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ABSTRACT

Fishing gears are conventionally made from non-biodegradable materials including polyamide (PA). When lost in
the ocean, these gears have long-lasting impacts, including marine littering, microplastics production, leaching of
chemicals, and an extended period of ghost fishing due to its durability. The use of biodegradable co-polyester
material such as polybutylene succinate co-adipate-co-terephthalate (PBSAT) and polybutylene succinate-co-
butylene adipate (PBSA) as fishing gear materials have been considered as a potential solution to reduce the
associated impact. Ocean is a complex environment in which multiple degradation paths can occur for plastic
materials, and decoupling of factors could aid in understanding the impact of each potential factor. In this study,
the focus is on the impact of pure water hydrolysis phenomena on biodegradable co-polyester PBSAT and PBSA in
comparison to PA monofilaments through accelerated aging at 40 °C, 60 °C, 70 °C and 80 °C. As a single factor
accelerated aging process, the prediction of loss of mechanical strength over time was possible at other tem-
peratures namely 2 °C, 10 °C, 15 °C, 20 °C and 30 °C. Different end-of-life criteria were used. This study
concluded that solely through pure hydrolysis, a drastic reduction of the time to reach end-of-life criteria was
observed by using biodegradable monofilaments instead of PA, but still longer than the expected service time.
For example, at 2 °C, it would take approximately 10 years, 20 years and 1000 years for PBSAT, PBSA and PA to
have lost 50 % of their initial stress at break respectively.

1. Introduction

plastic pollution that removed the first layer of the rose-tinted view of
plastics as early as barely two decades after industrialisation of plastics

Regardless of the location of production, usage or disposal, the global
oceans seems to be the final destination for the large part of plastic
wastes produced on Earth (Wang et al., 2016). Plastics is ubiquitous to
our daily life since its mass production in the 1940s, and has become one
of the most indispensable materials to date across all industry, including
fisheries (Bergmann et al., 2022; Geyer et al., 2017; Jambeck et al.,
2015). As a marine-based operation, fisheries activity represent one of
the most direct plastic-ocean contacts, and present a direct pathway of
plastics entering the ocean as waste without any treatment process in
between (Lusher et al., 2017).

Abandoned, lost or otherwise discarded fishing gears (ALDFG) are
fishing gears that enter the ocean both intentionally and unintentionally
after or during their deployment (Macfadyen et al., 2009). Entanglement
and ingestion of organisms were amongst the first visible impacts of
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(Laist, 1987; Thompson et al., 2009). This impact is further intensified
by the designed-to-capture nature of ALDFG, where the impact is
plausibly more detrimental than other plastic wastes that enter the
ocean when it comes to marine organisms’ welfare (Wilcox et al., 2016).

In addition to entanglement of species resulting in mortalities,
ALDFG could result in ghost fishing phenomena. The term ghost fishing,
first documented in 1978 and later defined in 1985 by FAO, refers to the
ability of ALDFG to continue catching and causing mortality to marine
organisms in the absence of fishers’ control (Brown et al., 2005; Laist,
1997; Macfadyen et al., 2009; Smolowitz, 1978). ALDFG is also esti-
mated to contribute up to one-fifth of the total ocean plastics (Morales-
caselles et al., 2021). In a recent study in collaboration with the Nor-
wegian Directorate of Fisheries’ annual lost fishing gear retrieval oper-
ations, ghost fishing in the near coast area of Finnmark in northern
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Fig. 1. Images from October 2024 during the annual Norwegian ALDFG clean-up operation organized by the Directorate of Fisheries: (a) a gillnet used in the
Norwegian deep-water fishery for Greenland halibut (Reinhardtius hippoglossoides) recovered. Photo by Gjermund Langedal, the Directorate of Fisheries and (b) King
crab (Paralithodes camtschaticus) pots retrieved at Nordkappbanken, Northern Norway (71° 12 N - 25° 59 E). Photo by R.B. Larsen, UiT The Arctic University

of Norway.

Norway was observed in three-quarters of the retrieved gillnets and
about two thirds in king crab pots (Vodopia et al., 2024). Images of some
ghost fishing observed from this retrieval operations are shown in Fig. 1.
The number of gillnets retrieved during the annual retrieval operations
by the Norwegian directorate of fisheries increased from 935 pieces in
2014 to 1339 in 2023 (Norwegian Directorate of Fisheries, 2023).

Ghost fishing is particularly dire in passive fishing methods where
the capture mechanism is reliant on movement of desired species.
(Gilman et al., 2016; IWC, 2013; World Animal Protection International,
2014). It affects both targeted and untargeted species, and do not stay in
one position. It can therefore affect many species across a large area and
depth (Gilman et al., 2016; Good et al., 2010). Since the fishing gears are
designed to capture a particular species or sizes, some species may be
more at risks than others. (Brown et al., 2005; Link et al., 2019; World
Animal Protection International, 2014).

In addition to main target species that are exposed to ghost fishing, a
secondary process is prone to take place in several fisheries where
different scavenger species are approaching the gear due to already
ghost fished animals acting as “bait” in such gears. This results in a long
lasting re-baiting and capture process until the fishing gear can no
longer fish due to excessive biofouling or degradation to a state where all
animals can escape. Injury and death from ghost fishing can happen in
various ways - suffocation, drowning, starvation, or the inability to
escape predators (Hammer et al., 2012; Rhodes, 2018).

Alongside extended period of ghost fishing due to the persistent
presence of conventional ALDFG, other associated problems would also
affect the environment for longer duration. These problems include
microplastics formation, leaching of harmful substances such as addi-
tives and chemicals from ALDFG, and for ALDFG, whether in its intact
form or as broken down microplastics, to behave as a vector for these
chemicals. Microplastics could behave as a vector to introduce these
chemicals into organisms, while ALDFG could transport these chemicals
to other areas of the ocean due to tidal movements (Fauser et al., 2022;
Hahladakis et al., 2018; Hermabessiere et al., 2017; Jang et al., 2024;
Kiessling et al., 2015; Koelmans et al., 2016).

Fishing gears, buoys and lines are manufactured almost exclusively
of plastics. Commonly used polymers and their associated gears are
nylon or polyamide (PA), polyester (PES), polyethylene (PE) and poly-
propylene (PP) as the principal building blocks of modern fishing gears
(Deshpande et al., 2020). Despite often having as short service time as
18 to 24 months, these polymers could last up to centuries when lost in
the ocean (Barnes et al., 2009; Deshpande et al., 2020; Vodopia et al.,

2024). Over time, this could result in the spread of waste in coastal areas
and the open sea, with the greatest accumulation occurring on the
seabed (Galgani et al., 2015).

Degradation of plastics is largely divided into abiotic and biotic
degradation and highly depends on several factors including but not
limited to exposure to light, temperature, pH, wave actions and presence
of microorganisms (Lucas et al., 2008; Min et al., 2020). Abiotic
degradation can further be divided into two pathways — physical and
chemical degradation, with the two main chemical degradation being
oxidation and hydrolysis (Lucas et al., 2008). Besides the external fac-
tors, presence of functional groups within polymers such as esters, am-
ides and carbonates that are susceptible to hydrolysis play an important
role in the degradation process of a material (Gewert et al., 2015; Min
et al., 2020).

According to a study done by Krause et al. (2020), PP and PE plastic
debris that presumably entered the ocean more than two decades ago
showed no significant sign of degradation (Krause et al., 2020). Welden
and Cowie (2017), examined the degradation of ropes in marine envi-
ronment, 10 m below the surface with temperature ranging from 5.7 °C
to 17.9 °C throughout the 12-months period and observed an average
mass loss of 0.39 %, 1.02 % and 0.45 % per month in PP, nylon and PE
respectively (Welden and Cowie, 2017). However, for most ALDFG, they
would be submerged at a much deeper level than 10 m with conse-
quently lower temperature and limited to no light exposure. Based on
the rankings from Min et al. in 2020, it was also stated that nylon de-
grades slower than polyester (Min et al., 2020).

Since many fishing gears, for example gillnets, are being used for
relatively short period, use of biodegradable material are discussed as a
potential solution to issues arising from ALDFG under uncontrollable
circumstances (Barnes et al., 2009; Grimaldo et al., 2023; Le Gué et al.,
2024). With the lack of light and therefore UV exposure at the seafloor,
hydrolytic degradation would play a key role in degradation of these
ALDFG. Given that the ester bond is highly susceptible to hydrolysis in
comparison to PA, PES, PE or PP, a co-polyester biodegradable material
such as polybutylene succinate co-adipate-co-terephthalate (PBSAT) and
polybutylene succinate-co-butylene adipate (PBSA) might be a potential
solution to reducing ghost fishing impact and marine plastic pollution
(Gewert et al., 2015; Min et al., 2020; Summers and Rabinovitch, 1999).

This study aims to compare the degradation of biodegradable PBSAT
and PBSA monofilaments with traditional PA monofilaments through
accelerated aging experiments, in order to describe the first step in
predicting their expected lifespan in marine environments. Degradation
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Fig. 2. Stress-strain curves of PBSAT along aging in deionised water at (a) 40 °C, (b) 60 °C, (c) 70 °C and (d) 80 °C with a zoomed-in inset for up to 10 % strain.
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Fig. 3. Average (a) stress at break, (b) strain at break and (c) modulus in function of the aging duration for PBSAT aged at 40 °C, 60 °C, 70 °C and 80 °C.

factors, such as UV exposure and microorganisms, vary depending on
ocean location and depth. While biodegradable materials are vulnerable
to microbial degradation, this is not the case for PA, at least during the
early stages of aging. However, all three materials are affected by hy-
drolysis. To ensure a fair comparison between biodegradable and
traditional materials, while eliminating location-specific variables, this
study focuses on a universal degradation factor: the presence of water.
Aging experiments are conducted in pure water rather than seawater,
representing the worst-case scenario for the new materials, where
biodegradation may not occur.

Accelerated aging experiments in laboratory settings are a common
way to examine reactions in an accelerated manner to shorten the time
required for reactions that would otherwise take far too long in envi-
ronmental conditions. For this study, hydrolysis of materials is accel-
erated by elevating the submersion temperatures. From experimental
values, a model using Arrhenius approach would be performed to pre-
dict the time to reach end-of-life of the material, which could be used to
estimate the time required for the materials to lose the mechanical
properties in the environment. To our knowledge, there has been no
studies that link pure water hydrolysis accelerated aging with regards to
ghost fishing impact.

2. Materials and methods
2.1. Material

The three materials used in this experiment are PA (LG Chem Ltd.,
South Korea), PBSAT (LG Chem Ltd., South Korea) and PBSA (LG Chem
Ltd., South Korea). Samples are monofilaments produced and developed
for fishing gear applications with an average diameter of 0.57 mm for PA
and 0.60 mm for both PBSAT and PBSA. These monofilaments were cut
into pieces of between 8 and 10 cm prior to the experiment. The differing
length is due to the different material availability. PA is transparent light
blue in colour, PBSAT is transparent green in colour and PBSA is a
slightly translucent white.

2.2. Aging method

Accelerated pure hydrolysis aging was conducted in deionised (DI)
water tanks at IFREMER Centre Bretagne at four different temperatures
namely 40 °C, 60 °C, 70 °C and 80 °C. These relatively high tempera-
tures were selected to ensure an accelerated aging process. DI water in
the tanks was in constant circulation. Between 50 and 70 samples of
each material were placed into a container with holes to ensure constant
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Fig. 4. SEM pictures of (a) unaged PBSAT, (b) aged PBSAT at 40 °C for 672 h, (c) aged PBSAT at 70 °C for 48 h, (d) aged PBSAT at 60 °C for 240 h, (e) aged PBSAT at
60 °C for 384 h and (f) aged PBSAT at 60 °C for 552 h.
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Fig. 5. Stress-strain curves of PBSA along aging in deionised water at (a) 40 °C,

water renewal. The sampling duration varied from temperature to
another, starting as early as 2 h and up to over 2000 h until one of the
materials become brittle. The sampling time points are available
throughout the results section.

At each sampling point, four pieces of samples were taken out and
placed in a controlled desiccator cabinet with relative humidity of 8.7 %
at 21.5 °C for at least 24 h prior to further tests.

2.3. Mechanical testing

For each material, at each aging temperature and time point, a ten-
sile strength test was carried out on the samples. Due to the length
constraint of the sample, the monofilaments were clamped at two ends.
The tensile strength test was done uniaxially with Instron 5966 (Ins-
tron®, United States of America) with video extensometer to track the
strain. The tensile strength test was performed with 500 N load cell with
displacement speed of 10 mm/min. All measurements were done in at
least triplicates. The modulus was calculated between strain 0.85 % to

(b) 60 °C, (c) 70 °C and (d) 80 °C with a zoomed-in inset for up to 10 % strain.

1.6 % for PBSAT and between 0.6 % and 1.7 % for PBSA. All tests were
carried out in a room with constant controlled temperature of 21 °C +
2 °C and 50 % =+ 10 % relative humidity.

2.4. Scanning electron microscopy (SEM)

Surface morphology of samples was analysed using a scanning
electron microscope (SEM) (FEI Quanta 200, Thermo Fisher Scientific,
United States of America). Each sample was completely dried before
being coated with gold particle to reduce static prior to the analysis.

2.5. Statistical analysis

Statistical analysis was performed using SPSS (IBM, United States of
America) to obtain the mean and standard deviation. Data was also
analysed with one-way ANOVA test with Duncan post-hoc to determine
statistical significance with p-value of 0.05. All figures were plotted
using OriginPro 2019b and OriginPro 2024 (OriginLab, United States of
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Fig. 6. Average (a) stress at break, (b) strain at break and (c) modulus in function of the aging duration for PBSA aged at 40 °C, 60 °C, 70 °C and 80 °C.

America).
3. Results

This section aims to present experimental data obtained with the
three materials considered in this study, especially changes in me-
chanical behaviour with aging.

3.1. PBSAT

The focus in this section is on the mechanical behaviour of PBSAT
and its changes of properties during aging. Fig. 2 shows the stress-strain
curve of PBSAT during aging at 40 °C, 60 °C, 70 °C and 80 °C for various
aging time.

The unaged PBSAT sample, presented as solid line in Fig. 2a to
Fig. 2d, exhibited a typical behaviour for monofilament in polymer with
a linear section (from 0 to 1.6 %) where it was possible to calculate a
modulus that describes the stiffness of the material. Then a non-linear
behaviour occurred beyond this region due to the specific changes to
the microstructure of semi crystalline polymer. The sample finally broke
when it could not be further stretched. Both average stress and strain at

break could be calculated based on the triplicates. Prior to aging, unaged
PBSAT monofilament had an average stress at break of 276.8 + 11.1
MPa and strain at break of 19.3 + 2.2 %.

During aging, large changes in mechanical behaviour occurred. A
slight increase in strain at break was observed throughout the aging
temperature. For example, at 60 °C a slight increase in elongation at
break for the early stage of aging where the strain at break increases
from 19.3 + 2.2 % to 22.0 + 1.8 % after 48 h of immersion was
observed. For longer aging duration, a large and gradual decrease in
both stress and strain at break occurs, due to an embrittlement of the
material induced by the hydrolysis of the polymer. The same behaviour
was observed for all aging temperature considered here but an increase
in degradation rate was observed as can be seen in Fig. 3.

Fig. 3 shows the average stress at break, average strain at break and
modulus with respect to aging duration across different temperatures.
The aging time required to reduce the stress at break to less than half of
unaged material was 24 h, 48 h, 144 h and 984 h for 80 °C, 70 °C, 60 °C
and 40 °C respectively. Overall, the average stress at break declined with
aging time in all temperatures, with decreasing rates as aging temper-
ature decreases. Tables S1.1 to S1.4 summarizing statistical differences
is available in section S1 of the supplementary document.
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Fig. 7. SEM image of (a) unaged, (b) aged PBSA at 70 °C for 48 h, (c) aged PBSA at 80 °C 24 h, (d) for aged PBSA at 80 °C for 48 h, (e) aged PBSA at 70 °C for 216 h
and (f) aged PBSA at 70 °C for 335 h.
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The modulus of unaged PBSAT was 16.2 MPa. Plot showing modulus
values across different aging conditions are shown in Fig. 3c. There was
no clear trend observed in the modulus of the strain-stress curve.

The surface morphology of monofilaments was observed under
scanning electron microscope (SEM). Unaged PBSAT had a smooth
surface with some axial crack, likely from the production process shown
in Fig. 4a. As seen in Fig. 4b and Fig. 4c, there are barely any visible
changes to the surface morphology despite being at 61.4 % and 51.1 %
of the initial stress with stress at break of 170.1 &+ 6.9 MPa and 141.7 +
3.0 MPa respectively. A deeper crack was seen along the fibre in Fig. 4d,
but no other visible change was observed. The average stress at break for
Fig. 4d’s aging condition was at 84.2 + 4.5 MPa, approximately 30 % of
the unaged material’s stress at break. With barely 16.9 % of the initial
stress at 46.8 & 4.4 MPa, surface morphology of PBSAT still showed very
little change except for some peeling on the surface as shown in Fig. 4e.
SEM of extremely aged sample as seen in Fig. 4f showed fragmentation
of monofilaments into microfibres, with average stress at break of 22.9
+ 1.7 MPa or equivalent to <10 % of the initial stress at break. With a
consecutively lower stress at break shown from Fig. 4b to Fig. 4f, there
was no gradual change in the physical appearance of the monofilaments
together with the reduction in material’s mechanical properties, but
rather an abrupt change in appearance between Fig. 4e and Fig. 4f,
which were only approximately 8 % difference in comparison to the
initial stress at break. There was no visible difference between Fig. 4a
and Fig. 4e despite having an almost 85 % drop in stress at break. No
change in diameter of the monofilament was observed through aging
even in the extreme cases.

3.2. PBSA

The mechanical behaviour of PBSA and its changes of properties
during aging is discussed here. Fig. 5 shows the stress-strain curve of
PBSA during aging at 40 °C, 60 °C, 70 °C and 80 °C for various aging
time, with unaged material represented in solid black line.

The stress-strain curves show a typical behaviour for monofilament
in polymer with a linear section (from 0 to 1.7 %) where it was possible
to calculate a modulus that described the stiffness of the material. The
shape differs slightly from curves seen in Fig. 2. A non-linear region
corresponded to behaviour that occurs due to the specific microstructure
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of semi crystalline polymer. The sample eventually broke when it could
elongate no further. Both average stress and strain at break could be
calculated based on the triplicates. Unaged PBSA monofilament had an
average stress at break of 410.0 & 11.0 MPa and strain at break of 21.0
+ 2.4 %.

Fig. 6 shows the average stress at break, average strain at break and
modulus with respect to aging duration across different temperatures.
There is a decline in the stress at break across all temperature, with
increasing time required until all the mechanical strength is lost as aging
temperature decreases. In general, there were statistically significant
differences across most time points in all aging temperatures. The aging
time for the stress at break to be reduced to half was 48 h, 72 h, 240 h
and 1872 h for aging temperatures 80 °C, 70 °C, 60 °C and 40 °C
respectively. Tables S2.1 to S2.4 summarizing statistical differences is
available in section S2 of the supplementary document.

Aging leads to changes in mechanical behaviour. Just like what was
observed in PBSAT, the average strain at break increased in early-stage
aging across all temperatures, followed by a drastic reduction of strain
and stress at break.

The modulus of PBSA was calculated between 0.6 % to 1.7 % of the
strain. Similar to that observed in PBSAT, there were no clear trend in
the PBSA modulus. The modulus of the pristine material was 18.1 MPa.
Modulus from aged materials fluctuated from 10.3 to 20.6 MPa, with the
lowest modulus calculated in monofilaments aged at 80 °C and
increased with decreasing aging temperature. The largest modulus
calculated was in monofilaments aged at 40 °C.

The SEM images of PBSA surfaces are shown in Fig. 7.

Unaged PBSA exhibited a crack along the axis which resulted
possibly from the extrusion manufacturing process in Fig. 7a. Fig. 7b and
Fig. 7c with the average stress at break of 309.5 + 26.8 MPa and 231.0
+ 40.1 MPa, approximately 75 % and 56 % of the initial stress at break,
there were no other visible changes observed. Fig. 7d and Fig. 7e shows
cracks on the surface of PBSA. The stress at break of Fig. 7d and Fig. 7e
was 117.3 £+ 10.3 MPa and 60.0 + 1.8 MPa, or equivalent to approxi-
mately 28 % and 14 % of the initial stress at break. The aged PBSA at
70 °C for 335 h showed peeling along the monofilaments and deep
cracks within the monofilament as seen in Fig. 7f. The average stress at
break was 22.5 + 4.6 MPa, just slightly above 5 % of the initial stress at
break. There was no change in the diameter of the monofilaments, even
when the monofilaments were extremely aged. Physical aging signs on
the surface were not gradual, and only started first appearing after losing
almost two-thirds of the initial stress at break.

3.3. PA

Aging of PA was also done at 40 °C, 60 °C, 70 °C and 80 °C. Only the
resulting stress-strain curve of aging at 80 °C is displayed in Fig. 8 as
there were no significant changes to the mechanical properties of PA
aged at the other temperatures. For this reason, plots of average stress at
break, strain at break, and modulus of PA are not displayed in this study
as there were no comparison possible between all the aging tempera-
tures. There is a decrease in the stress at break and strain over 168 h of
aging at 80 °C as seen in Fig. 8. However, the decrease was not as drastic
as observed in PBSAT and PBSA.

Unlike PBSAT and PBSA which became completely fragile after a
shorter time, the average stress of PA only dropped approximately <30
% from 731.4 + 31.2 MPa to 520.3 + 25.2 MPa. There was no signifi-
cant difference (p > 0.05) in the strain at break in all the aged timepoints
in comparison to each other. They were all significantly higher than the
pristine sample. Table S3.1 summarizing statistical differences is avail-
able in section S3 of the supplementary document.

The results for PBSAT and PBSA showed clear signs of degradation
through hydrolysis. While not to the same extent, this was also observed
in PA. Since all other aging conditions were identical, the changes
observed in this section must be due to intrinsic properties of the ma-
terial in response to pure water hydrolysis.
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Table 1
Shifting factor and activation energy.
Material ~ Initial stress at Aging Shifting Activation
break (MPa) temperature factor, at energy, E, (kJ.
Q) mol 1)
PBSAT 276.8 = 11.1 40 1 87
60 10
70 19
80 45
PBSA 410.0 £ 11.0 40 1 93
60 8
70 19
80 58
PA 731.4 + 31.2 40 0.008 110
60 0.07
70 0.27
80 1

4. Discussion

In the previous section, the results had shown a clear reduction in
average stress at break across all temperatures for the three materials.
The materials were immersed in deionised water, an abiotic environ-
ment. Moreover, as the monofilaments are thin, the water diffusion
happened quickly. Given that this was a reaction with one single
mechanism namely pure water hydrolysis, the use of Arrhenius equation
is employed for further discussion. In this section, the evaluation on the
possibility of using Arrhenius approach to describe the degradation of
the three materials and potentially predict their behaviour at lower
temperatures was carried out.

4.1. Description of the mechanical consequences of the degradation

Accelerated aging test is an essential tool used to observe and un-
derstand the degradation behaviour within a study time frame. Tem-
perature is often used as the accelerated factor, taking care of the
thermal properties of the studied material. Arrhenius has defined an
empirical equation giving the dependency of the rate of a chemical re-
action with the temperature. This approach is based on single factor
degradation mechanism, and therefore can be applied in our study case.
The Arrhenius approach is described in Eq. 1,

Eq
(#)
ar = ape

where at is the rate of the reaction at a certain temperature, E, the
activation energy, R the universal gas constant and T the absolute
temperature in K.

Following Arrhenius approach, the changes of properties observed at
different times for the different aging temperatures should follow the
same trend. It was therefore possible to superpose the change of prop-
erty curves using ar as a shifting factor, doing a so-called time/tem-
perature superposition. For this study, as the stress at break was
changing for all three materials during the aging, this mechanical
property was therefore selected for performing superposition. For each
material a mastercurve was obtained as shown in Fig. 9. The shifting
factors were adjusted with reference to aging conditions at 40 °C for
PBSAT and PBSA and 80 °C for PA, and can be found in the legend of the
graphics presented in Fig. 9 and Table 1.

It should be noted that unlike Fig. 3 and Fig. 5 in sections 3.1 and 3.2
respectively that had the same x-axis scale throughout the figures while
showing different property of the same materials, figures in this section
have different x-axis scale as the comparison between three different
materials were made.

Once the shifting factor, ar, were defined for each aging tempera-
tures, it was possible to access the activation energy (E,) as described in
Eq. 1 for each material, as shown in Fig. 9 and Table 1.

(€Y

11

Marine Pollution Bulletin 212 (2025) 117607

In Arrhenius approach, the activation energy is defined as the energy
required to reach the transition state. In case of our study, hydrolysis
was the only degradation mechanism and the stress at break was used as
the consequence of this hydrolysis reaction. At this stage two main
conclusions can be made — (1) that all materials undergo hydrolysis with
the same consequence of losing mechanical strength and becoming
brittle, and (2) that all the materials require different activation energy
for hydrolysis to take place, with PBSAT being the most sensitive fol-
lowed by PBSA and PA.

Based on the results and the aforementioned conclusion, it was thus
possible to extrapolate the model to predict the materials behaviour of
all three materials at a lower temperature.

4.2. Prediction of the stress at break induced by hydrolysis reaction

Following Arrhenius approach, the stress can be defined as described
in Eq. 2,

0 = ope AN 2
where ¢ is the stress at break after aging at defined time and tempera-
ture, oy is the stress at break of the unaged material, A is a constant, and
ar is the shifting factor.

Knowing the ar coefficient and initial stress at break of unaged ma-
terial which can be found in Table 1 for each material, it was possible to
predict the stress at break depending on time and temperature using the
Eq. 2.

To validate the prediction and verify that this is an appropriate
model, the prediction was first performed on the same temperature as
the experimental results, as shown in Fig. 10.

While the initial aging experimental values represented as symbols in
Fig. 10 shows some deviation from the predicted trend depicted as
dotted lines up to about 10 h, the decline in the experimental average
stress at break coincides well with the predicted trend, showing that the
prediction is in line with what has occurred in the aging. This validated
the model, showing that it was an appropriate tool to predict the
behaviour of the material at other temperatures.

Fig. 10 shows the prediction of material behaviours at lower tem-
peratures. The water temperature at which fishing gears could be lost
varies dependent on the location and depth of the ocean. A prediction for
lower temperatures ranging from 2 °C to 30 °C, which is the average
temperature of Barents Sea and tropical seas such as Caribbean Sea
respectively, was made to ensure validity of this model across the global
oceans.

With the predictions presented in Fig. 10, the impact of the tem-
perature on the time to stress at break could be observed for all three
materials. At 2 °C, the material would persist much longer than at 30 °C.
The difference between the three materials can also be seen in Fig. 10.
However, comparison across each material was a challenging task given
the differences in initial strength. Instead of comparing the absolute
strength in MPa, a comparison of normalized stress as a percentage to
the initial strength and prediction at 15 °C was done in Fig. 11.

With this prediction, it was possible to observe that PBSAT would
lose more than a third of its strength already within the first year of
complete submersion in water, while PBSA would lose about 10 %, and
PA would barely have any change. Within 10 years under water, PBSAT
would have lost >95 % of its original strength, while PBSA would have
lost approximately 70 % of the strength at 15 °C. Based on the pre-
dictions made, PA would only lose approximately 5 % of its initial
strength after a decade. A more rapid decline was seen between 10 and
100, and 100 and 1000 years for PBSA and PA respectively. This result is
in agreement with the nets removed after approximately 30-40 years of
immersion in the ocean, which were not brittle, even if they were sub-
jected to a much more severe environment with several degradation
paths including but not limited to hydrolysis, UV-oxidation, biodegra-
dation and mechanical wear and tear (Standal et al., 2020). It was also



W. Wataniyakun et al.

Marine Pollution Bulletin 212 (2025) 117607

M Unaged L l3peC
300 ? = 40 °C 0, b 20°C
- : 60 °C sz 15°C
2s0] o9 L = | 70°C__ TNl e 10°C
© ] ® rON! P ----- 80 °C @7 B -—=2°C
o TN &L = \‘
< P> = \
5200 Y - ® 200 4 =
o N b5 \
2 ‘i:.) . tu) - \
- y . @
o150 . 0 150 Y
A ! 7] 4 \
2] ! ki ) 1
4 ’ - < \
7 - Y ) w . 1
© 100 4 ' a B 1004 \
& R 7 ] T 1
— - 2 ' \
o o :
: > 3 -
< 50 vV - o 50 1
\
)‘ ;s
\
Q 4 T T A 0 B e B A A e S e L e e e e e e o R ]
0.1 1 10 100 1000 10000 0.001 0.01 0.1 1 10 100
Aging duration (h) Aging duration (years)
b B Unaged & 30°C
w0 == R0 B a - 40°C 20°C
PV = 60°C e 15°C
P, v 5 - N 400 e T s
> 2 Y 70°C _ w, esees 10°C
& " adp - 80°C ® b e
= | - = Y
:300 \ = B \
[ \ @ 300 N
. Q \
2 ! \ — . \
o r - s v
© P> \ : )
0 r '
$ 200 . 8 200 .
o 5 \ 1 '
b ' wn '
) ' A ! Py - \‘
s \ T © 5
- : 1
S 100 * 5 ot
g {5)‘ - o 100 oA
< ' o . ‘\
P v
0 o T 0 - - S
0.01 0.1 1 10 100 1000 10000 0.001 0.01 0.1 1 10 100 1000
Aging duration (h) Aging duration (years)
800 - B Unaged 800+ f 30°C
C = 40°C 20°C
T | ey € 15°C
700 \| 70°C _ 700 ' Ty e 10°C
;_n? P ----- Bo"C ® “ ---2°C
=600 =500 \
P e \
LY > \
(1]
3500 » Bs00. N
o b o % &
© @ .
© 400 400 Lo
@ @ LR
8 :. g -
300 4 \ 3 300 - \
§ 200 - ' g 200 . l‘
< a Vo
100 4 100 4 \ ‘.\
\
\
0 - - - ' . 0 - - - r—
0001 001 01 1 10 100 1000 10000 100000 0.01 01 1 10 100 1000 10000

Aging duration (days)

Aging duration (years)

Fig. 10. Stress versus time for (a) PBSAT, (b) PBSA, and (c) PA, at 80 °C (red), 70 °C (orange), 60 °C(yellow) and 40 °C(green). Experimental values in points
prediction as dashed lines, and prediction of the stress at break versus time for (d) PBSAT, (e) PBSA, and (f) PA immersed at 2 °C, 10 °C, 15 °C, 20 °C and 30 °C. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

12



W. Wataniyakun et al.

- - - PBSAT
— — PBSA
= ----PA
5100—--0-'.1.'_-_.—.;': ----- -..§.-§
i~ TS ~.
© .‘\ \\
o A .
2 g0 N \
-— . .
© o\ .\
0 N N
(%2 .
o x \
4 60 S \
[0} ! A
& e 8 \
[ b4 .
o o\ .
> 404 ey \
®© . N
°© o\ \
(O] ' \ .
2 : -‘
T 20 N 8
E o\ \
— .
o o\ Y
Z . \ \
0 LA | T T T T "'l‘~$ T — ‘I
0.01 0.1 1 10 100 1000

Aging duration (years)

Fig. 11. Normalized stress versus time at 15 °C submersion for PBSAT, PBSA
and PA.

reported that lost gears could continuously catch organisms with a
relatively constant rate of 20-30 % of the initial efficiency, up to at least
8 years after being lost, and possibly for as long as the material strength
remains (Brown et al., 2005; Humborstad and Lgkkeborg, 2003).

Since the stress at break could be predicted using the Arrhenius
equation in function of the water temperature for the three materials
when they would be in abiotic environment, it was possible to set the
end-of-life criteria of those materials and predict the time taken to reach
such criteria. Determining the end-of-life criteria was highly compli-
cated, as the ability for the organisms to escape from ALDFG depends on
various factors including duration of immersion, species, methods of
escape, the presence of hard-shell, weight and strength. To our knowl-
edge there is no published work on the force needed by a fish to escape a
fishing gear. Consequently, there was no one single value that could be
used as a reference point. The end-of-life criteria was therefore hereby
specified as 25 %, 50 %, 60 % and 75 % of the initial stress at break of the
material.

Fig. 12 shows the time to reach respective end-of-life criteria for each
material from 2 °C to 30 °C. Using this figure, an approximate time to
reach the specified end-of-life criteria namely between 25 % to 75 % of
the stress at break could be predicted. As expected, when temperature
increases, the time to reach end-of-life criteria decreases. For PBSAT,
PBSA and PA, the longest time needed to reach end-of-life criteria at 2 °C
and 25 % of the initial stress at break is slightly >20 years, 40 years and
approximately 3000 years respectively. However, 25 % was much
probably a too low criterion. Therefore, to compare the materials, a
criterion of 50 % had been taken to compare the three materials, as
shown in Fig. 12.

Fig. 13 compares the time to reach 50 % of the initial stress at break
of PBSAT, PBSA and PA from 2 °C to 30 °C based on the prediction made.
It was possible to observe that at 2 °C, which is in the range of the bottom
sea temperature, PBSAT, PBSA and PA would reach 50 % of their initial
stress at break after approximately 10, 20 and 1500 years respectively.
These durations are far longer than the average service time of nets
which are usually replaced after one or two seasons, equating to as short
as two months of usage. This shows the great potential of PBSAT and
PBSA to reduce long-lasting marine littering and mitigate problems
deriving from ALDFG. This prediction from this study also demonstrates
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the “over-efficiency” of the PA for the application (Grimaldo et al.,
2020).

In March 2024, a net piece shown in Fig. 14a made of PA-6 (Kapron)
was captured during a bottom trawl experiment at 250 m depth at
Nordkappbanken (71°16' N - 26°45' E), western part of the Barents Sea.
The net was labelled “2.4.79" as shown in Fig. 14b, with an inscription in
Russian translated to “lower net”. Due to a regulation change, nets with
mesh size 125 mm in bottom trawls were no longer legal after 1983.
Based on the available information, it could be deduced that this net was
in use between 1979 and 1983 and must have been submerged for more
than four decades to date. It was found that these nets were still very
strong. While the material may not be identical, and although the
braided multifilaments could not be compared directly to multifilaments
used in todays’ gear, it is of no doubt that polymer in the PA family could
persist in the ocean for a long time, especially at low temperatures and
none or very low light exposure. However, Thomas and Hridayanathan
(2006) have demonstrated unequivocally that PA fishing net materials
are highly prone to degradation when exposed to sunlight. Multifila-
ment material is indisputably more vulnerable than monofilament,
suggesting that monofilaments in the PA family could persist in the same
environment for an even longer time (Thomas and Hridayanathan,
2006). This strength of PA material and the resistance to degradation
despite a long submersion time corresponds to our prediction.

4.3. Limit of the prediction

In our beliefs, the results and the prediction presented in this paper
allow a comparison of biodegradable material with conventional ma-
terial for fishing gear application and a greater understanding of the
degradation pathways of the biodegradable materials. However, this
prediction has several limitations that could be further discussed and
developed.

This prediction considered only one chemical degradation process
namely pure hydrolysis. However, in the natural environment, a lot of
other degradation mechanisms could be concomitant such as other
chemical degradation from photo-oxidation or biodegradation from
microorganisms, or physical degradation through waves action, and
abrasions (Lucas et al., 2008; Rhodes, 2018).

The degradation pathway that ALDFG would be subjected to is
highly dependent on where the ALDFG are found. For example, photo-
oxidation induced by UV only happen on the surface and on the first
layer of the sea where light could penetrate sufficiently strong, whereas
hydrolysis occurs everywhere in the ocean due to the presence of water.
For this reason, this study had decided to investigate pure hydrolysis as
this degradation mechanism will happen, regardless of the geographical
position of the ALDFG in the ocean or locality of ALDFG in the water
column. Even if the gears would move through the water or along the
seafloor, experiencing changes in the immediate environment such as a
change in temperature or presence of different microorganisms, hy-
drolysis will still occur.

A much shorter time, up to a hundred-fold, would be required to
reach the defined end-of-life criteria in biodegradable PBSAT and PBSA
than conventional PA as seen in section 4.2. For this reason, ALDFG that
are manufactured from biodegradable PBSAT and PBSA are likely to lose
its strength more quickly, and in turn would be less detrimental in terms
of ghost fishing capability. It is also important to note that this study was
conducted on monofilaments, rather than fishing nets which undergo
heat-treatment during production to spread mesh size evenly and
strengthen the knots (Kim et al., 2020). A study as early as 1973 indi-
cated that the presence of knot reduces the effective strength of the
fishing net (Radhalekshmy and Gopalan Nayar, 1973). A more recent
study by Le Gué et al. in 2024 also indicated that knots contribute to a
reduction of half the stress at break of unaged material (Le Gué et al.,
2024). The actual time to end-of-life for nets and gears are therefore
expected to be shorter than predicted time in this study in terms of the
number of years than what is currently presented, as this study only
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(b) PBSA, and (c) PA.

examined monofilaments. The weakening of strength due to both knot
forming and heat treatment were not taken into account in this study.
While various studies and reports have addressed the estimated catch
and ghost fishing impact of ALDFG and proposed mitigation strategies,
fewer studies have explored the use of biodegradable materials as a
targeted solution. Biodegradable materials, which have a shorter life-
span compared to PA, are specifically investigated to reduce ghost
fishing by considering the changes in their mechanical properties over
time. For instance, Araya-Schmidt and Queirolo (2019) analysed the
breaking strength of natural fibre twines as a potential alternative to
conventional fishing gear for mitigating ghost fishing twines (Araya-
Schmidt and Queirolo, 2019). However, their study did not include a
comparison with non-biodegradable twines. Similarly, a 2016 study by
Kim et al. examined the physical properties of nylon compared to
biodegradable PBS/PBAT monofilaments and nets. SEM images revealed
signs of biodegradation in PBS/PBAT after 24 months, suggesting that
the net would lose its fishing capability. However, the study provided no
data on the mechanical properties of the net at this two-year mark (Kim
et al., 2016). Several other studies have evaluated changes in mechan-
ical properties, such as elasticity and tensile strength, to assess the dif-
ferences in fishing efficiency between biodegradable and PA-based
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fishing gears. These studies concluded that biodegradable fishing gears
could reduce ghost fishing primarily due to their weaker initial strength
and limited durability, rather than a gradual reduction in tensile
strength over time (Grimaldo et al., 2019; Grimaldo et al., 2018a; Gri-
maldo et al., 2018b). Brakstad et al. (2022) characterized the degrada-
tion mechanisms of PBSAT and PA nets over 36 months in seawater.
They demonstrated a significant reduction in mechanical strength for
PBSAT nets, while PA nets showed negligible changes. The authors
concluded that PBSAT nets could effectively reduce ghost fishing
(Brakstad et al., 2022). Additionally, biodegradable fishing gear is
sometimes proposed as a solution primarily focused on reducing macro-
and microplastic pollution rather than directly addressing ghost fishing
(Le Gué et al., 2023).

5. Conclusions

PBSAT and PBAT are co-polyester materials manufactured from
fossil-fuel based sources developed as a potential material for fishing
gears in place of PA. Since fishing gears such as gillnets could be
replaced as early as two months in some fisheries, it is unnecessary for
them to be manufactured from such a durable material in contrast to the
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past where nets had to be mended and used for as long as possible.
PBSAT and PBSA are biodegradable materials, with a lower durability
and thus a shorter lifespan than PA. Being biodegradable could mean
that if fishing gears that are made from PBSAT and PBSA become
ALDFG, over time, a full biodegradation into substance harmless to the
environment of these materials would be possible. However, biodegra-
dation varies between different geographic conditions, depths and
associated environmental conditions depending on for instance what
microorganisms are present in the location. Nevertheless, what holds
true for all ALDFG in the open ocean when submerged is that hydrolysis
aging will definitely occur, no matter the locality, depth or tempera-
tures. This study has shown that PBSAT and PBSA which are co-
polyesters, become completely brittle with pure hydrolysis within
days at 60 °C, 70 °C and 80 °C. Co-polyester bonds are known to be more
susceptible to hydrolysis in comparison with polyamide bonds. While
these temperatures may not reflect the true environmental conditions, a
prediction model based on Arrhenius equation was possible as this was a
single factor aging. From the prediction at 15 °C, PBSAT and PBSA
would lose almost all its strength after about 10 and 50 years respec-
tively, in comparison to >1000 years for PA. This meant that even in the

priiers, pisis

-

absence of other factors and in an abiotic environment, PBSAT and PBSA
would be degraded after a relatively much shorter time than PA only
through hydrolysis process. Monofilaments, prior to being knotted and
heat treated into fishing nets, are known to have higher mechanical
strength than nets with knots, as breakage predominantly occurs at the
knots. Therefore, the predicted time to end-of-life for nets through pure
hydrolysis is likely to be shorter than as shown in this study due to the
presence of knots. The aging may also be accelerated in environmental
conditions with other additional factors such as wave actions and
biodegradation in the presence of microorganisms. Similar studies could
be carried out with nets to investigate if the degradation through hy-
drolysis follow the same trend. A comparison to study aging of fishing
net would also be complementary to this result. Further information on
the strength of the fish could also contribute positively to evaluate the
extent of ghost fishing based on the tensile strength of the material. It
would also be interesting to further investigate the influence of the other
degradation mechanisms depending on the position or seasons of the
year. It is recommended that future research include additional long-
term degradation experiments, accompanied by subsequent analyses
conducted in the context of field trials and under the actual conditions of

Fig. 14. (a) PA-6 net with braided monofilaments and mesh size 125 mm and (b) attached net label. Photos by R.B. Larsen, UiT The Arctic University of Norway.
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utilisation of the fishing nets as they are deployed in the field. Similar
experiment at lower temperature could also be done to confirm the
predictions done by this study. Given the duration predicted for biode-
gradable PBSAT and PBSA to become completely brittle and thus no
longer have the ability to ghostfish, the questions with regards to other
problems such as microplastics and chemical leaching still remained. It
would also be important to study the end product, biodegradation pro-
file and the potential leaching of chemicals of these biodegradable
materials. Through this study, it was demonstrated that solely through
only exposure to pure water, the differences between the time taken to
lose of strength in PA and biodegradable materials could be up to more
than a hundred folds, depending on the temperature. This result clearly
demonstrates that for a short application time, the use of such resistant
material like PA may not be necessary for instance in gillnets fisheries.
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