. Specifically, we employed the Flynn-Wall-Ozawa (FWO)
method outlined in Section 2.3.2 [48,51], which involves assessing mass
loss at various heating rates to determine the activation energy (E) of the
blends.

The impact of biochar was evaluated by comparing the activation
energy of P’ to that of the blends obtained at the highest biochar content
(i.e., PRH15 and PB15), where the influence of biochar is mostly pro-
nounced. The TGA analyses carried out at heating rates of 1, 5, 10, and
20 °C/min are reported in Fig. 8(a-c). The corresponding fittings derived
from the kinetic plots at the conversion of 5, 10, 20, and 50 % are pre-
sented in Fig. 8(d-f). The selection of conversion up to 50 % was guided
by the constraint that the FWO method applies only to well-resolved
single-step decompositions and first-order kinetics degradation. All the
TGA curves reported in Fig. 8 exhibit decomposition shoulders; hence,
the evaluation of activation energy (E) was focused on the initial phase
of the TGA curves (conversion < 50 %) where the FWO method remains
valid and biochar predominantly exerts its thermal shielding effects [47,
48].

The thermogravimetric analysis profiles showed a notable shift in
degradation curves toward higher temperature ranges with increasing
heating rates, indicating elevated decomposition temperatures due to
reduced exposure time [46,63].

P’ and PB15 exhibited similar activation energies ranging between
27.0 and 30.5 kJ mol~! at low conversions (5 and 10 %), approximately
half of those observed for PRH15 (~ 55 kJmol™!) under identical
conditions. However, this discrepancy diminishes at higher conversions
(20 and 50 %), suggesting that RH biochar provides superior protection
against polymer thermal degradation during the initial stages. The
average activation energy varied from 43.6kJmol ! for P’ to
53.0 kJ mol™! and 70.9 kJ mol~! for PB15 and PRH15, respectively,
highlighting thermal-shielding properties, particularly for RH biochar.
Indeed, the higher activation energy for PRH15 compared to P’ implies a
mechanism of thermal shielding, likely due to the high silica content of
RH acting as an inert filler, isolating the polymer matrix and reducing its
thermal degradation [28,39]. It has been demonstrated that as the
heating process progresses, in this case, organic components undergo
gradual decomposition and gasification, leaving silica as the predomi-
nant residue. The continuous accumulation of these silica residues ul-
timately results in the formation of a silica-ash layer, which acts as an
effective heat shield, slowing down the heat and mass transfer involved
in the degradation process [39].

The second stage of weight loss, as depicted in Fig. 9, highlights the
appearance of shoulders attributed to the oxidation of the carbon skel-
eton remaining after the initial decomposition of both matrix and
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Fig. 8. TGA curves and kinetic plots of P’ (a,d), PRH15 (b,e), and PB15 (c,f). Heating rate = 1 °C/min, 5 °C/min, 10 °C/min, and 20 °C/min from room temperature

to 900 °C in air. Conversion = 5 %, 10 %, 20 %, and 50 %.

biochar. It has been postulated that the rate of oxidation is influenced by
the heating rate; slower rates (1 °C/min) lead to the formation of a more
porous carbon skeleton, facilitating faster oxidation, while faster rates
(20 °C/min) result in less porous carbon skeletons and slower oxidation
phenomena [64].

3.3. Water absorption characterization

The EDS microanalysis depicted in Fig. 10 showed a comparable
concentration of atomic oxygen in both B and RH biochar samples (i.e.,

around 13-14 wt%). This oxygen is primarily present in functional
groups such as COOH, OH, and C=O0, as well as in silica (SiO3) [65].
Given that RH biochar contains a Si concentration of 6 wt%, twice that
of B biochar (3 wt%), the latter likely exhibits a higher abundance of
carboxyl, hydroxyl, and carbonyl groups available for hydrogen bond
formation with the amide groups of polyamide 6. This finding confirms
the greater affinity observed through previous DSC analyses of B
compared to RH when both are dispersed in the polyamide matrix.
Additionally, the higher Si concentration supports the selection of RH
filler as an effective thermal shield in recycled nylon 6-based fishing
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nets. Furthermore, EDS results demonstrate the uniform distribution of
other inorganic trace elements, including Fe, Na, K, and Ca, with con-
centrations ranging from 0.1 to 0.6 wt%.

The relatively high silica content present in RH biochar and its
PRH15 blend compared to their respective B and PB15 counterparts is
indirectly confirmed by the water absorption tests shown in Fig. 11. The
results indicate the highest water absorption for neat P’, reaching
approximately 3.6 % over 30 days. This can be attributed to the strong
polarity of polyamide 6 molecular chains, stemming from the presence
of amide groups (-NHCO-), which exhibit significant hydrophilicity
[54,66]. In contrast, biochar fillers typically possess hydrophobic
properties; thus, their integration into the polyamide matrix decreases

Lignocellulosic biochar (B)
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the overall material’s affinity toward water. Therefore, an increase in
biochar loading typically results in reduced water uptake. The findings
in Fig. 11 were obtained with the highest biochar content (15 wt%),
where the impact of biochar is most pronounced. The results demon-
strate diminished water absorption for both PRH15 and PB15 compared
to P’, with values of 2.5 % and 1.8 % for PRH15 and PB15, respectively.
Besides, it is worth noting that our water absorption results are lower
than those achieved by Ogunsona et al. [54] in virgin polyamide 6 and
miscanthus-based biochar, and numerically align with those obtained by
Zhu et al. [50], who utilized virgin polyamide 6 matrix and
bamboo-derived biochar. Zhang et al. (2020) demonstrated that high
content of biochar (up to 70 wt%) may also negatively affect water
absorption due to inadequate adhesion between the matrix and the
polyethylene filler [32]. Similar outcomes were reported by Prabhu
etal. in their investigation of biochar-epoxy composites [21]. Our results
confirm the moisture-shielding effect provided by the biochars in the
recycled polyamide matrix. Furthermore, the notably higher values
observed for PRH15 may be attributed to the noticeable silica content
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Fig. 11. Water absorption rate of P’, PRH15, and PB15 blends.
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Fig. 10. SEM images and EDS microanalysis of lignocellulosic biochar B (a) and rice husk biochar RH (b).
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and the presence of silanol groups (Si-OH), which are particularly hy-
drophilic, thereby making PRH15 blend more hydrophilic than PB15.
Conversely, the oxygen-rich groups in B tend to preferentially form
hydrogen bonds with the amide groups of polyamide 6, thereby
reducing their availability for water absorption [54,66].

To further validate the protective effect conferred by the biochars,

Fig. 12 displays the density trends over time for P, PB15, and PRH15.
These trends corroborate the earlier observations regarding water up-
take. Specifically, P’ demonstrates consistently higher densities, ranging
from1.12to0 1.27 g/cm3 (13.4 % increase), while PB15 ranges from 1.15
to 1.22 g/cm?® (6.1 % increase), and PRH15 ranges from 1.15 to 1.26 g/
cm® (9.6 % increase). Both blends show lower water uptake compared to
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unfilled nylon P’, suggesting that the biochar particles act as a barrier. It
has been demonstrated that they tend to concentrate absorbed moisture
within their pores and at the interface with the nylon 6 [27]. The slight
difference in density between P’ and both PRH15 and PB15 (1.12 versus
1.15 g/cm®) is attributed to the biochar loading, which typically pos-
sesses a higher density (ranging from 1.3 to 2 g/cm?) than the P’ matrix
[67]. Conversely, the biochar used as an additive in nylon 6 has a lower
density compared to other inorganic reinforcing fillers such as talc and

10

carbonates (up to 3 g/cm®) employed in combination with polyamides,
thus representing a potential solution for the development of
low-density blends for lightweight applications such as in the automo-
tive sector [26].

Finally, after prolonged drying in an oven for 48 h at 90 °C, the water
uptake values return to those observed initially, except for P which
shows a residual water uptake of roughly 5 % likely associated with the
presence of bound water molecules within the amorphous phase of
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Fig. 16. Dog-bone specimens of P and P’ (a), and PRHX and PBX blends (b).

nylon, which are more difficult to remove [27].
3.4. Rheological characterization

The influence of filler-matrix interfacial adhesion on the melting
behaviour of blends is a well-established phenomenon in polymer sci-
ence. Typically, strong interfacial adhesion effectively confines polymer
chains around filler particles, thereby reducing polymer chain disen-
tanglement and mobility. Conversely, weak adhesion results in minimal
confinement and increased melt fluidity. The former behaviour leads to
an increase in melt strength, melt flow index, and viscosity, while the
latter results in a decrease in these rheological properties. Hence, to
further investigate the interaction between the recycled nylon 6 and the
incorporated biochars, the complex viscosity (3*) and the damping
factor (tan §) were evaluated as functions of angular frequency (). The
complex viscosity of P’ and its blends (PRHX and PBX) exhibited the
characteristic rheological behaviour of shear-thinning fluids, where
complex viscosity decreased with increasing angular frequency due to
progressive chain disentanglement (Fig. 13). However, PRHX and PBX
displayed different rheological behaviours. In particular, RH exhibited a
fluidization effect, resulting in lower viscosities with increased RH
content. This is likely due to the inadequate chemical bonding at the
polymer-filler interface, along with the lubricating effect offered by the
graphitic nature of the biochar and the partial degradation of its ligno-
cellulose material into low molecular weight fractions [25,68]. In
contrast, B showed a reinforcing effect, resulting in slightly higher vis-
cosities with increased B loadings [54]. This suggests a minor fluidiza-
tion effect that is also compensated by the char-polymer interaction
caused by the oxygen-rich groups (i.e., hydrogen bonding) previously
discussed.

Typically, increasing the filler content of polymer blends results in
increased storage moduli over loss moduli. However, globally reduced
damping factors were observed for both PRHX and PBX compared to P’
(Fig. 14). Nonetheless, the damping factor increased with RH loading,
which confers fluidity to the melt, while it decreased with B loading,
improving polymer-filler adhesion. The peaks in the damping factor
reveal the effect of chain mobility restriction toward oscillation and, in
particular, the threshold between viscous and elastic relaxation [69].
These peaks are all positioned at about w* = 2 51 in all blends but are
lower in PRHX than in PBX, confirming the lubrication/fluidizing effect
of RH and the stiffening effect of B on the recycled nylon nets.

3.5. Mechanical characterization
To assess the mechanical performance provided by the incorporation

of biochar fillers under typical operating temperatures, stress-strain
tensile tests were conducted on P, P’, PRHX, and PBX dog-bone

specimens (Fig. 15a-g). As shown in Fig. 15, the tensile properties of
virgin nets (P) perfectly overlap with those of virgin nylon 6, extruded
under the same conditions. This result confirmed previous FT-IR and
TGA outcomes demonstrating that the recycled fishing net materials
maintain their physical and mechanical properties, making them suit-
able for repurposing in secondary lifecycle applications. As expected, in
accordance with existing literature, both biochar fillers lead to matrix
stiffening [26,32,68,70,71]. In particular, the incorporation of biochar
results in a significant increase in the Young’s Modulus by over 70 %,
from 2.6 GPa (unfilled polyamide 6) to 4.5 GPa for PB15 (Fig. 15b). This
enhancement is more pronounced in PBX blends compared to PRHX
blends, thus confirming the superior affinity of the lignocellulosic bio-
char B with the polyamide 6 matrix. These findings align with the recent
study by Hoang et al. [28], which reported enhanced char-polymer
interfacial bonding and improved stress transmission for both rice
husk-based and wood-based biochar [28]. Both stress and strain at yield
remained stable and comparable to those of the unfilled matrix for PRHX
and PBX (Fig. 15¢-d), indicating the potential for loading the polymer
matrix with higher concentrations of biochar fillers without compro-
mising its mechanical behaviour. However, the reinforcing effect
imparted to the polyamide matrix by both types of biochars is evident at
longer elongation time, when observing the trends of the stress and
strain at break (Fig. 15e-f). This embrittling effect is typical of thermo-
plastic polymers like PP, PBSA, PLA, PA6, and PA66, loaded with
wood-based carbonaceous fillers [29,54,61,68,70,72]. In our case, the
addition of biochar up to 15 wt% leads to a more rigid material with
strain at break reduced by half (from 12.0 % for P’, to about 6.8 % and
6.3 % for PRH15 and PB15, respectively). The higher interfacial adhe-
sion between the biochar B filler and the matrix is further demonstrated
by the higher values of stress at break measured in PB10 and PB15
compared to PRH10 and PRH15 counterparts (Fig. 15e).

The mechanical results were analysed using JMP Statistical Software
with a one-way analysis of variance (ANOVA). The statistical analysis
indicated significant differences in all mechanical properties among
blends with different biochar loadings (p < 0.05).

3.6. Morphological characterization

B and RH biochar show an additional benefit through their natural
pigmentation, making them viable renewable and cost-effective alter-
natives to fuel-derived carbon black pigments [68,73]. As depicted in
Fig. 16, nylon 6/biochar blends display uniform macroscopic black
coloration and consistent pigmentation, accompanied by qualitatively
smooth and clean surfaces, regardless of the filler content incorporated
into the recycled polyamide matrix.

The major interaction between biochar and polyamide appears to be
primarily mechanical, with the polymeric matrix filling the micrometric
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Fig. 17. FE-SEM images of neat P’ (a), PB5 (b), PB10 (c), PB15 (d), PRH5 (e), PRH10 (f), and PRH15 (g).

porous network of biochar particles. As shown in figure Fig. 17a, the
fracture of neat P’ presents a relatively smooth surface; notable topo-
logical changes occur when biochar is embedded in the polymer matrix.
PB5 and PB10 (Fig. 17b and Fig. 17c, respectively) show a homogeneous
incorporation of biochar lamellar particles; however, when their loading
increases up to 15 wt% (PB15) (Fig. 17d), small islands of filler appear.

12

These agglomerates could be responsible for the embrittling and stiff-
ening effect observed in the PBX blends compared to the PRHX blends
(Fig. 15). The morphology of PB15 blends accounts for the interaction
between B with the polymer matrix considering that the temperature
used for biochar production promotes the aggregation of B biochar
particles as shown in figure Fig. 17d. This phenomenon is likely to be
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due to the n—=n stacking interaction of carbon species. The different
morphologies of RH-derived biochar play a key role as shown in
Fig. 17e-g, where the polymeric matrix permeates the porous structure
of RH biochar [23]. This morphology is formed through an appropriate
balance of size and processing procedures, and does not occur in bio-
chars like those derived from coffee, whose porous network collapses, as
demonstrated by Arrigo et al. [74]. As clearly shown in figure Fig. 17 g,
RH biochar exhibits a more porous morphology with fewer lamellar
structures; its pores are fully filled with the polymer matrix, preventing
the clustering phenomenon previously observed [75]. Further,
RH-derived biochar contains a significant amount of silica (Fig. 3),
which contributes to moisture retention (Fig. 11). This makes RH less
available to form hydrogen bonds with polyamide moieties, thereby
offering slightly lower mechanical performance than B-derived blends
(Fig. 15).

4. Conclusions

This study investigates the development of an innovative, sustain-
able polymer-modified material composed of a polyamide 6 (PA6) ma-
trix and a biochar filler, derived from recycled PA6 fishing nets and the
pyrolysis of vegetable waste, respectively. The circularity of this newly
developed material is achieved through the reuse of a polymeric matrix,
which currently lacks a dedicated recycling system and is often
improperly discarded in seas or landfills. The material’s sustainability is
further enhanced by the use of biochar as a substitute for carbon black
pigment. Biochar is more sustainable than carbon black, as it is produced
from renewable biomass and contributes to carbon sequestration in the
soil. In contrast, carbon black is derived from non-renewable fossil fuels,
leading to higher COz emissions and a greater environmental impact.

Two distinct types of biochar, namely lignocellulosic biochar (B) and
rice husk biochar (RH), were employed as bio-based fillers to enhance
the thermal and mechanical properties of the final blend materials. FT-
IR, DSC, and mechanical tensile tests performed on the pristine recov-
ered material demonstrated the efficient reprocessing of discarded
fishing nets through melt extrusion with minimal modification/wors-
ening of their characteristics. Subsequently, PA6/biochar blends were
successfully compounded and tested using different biochar loadings.

DSC analysis elucidated a more pronounced interaction between
biochar B and the polymer matrix compared to RH. In fact, biochar B
acted as an effective nucleating agent, limiting polymer chain disen-
tanglement, promoting crystallinity, and shifting the T, toward higher
temperatures. The presence of oxygen-rich groups (COOH, OH, and
C=O0) in biochar B facilitated favourable interactions with the poly-
amide matrix, resulting in the formation of hydrogen bonds with amide
groups. This led to the formation of stiffer and less ductile blends
characterized by an enhanced Young’s modulus, increasing from 2.6 to
4.5 GPa compared to the virgin nets, higher tensile strength, and
reduced strain at break. Moreover, biochar B exhibited a moisture-
shielding effect owing to its hydrophobic aromatic nature, resulting in
a 30-day water uptake of 1.8 %, compared with 3.6 % for virgin nets,
alongside a diminished density change from 13.4 % to 6.1 %. The
reinforcing effect of biochar B yielded a marginal improvement in melt
viscosity and processability.

Conversely, RH exhibited distinct properties due to its limited
interaction with the PA6 matrix, stemming from its lower content of
oxygen-rich groups. Consequently, RH manifested a lubricating effect,
reducing polymer melt viscosity and improving processability, thereby
exerting a minor influence on the degree of crystallinity and the me-
chanical properties compared to the B filler. Interestingly, RH showed
substantial silica (SiO3) content and demonstrated a superior affinity
with water compared to B, leading to a water uptake of 2.5 % and a
density variation of 9.6 %. The high silica content measured via SEM-
EDS analysis conferred higher thermo-oxidative stability to RH/PA6
blends, as demonstrated by the increase in the activation energy for
oxidation from 43.6 to 70.9 kJ mol 1.,
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In summary, biochar B can be preferred for its superior mechanical
strength and moisture-resistant characteristics, whereas RH is better as
regards its thermo-oxidative stability. Both fillers can be integrated up to
15 wt% to replace conventional petroleum-derived carbon black pig-
ments, thereby reducing the overall cost of PA6-based blends. Further-
more, both biochar fillers exhibit lower densities compared to
traditional inert fillers like talc and carbonates, making them suitable for
lightweight applications. Given the favourable overall mechanical and
thermal performance of the designed blends, they could be suitable for
applications requiring a balance of lightweight properties and adequate
mechanical strength. In this context, the investigated blends could be
exploited in the automotive industry, for the manufacturing of light-
weight parts or components that are mechanically resistant and do not
have to accumulate static electricity for safety reasons.
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