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Abstract: This study investigates the potential for recycling fishing rope waste from the Magdalen
Islands, Canada, into sustainable wall cladding panels, addressing both environmental concerns
and waste management challenges. A comprehensive characterization of the fishing ropes was
conducted using various analytical techniques to assess their suitability for recycling. Fourier
transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) identified polyethylene (PE)
and isotactic polypropylene (iPP) as the main polymers present in the ropes, with a composition
of approximately 25% PE and 75% PP. The effects of photodegradation were evaluated through
carbonyl index analysis, differential scanning calorimetry (DSC), tensile testing, and gel permeation
chromatography (GPC). The results showed reduced crystallinity, a 20% decrease in tensile strength,
and lower molecular weights due to environmental exposure in comparison with unused ropes.
However, melt flow rate (MFR) measurements aligned with virgin HDPE and PP values used in
rope manufacturing, indicating suitable processability for recycling. Panels produced from recycled
fishing ropes exhibited lower flexural and impact properties compared to commercial alternatives
due to the presence of mineral contaminants and voids in the panels as revealed by X-ray diffraction
(XRD) and scanning electron microscopy (SEM). This comprehensive investigation provides valuable
insights into the potential repurposing of fishing rope waste, contributing to the development of
sustainable waste management strategies for coastal communities.

Keywords: high-density polyethylene; polypropylene; photodegradation; crystallinity

1. Introduction

Among all the anthropogenic environmental impacts, the generation and disposal of
plastic waste has become one of the primary problems that current and future generations
must address. It is estimated that more than half of the annual production of solid plas-
tic, over 200 million tons, ends up being disposed in landfills or dumped in unsanitary
dumpsites and water bodies [1]. Of this plastic waste, between 19 and 23 million tons are
dumped into seas or open waters each year without any pre-treatment or sorting, and this
number is projected to triple by 2040 [2].

Globally, an estimated 640,000 tons of fishing gear end up in the ocean each year [3],
contributing significantly to marine pollution. This type of waste is called abandoned, lost,
or otherwise discarded fishing gear (ALDFG). In a study conducted by Lebreton et al. [4],
the authors predicted that out of 79,000 tons of plastic waste observed in the North Pacific
Gyre, 46% corresponded to fishing-related debris. The main issue with this type of waste
involves what is denominated ghost fishing, meaning that this litter continues to cause the
death of aquatic species even when they are no longer actively used by fishermen. In a
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2009 study, 870 ghost nets retrieved from the coasts of Washington contained the remains
of more than 32,000 marine animals, 500 birds, and 23 mammals [5].

Photodegradation is the primary mechanism for plastic degradation in aquatic en-
vironments, consisting of three steps [6]. The first step, initiation, involves the breaking
of chemical bonds in the polymer chain by light, generating free radicals. This process
requires the presence of unsaturated chromophoric groups in the polymers, which absorb
light energy [7]. While polypropylene (PP) and polyethylene (PE) theoretically resist photo-
initiation due to the absence of unsaturated double bonds in their polymer backbones, small
amounts of external impurities, such as stabilizers, can enable this initiation [8]. During the
propagation step, polymer radicals react with oxygen, forming hydroperoxides [9,10]. This
reaction leads to either chain scission or crosslinking [11]. Finally, the termination step is
when inert products are formed from the combination of two radicals [6,12]. For PE and
PP, these products include hydroxyl, carbonyl and vinyl groups [13-15]. PP exhibits lower
photodegradation resistance compared to PE due to the presence of tertiary carbons in its
molecular chain, which are more sensitive to oxygen attack [16,17]. The degradation process
generally leads to a reduction in the molecular weight of the polymer, making the material
more susceptible to fragmentation [18]. This leads to the generation of microplastics, which
can move easily through the food chain and can lead to serious health problems [19].

Islands are particularly sensitive to the problem of accumulation of plastic waste due
to the limitations in technology and size at their waste treatment facilities. For instance, the
Magdalen Islands in Quebec, Canada, are a small archipelago in the Gulf of Saint Lawrence
whose primary economic activities are fishing and tourism. Tons of fishing gear waste,
including ropes, nets, buoys, lobster traps, cages, and other residues, are produced every
year and exported to the Saint-Rosaire landfill in Quebec, approximately 1200 km away
from the island. This transportation costs around $125 per ton and generates around 159 kg
of CO; per trip [20]

Several initiatives have been put in place to recycle fishing waste, particularly fishing
lines and ropes, to transform them into consumer products such as carpets, sunglasses, and
skateboards [21-23]. Fishing nets have also been utilized as reinforcement in cement-based
matrices [24,25]. However, the recycling of this type of waste is complicated because it
usually consists of blends of various polymers, especially polyethylene, polypropylene,
and nylon. In addition, this waste may contain organic debris that requires a costly cleaning
process [26]. Despite these efforts, there is a lack of research on the feasibility of recycling
photodegraded fishing ropes into construction products, a gap this study aims to address.
The use of used fishing ropes for panel production represents a sustainable and cost-
effective option for walls and ceilings. Such products may be versatile enough for a range
of applications and environments, including production plants, commercial spaces, or
governmental buildings.

This study aims to investigate the feasibility of recycling fishing ropes into wall panels,
addressing both environmental concerns and waste management challenges in coastal
regions. A comprehensive characterization of the fishing ropes was conducted by analyzing
the molecular and mechanical properties of the used material, followed by a comparison
of the flexural and impact properties of panels made from the used ropes with those of
standard commercial vertical cladding panels. The results indicate that although the used
rope panels have lower mechanical properties, they present a viable and environmentally
friendly alternative for vertical wall cladding applications due to low photodegradation-
induced chain scission and optimal processability.

2. Materials and Methods
2.1. Materials

Used fishing ropes and new fishing ropes were obtained from the Magdalen Islands,
Canada from the CERMIM (Centre de Recherche sur les Milieux Insulaires et Maritimes).
The used fishing ropes were collected from the waste management center after being
discarded by fishermen at the end of their lifespan, which is estimated to be two to three
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years. A sorting process was conducted to separate the polyolefin ropes from the nylon nets.
This sorting was based on visual inspection, as nylon nets exhibited a smooth, polished
texture, whereas polyolefin ropes had a rougher, less polished texture. For comparison,
new fishing ropes were procured from Pro flex (Granby, QC, Canada). Both types of ropes
were shredded separately on-site using a BM309 Pelletier Granulator (Granby, QC, Canada)
without prior washing before processing. The resulting shredded ropes had an average
size of 4 cm.

To enhance the uniformity of the ropes’ properties, the shredded ropes underwent
an initial extrusion cycle, where the resulting filament was converted into 2 mm pellets
(Figure 1). These pellets were subsequently extruded a second time and fed into an
injection molding machine. The two extrusion cycles and injection molding parameters are
summarized in Table 1.

(b)

(e)

Figure 1. (a) Shredded new fishing ropes; (b) shredded used fishing ropes; (c) new fishing rope
pellets; (d) used fishing rope pellets; (e) used fishing rope panel.
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Table 1. Extrusion and injection molding parameters for fishing ropes.
Parameter Value
Extruder used Thermo Fischer Process 11 Twin-screw
extruder (Waltham, MA, USA)
Extruder temperature zone 8 zones (Zone 1: 180 °C, Zones 2-8: 190 °C)
Die exit diameter 2mm
Screw speed 70 RPM
Injection molding machine HAAKE™ MiniJet Pro (Waltham, MA, USA)
Molding time 10s
Molding pressure 450 bars
Mold temperature Room temperature

2.2. Manufacturing of Thin Films for Molecular Characterization

A 4533 AutoFour/3015-PL, H Carver press (Wabash, IN, USA) was used to produce
thin films with a thickness of 15 um. These films were made by placing 5 g of pellets
between two aluminum films and then placing them in the press. The samples were
compressed at a temperature of 200 °C and a pressure of 10 tons for two minutes. These
samples were used to analyze the chemical composition and crystalline structure of the
polymers present in the ropes.

2.3. Panel Manufacturing Process

Panels made from used fishing ropes were produced using the press 4533 AutoFour/3015-
PL, H Carver (Wabash, IN, USA) (Figure le). First, 126 g of used fishing rope pellets were
evenly distributed on the surface of a 200 mm x 200 mm x 3 mm metallic mold and
compressed at 200 °C under a pressure of 8 tons for 10 min, followed by a cooling step at
30 °C under the same pressure for 8 min.

2.4. Characterization Techniques

The characterization techniques employed in this study included Fourier transform
infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), gel permeation
chromatography (GPC), X-ray diffraction (XRD), melt flow rate (MFR), tensile testing,
flexural testing, and the Notched Izod impact test. Each technique was applied to five
samples, with the exceptions of GPC and XRD, which were analyzed using only two
samples. Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) were
performed on thin films, tensile testing was conducted on injection-molded samples, melt
flow rate (MFR) and differential scanning calorimetry (DSC) tests were performed on
pellets, and the remaining techniques were applied to the panels.

To determine if the difference between the average values of MFR, tensile, and DSC
properties between the two types of ropes was statistically significant, a Welch's t-test was
conducted at a 95% confidence level. Welch’s t-test is an adaptation of Student’s {-test
designed for two samples that may have unequal variances [27]. The analysis included the
mean, standard deviation, and p-value for each parameter. The p-value obtained from the
test was compared to the significance level (o = 0.05) to evaluate the null hypothesis that
there is no difference in the mean value of each parameter between the two types of ropes.

2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

The chemical groups of polymers present in the ropes were determined using a Jasco
FT/IR-4600, (Easton, MD, USA). For each spectrum, 32 scans were recorded at a resolution
of 4 cm ™! from 4000 to 400 cm 1.

The carbonyl index is a commonly used method for quantifying the photodegradation
of polymer. The carbonyl index (CI) was calculated using Equation (1) [28]:
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CI = A(1850—1650) /A (1500—1420) (1)

A(1850-1650) is the integrated band absorbance of the carbonyl (C=0) peak from 1850
to 1650 cm~! and A(1500-1420) is that of the methylene (CH?2) scissoring peak from 1500 to
1420 cm~! [28]. This technique was used on the two types of ropes.

2.4.2. Differential Scanning Calorimetry (DSC)

This technique was used to determine the crystallization and melting temperatures, as
well as the degree of crystallization of polymers present in the ropes. Samples weighing
15 mg were analyzed using a DSC Q2000 TA Instruments (Newcastle, DE, USA). The
samples underwent a thermal cycle consisting of an initial heating from 0 °C to 200 °C,
followed by an isothermal step of 1 min. Subsequently, the samples were cooled down to
0 °C and then reheated to 200 °C and recooled to 0 °C using a heating and cooling ramp
of 10 °C/min. The first heating and cooling cycles were conducted to erase the thermal
history of the samples.

Estimating the percentages of polymers in ropes is important, as these percentages are
linked to the characteristics of the material and enable crystallinity levels to be evaluated.
The percentages of polypropylene (PP) and polyethylene (PE) in the ropes were estimated
using a calibration curve developed by Larsen et al. [29]. Various used PP-PE blends
were produced, and the enthalpy of PE in these blends was presented as a function of the
percentage of PE in the mixtures. This relationship is described by the following equation:

%PE=0.753 x AHpg+2.69 )

where AHpg is the melting enthalpy of PE and %PE is the percentage of PE in the blend.
The degree of crystallinity (Xc) of the polymers was calculated using Equation (3):
AHfi

Xc (%)= 5 ms - x100 3)

In this equation, AHfi is the melting enthalpy of PP or PE, and AHO corresponds to
the melting enthalpy of a completely crystalline material, 205 J/g for polypropylene and
293 J/ g for polyethylene, respectively [30], and wi stands for the weight of the polymer
fraction in the rope. This technique was used on the two types of ropes.

2.4.3. Tensile Tests

Injection-molded specimens were used to study the impact of photodegradation on
the tensile strength and Young’s modulus of the panels. The tensile testing was carried out
following ISO 527-2 guidelines [31], using a Zwich/Roell Z050 (Ulm, Baden-Wiirttemberg,
Germany) universal testing machine. During the tests, the samples were submitted to a
constant load of 2 mm/min at a temperature of 25 °C, and the strain—stress data of the
samples was recorded until breaking point. The dimensions of the specimen in mm are
presented in Figure 2. This technique was performed on the two types of ropes.
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Figure 2. Tensile sample dimensions according to ISO 527-2 [31].

2.4.4. Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) was employed to study polymer chain scission
of ropes due to photodegradation. An Agilent 1260 Infinity II HT (Santa Clara, CA, USA)
GPC system was used for these analyses, using 1,2,4-trichlorobenzene (1,2,4-TCB) with
0.025% butylated hydroxytoluene (BHT) as the eluent. BHT is used for stabilization, as it
removes free radicals that could produce organic peroxides [32]. Both 1,2,4-TCB and BHT
had purities exceeding 99% and were obtained from Sigma-Aldrich (St. Louis, MO, USA).

The samples were dissolved overnight at a temperature of 160 °C and were analyzed
the following day at a constant flow rate of 1 mL/min. Detection was conducted using a
refractive index detector, and the chosen columns were 3 xPLgel Mixed-B (7.5 x 300 mm,
10 um). Conventional calibration was conducted using six polystyrenes with molecular
weights ranging from 580 to 67,600 g/mol on 2701 data points for each sample. This
technique was performed on the two types of ropes. For each sample, the number-averaged
molecular weight (Mn), weight-averaged molecular weight (Mw), and polydispersity index
(PI = Mw/Mn) were measured.

2.4.5. Melt Flow Rate (MFR)

The melt flow rate (MFR) is calculated by heating the polymer to a specified tempera-
ture and extruding it through a die under a prescribed load. The MFR is then calculated
as the mass of polymer extruded per unit time, typically expressed in grams per 10 min
(g/10 min). For our study, the MFR tests were conducted using a Lab-Integration plas-
tometer (Sherbrooke, QC, Canada) in accordance with the ASTM D1238-23 standard [33] at
230 °C with a 2.16 kg weight.

This technique provides insights into the material’s behavior during melt-processing
operations [34,35]. It also serves as an indicator of molecular changes caused by environ-
mental exposure and recycling and is influenced by two competing processes that occur
during environmental degradation: chain scission and crosslinking. Chain scission, which
results in a reduction in molecular weight, typically leads to an increase in MFR due to en-
hanced polymer chain mobility. Conversely, crosslinking, which increases molecular weight
through the formation of bonds between polymer chains, generally causes a decrease in
MER [36,37].
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2.4.6. X-ray Diffraction (XRD)

X-ray diffraction (XRD) was used to examine the crystalline structure of polymer ropes
and identify potential contaminants. The samples were analyzed using an X'Pert Pro MPD
X-Ray diffractometer (Malvern, Worcestershire, UK) with an angle (20) range from 15° to
—40°, and a step size of 0.04 degrees. The divergent slit was adjusted to 0.5 degrees, and
the anti-scatter slit was set to 1 degree.

2.4.7. Flexural Tests

The flexural properties of the panels were assessed using a using a Zwick/Roell
7050 (Haan, Germany) universal testing machine in accordance with the ASTM D790-17
standard [38]. Five rectangular samples were cut from the panels, each measuring 80 mm
in length, 12.7 mm in width, and 3 mm in thickness with a span of 48 mm. The flexural
properties were measured using a crosshead speed of 1.2 mm/min.

2.4.8. Notched Izod Impact Tests

Notched Izod impact tests were conducted using an Instron CEAST-9050 (Norwood,
MA, USA) machine with a 1 ] pendulum, following the guidelines of the ASTM D256-23
standard [39]. The samples are 64 mm long, 12.7 mm wide, and 3 mm thick.

2.4.9. Scanning Electron Microscopy (SEM)

The microstructure of the specimen from the flexural testing was analyzed using a
JEOL’s NeoScope JCM-7000 (Easton, MD, USA) benchtop scanning electron microscope. Im-
ages of the microstructure were captured at a landing voltage of 15 kV and a magnification
of 350 x.

3. Results
3.1. FTIR

Figure 3 displays the FTIR spectrum of the two types of ropes. The peaks at 718 cm !
(-CH2- rock), 729 cm~! (split -CH2- rocking vibration), 2848 cm~! (-CH2- symmetric
stretch), 2914 and 2954 cm ™! (-CH2- asymmetric stretch), and 1377 cm~! (-CH3- umbrella
bending mode) correspond to the characteristic signal of polyethylene [40]. Meanwhile,
the peaks at 840 cm~! (C-CHS3 stretching vibration), 997 and 1165 cm ™! (-CH3- rocking
vibration), 1375 cm~! (symmetric bending vibration of -CH3), 2952 cm ! (-CH3 asymmetric
stretching vibration), and 1455, 2838, and 2917 cm~! (-CH2- symmetric bending, -CH2-
symmetric stretching, and -CH2- asymmetric stretching) are typical isotactic polypropylene
peaks [41,42]. The peak at 1255 cm ™! may be attributed to the presence of small amounts of
polyvinyl chloride [43]. This was not expected but could be due to PVC-coated wire lobster
trap debris in the ropes [44].

—— Used fishing ropes
New fishing ropes

Absorbance

[V

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm~1)

Figure 3. Fourier transform infrared spectra of used ropes vs. new ropes.
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Table 2 presents the values of CI for the used and new fishing ropes. The used ropes
showed a carbonyl index higher than that of new fishing ropes. This difference can be
attributed to the photodegradation of old fishing ropes caused by prolonged exposure to
sunlight and UV radiation. Martinez-Romo et al. [45] observed that HDPE exhibits an
increase of 20% of the carbonyl index after 60 days of exposure to UV-B radiation.

Table 2. Carbonyl index (%) of used and new fishing ropes.

Sample CI
Used fishing ropes 0.66
New fishing ropes 0.25

3.2. DSC

Figure 4 displays the DSC curves of the two types of ropes. Using Equation (2), it was
determined that approximately 25% of both the used and new fishing ropes consisted of PE,
while the remaining 75% was PP. Nevertheless, it is important to note that this estimation
applied specifically to the batch of fishing ropes used in this study, considering the wide
range of fishing ropes available in the market. Further studies are needed to explore the
variability of rope composition and its potential influence on other the properties of the ropes.

—— Used fishing ropes
New fishing ropes
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Figure 4. (a) Melting DSC curve of used vs. new ropes; (b) crystallization DSC curve of used vs.
new ropes.
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The melting and crystallization temperatures, as well as the enthalpies of both used
and new fishing ropes, are presented in Table 3. The melting peak around 135 °C was closer
to the one of HDPE than that of LDPE. In addition, the second melting peak corresponds to
the characteristic melting behavior of isotactic polypropylene (iPP) which typically melts at
temperatures ranging from 160 °C to 170 °C [46,47].

Table 3. Melting temperature (Tm), crystallization temperature (Ic), and degree of crystallinity (Xci)
for polyethylene (1) and polypropylene (2) for new and used ropes.

Used Fishing Ropes New Fishing Ropes

Mean 117.24 116.1
Tc (°C) Standard deviation 0.1 0.24
p-value 2x1073
Mean 166.46 169.22
Tm1 (°C) Standard deviation 0.23 0.21
p-value 5x 1078
Mean 18.08 19.3
Xcl (%) Standard deviation 0.64 0.67
p-value 0.02
Mean 135.18 135.2
Tm2 (°C) Standard deviation 0.15 0.1
p-value 0.56
Mean 42.56 45.28
Xc2 (%) Standard deviation 1.64 1.57
p-value 0.02

Figure 4a shows a single crystallization peak, corresponding to the overlapping crystal-
lization events of the two main polymers, HDPE and iPP, due to their close crystallization
temperatures and the faster crystallization kinetics of HDPE compared with iPP [48].

Upon comparing the melting and crystallization behavior of new and used ropes
(Table 3), it was observed that the melting temperature of PP shifted lower, with a p-value
of 5 x 1078, This p-value indicates that the null hypothesis, which states there is no
difference in the melting temperature of PP between new and used ropes, can be rejected
as it is lower than 0.05. The significant difference might have arisen from the possible chain
scission caused by photodegradation, which might lead to a decrease in molecular weight
and a subsequent drop in the melting temperature of the polymer. However, the melting
temperature of PE remained unchanged, as indicated by a p-value of 0.56. This can be
attributed to the differential impact of photodegradation between PP and PE.

The used ropes exhibited significantly lower degrees of crystallinity for both PP and PE
compared to new ropes (p = 0.02 for both Xc1 and Xc2). This reduction could be attributed
to a disruption in the crystalline structure of the polymers, possibly caused by the formation
of crosslinks that hinder crystallization, or by the accumulation of oxidation products that
disrupt the orderly arrangement of polymer chains [49]. This result is in contrast with some
studies suggesting that chain scission increases the mobility of polymer chains, facilitating
their crystallization and consequently leading to a higher degree of crystallinity [50,51].

The degrees of crystallinity of polyethylene and polypropylene in the ropes are lower
than those of pure HDPE and PP found in the literature [48,52-54], which may be attributed
to their low degree of miscibility. This phenomenon could influence the formation and
density of spherulites, resulting in the decreased crystallinity of the two polymers [55].

The polymers in the used ropes presented acceptable degrees of crystallinity, as they
are higher than the ones found by Stewart et al. [56], who reported degrees of crystallinity
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of 10.71% and 25.96% for virgin HDPE and PP, respectively, in a 25% HDPE and 75%
PP blend.

3.3. Tensile Tests

Figure 5 illustrates the stress—strain curves of injection-molded samples from both
new and used ropes.

7
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New fishing ropes
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Figure 5. Stress—strain curves for the used and new fishing ropes.

Table 4 presents the tensile properties of new and used fishing ropes. It can be observed
that the p-value for the modulus of elasticity was greater than 0.05, indicating that the null
hypothesis is not rejected. This implies that there was no statistically significant difference
between the modulus of elasticity of the new and used ropes, which is consistent with the
results reported by Jones et al. [57], who also reported a small difference between the elastic
modulus of virgin and used HDPE-PP blends.

Table 4. Tensile properties of used and new fishing ropes.

Used Fishing Ropes = New Fishing Ropes

Mean 1.31 1.31
Young’s modulus (Gpa)  Standard deviation 0.16 0.024

p-value 0.99

Mean 54.2 68.4
Tensile strength (Mpa) Standard deviation 3.21 3.51

p-value 1074

Mean 1425 810
Elongation at break (%)  Standard deviation 83.89 52.08

p-value 347 x 107°

For the tensile strength and elongation at break, the difference between the two types of
ropes was statistically significant, as the p-value was lower than 0.05. The loss of 20% of the
tensile strength of the used ropes could be attributed to a reduction in the molecular weight
of the polymer, which consequently resulted in a reduction in tensile strength. This loss
was not significant for the application purpose, as wall panels are not typically subjected
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to significant tensile loads. The tensile strength of steel-fiber-reinforced concrete panels is
reported to be around 6.2 MPa, which is only 5% of its compressive strength [58]. Used
roped exhibited a higher elongation at break when compared to the sample made of new
ropes. The increase in elongation of the used polymer could be attributed to the enhanced
flexibility of the polymer chains resulting from chain scission due to photodegradation [59].

3.4. GPC

Table 5 presents the results for number-averaged molecular weight (Mn), weight-
averaged molecular weight (Mw), and polydispersity index (PD index) of new and used
fishing ropes, obtained via gel permeation chromatography (GPC). These results indicate
that the used ropes experienced a 12% reduction in number-averaged molecular weight
(Mn) and a 10% decrease in weight-averaged molecular weight (Mw). This reduction can be
attributed to polymer chain scission resulting from photo-oxidation. However, an increase
in the PD index was also observed, suggesting the occurrence of crosslinking alongside
chain scission [60], likely due to the composite nature of the ropes, with HDPE prone to
crosslinking while PP predominantly undergoes chain scission [61].

Table 5. Molecular weights and polydispersity index (PI) of new and used ropes.

Number Average Weight Average Polydispersity
Rope Type (Mn) in g/mol (Mw) in g/mol Index (PI)
New fishing ropes 90,227 409,615 453
Used fishing ropes 79,032 368,203 4.65

The reduction in molecular weight appears to have a more significant impact on the
tensile strength than on the modulus. This may be attributed to the occurrence of crosslink-
ing in parallel with chain scission, which resulted in an increase in the stiffness of the
polymer, and as the molecular mass decreased beyond a certain point, the stiffness returned
to its initial value. This phenomenon was observed by Becerra et al. [48] in their study on
the UV degradation of HDPE, where they found that Young’s modulus increased by 35%
after eight weeks of UV exposure before it began to decline. An alternative hypothesis is
that the crosslinking and molecular mass reduction were not sufficiently significant to cause
a notable change in the rigidity of the polymer. This is supported by a study modeling
the degradation process of semi-crystalline polymers, which found that Young’s modulus
declined only after a significant number of chain scissions have occurred [62].

3.5. MFR

Table 6 compares the melt flow rate (MFR) of new and used fishing ropes. The used
ropes showed a significantly higher MFR, increasing by 35% (p < 0.05). Gel permeation
chromatography (GPC) indicated chain scission through a reduced molecular weight, while
the polydispersity index suggested some crosslinking. The overall MFR increase demon-
strates that chain scission was the primary degradation mechanism, despite potentially
concurrent processes.

Table 6. MFR of the used and new ropes.

New Fishing Ropes  Used Fishing Ropes

Mean 1.35 1.82
MFR (g/10 min) Standard deviation 0.2 0.11
p-value 0.02

The melt flow rate of polymers used in rope manufacturing falls within the following
ranges: 0.9 to 3 g/10 min for HDPE [63-65] and 1.8 to 3 g/10 min for PP [66,67]. The MFR
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of the used ropes is within the acceptable range, aligning with the values observed for
commercial virgin PP and HDPE used in rope manufacturing. This indicates that the used
fishing ropes retained suitable flow properties for processing and could be incorporated
into existing manufacturing processes to produce new products, such as the wall cladding
panels presented in this study, as MFR is an indicator of the flowability and processability
of thermoplastic polymers [34,35].

3.6. XRD

Polypropylene has three crystal structures including the x-phase, the 3-phase, and the
v-phase. The a-phase is the most stable and common structure [68]. In a crystallography
diagram, the o-phase appears as five distinct peaks observed at 20 angles of 14.2°,17.1°,
18.88°,21.2°, and 21.94° [69].

The metastable 3-phase is induced by nucleating agents and is characterized by a
chiral crystal structure with complex chain orientation [68]. In a crystallography diagram,
the B-phase appears as a single peak at an angle 20 equal to 16.2°. The presence of f3-
crystals improves polypropylene’s toughness and fire resistance but reduces its modulus of
elasticity [70-73].

Figure 6 presents the crystallography diagram of the sample made from used fishing
ropes. This plot showed the five characteristic peaks of PP «-crystals. Additionally, two
characteristic peaks of HDPE were observed in the plot. The first one occurred at 21.7°and
appeared as a large peak overlapping with the peaks of PP a-crystals at 21.2° and 21.9°.
The second HDPE peak appeared as a single signal at 24.1° [74]. No [3-crystals were present
for the PP in the ropes due to the absence of a 3-crystalline peak at 20 = 16.2° [75]. «-PP is
more susceptible to UV degradation than 3-PP. In a study conducted by Obadal et al. [75],
the cracking patterns of x-PP and 3-PP were examined after long-term exposure to UV
light. The authors found that «-PP displayed deep, distant cracks, while 3-PP exhibited a
dense network of fine cracks that were only visible under a microscope. The absence of
[3-crystals for the used ropes may be a factor contributing to the photodegradation of PP.

Intensity
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Mg5AI(AISi3010)(OH)8
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Figure 6. X-ray diffraction pattern for the used fishing ropes.

The other peaks corresponded to signals from pollutants such as calcite (CaCOs),
quartz (S5i0,), or clinochlore (MgsAl (SizAl)O19 (OH)g), resulting from the contact between
the ropes and either seashells or sand [76].

3.7. Flexural and Notched Izod Impact Strength Test

Table 7 shows a comparison between the flexural and impact properties of the panels
made from used fishing ropes and commercially available cladding panels. Commercial
panels were also tested in accordance with ASTM D790 for flexural properties and ASTM
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D256 for Izod impact properties. The properties of the commercial panels, as displayed in
Table 7, were sourced from the manufacturer’s technical data sheet, and were not measured
by the authors.

The panels made of fishing ropes exhibited inferior flexural modulus and impact
strength compared to the commercially available panels. This difference can be primarily
attributed to the fact that the fishing rope panel is composed of a blend of PP and HDPE,
which are immiscible polymers, resulting in poor mechanical properties when blended.
Lin et al. [77] demonstrated that blending PP with HDPE at a 75%/25% ratio resulted in a
12.7% decrease in flexural strength and a 36.4% decrease in flexural modulus in comparison
with pure PP. In another study, the impact strength of a 50% PP/50% HDPE blend was
found to be 50% lower than that of pure PP [78]. Additionally, the commercial panels are
made from virgin polymers, whereas the fishing rope panel is made from used polymers.
Other contributing factors include the presence of mineral impurities in the ropes, as
revealed by XRD analysis, and the presence of voids in the panels panel, as shown in
Figure 7, which all act as crack initiation points, ultimately leading to a decrease in the
mechanical properties [79].

-
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Figure 7. Scanning electron microscope image of the fishing rope panel.

Table 7. Flexural and Izod impact properties comparison of used ropes and commercial wall

cladding panels.
Panel Type/Manufacturer Material Flexul(‘;}lsgength Flexur(a(l}lll/;)dulus Slti:;lgltrll: %a/;tl) Source
Used fishing rope panel PP-HDPE 10 0.23 30.73 -
MULFORD Plastics HDPE -—- 1.379 159 [80]
CPS HDPE - e 374 [81]
SIMONA HDPE -— 1.65 147 [82]

While wall cladding panels generally experience low stress during use, they may
face significant loads during transportation and installation. Therefore, improving the
mechanical properties of used panels is crucial for their practical application. Optimizing
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the manufacturing process could improve the properties of the used fishing rope panels.
This optimization can be achieved through methods such as applying cyclic loading to
reduce the presence of air bubbles in the panels, or by adding natural fibers or inorganic
powders, which studies suggest leads to an improvement in mechanical properties [83-86].

4. Conclusions

This study demonstrates the feasibility of recycling fishing ropes into cladding pan-
els, with a comprehensive analysis of their molecular and mechanical properties. FTIR
and DSC analyses confirmed the presence of PE and iPP in the fishing ropes, while also
revealing evidence of photodegradation. Tensile tests and GPC analyses indicated polymer
chain degradation and decreased molecular weight, resulting in reduced tensile strength
compared to virgin materials. However, MFR measurements showed that the used ropes
retained suitable flow properties for processing, despite the occurrence of chain scission.
XRD analysis revealed only x-phase crystalline peaks for PP in the ropes. However, the
detection of mineral contaminants points to the potential need for additional purification
steps in the recycling process.

Despite the inferior flexural and impact properties of the used panels compared to
commercial counterparts, this study establishes a foundation for future research on the
valorization of fishing gear waste. The production of wall panels from used fishing ropes
demonstrates the potential for creating value-added products from marine plastic waste,
supporting waste management strategies in remote island communities and providing a
sustainable solution to marine plastic pollution.

Future research should focus on enhancing the mechanical properties of the panels
through the incorporation of reinforcing agents or compatibilizers. Additionally, exploring
different processing techniques, such as blending with virgin polymers or employing
advanced extrusion and molding technologies, could further optimize the properties of the
used panels. The approach developed in this study could potentially be adapted for other
types of fishing gear, such as nylon nets.
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