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marine plastics to address environmental
degradation drivers: a machine learning approach†

Henrique de Medeiros Back, *a Daphiny Pottmaier,b Camilla Kneubl Andreusi a

and Orestes Estevam Alarcona

Plastics are an integral part of the material structure in modern societies. However, their widespread

contamination in the environment raises concerns regarding the sustainable use of these materials.

Plastic pollution research has accelerated rapidly in the past 20 years and developed as a broad and

multidisciplinary field, due to its complex nature. Research on the fate of plastics in the environment,

specifically their dispersal and degradation, is one of the pillars in the field. In this study, we used

machine learning and text mining tools to bridge the marine plastics community to the existing

knowledge from polymer science regarding degradation drivers. Topic modelling enabled visualising hot

topic trends in marine plastics research and filtering for relevant publications with minimal expert

intervention. The recurrence of drivers was verified in the literature, indicating particular areas of focus

on the marine degradation of plastics. The results show weathering conditions to be more recurrent

than polymer properties and the latter to be rarely discussed in depth. Also, biodegradation is found to

be a hot topic in the field, while degradation caused by abiotic factors is less addressed. This may be

necessary as polymer engineering is traditionally less concerned about the end-of-life of plastic

products. Finally, we argue that not only a deep understanding of plastics from polymer science should

aid fundamental degradation studies by the marine plastics community, but also that the latter has the

opportunity to largely contribute to the former by filling the gaps it has left.
Environmental signicance

Plastics are ubiquitous in everyday life and the environment. Recently, the academic community has put tremendous effort into trying to describe its causes and
understand its consequences. Notably, the fates of plastic particles are of particular interest. This has led to a rapidly growing repository of new publications that
even experts struggle to be up to date. Machine learning can be a powerful tool to help synthesize and lter through these large amounts of unstructured textual
data dispersed in scientic publications. This paper uses text mining to semi-automatically lter the relevant literature, explore trends in the eld and verify
possible mismatches between polymer science and the environmental plastics community. Our results show essential features of degradation not receiving due
attention in the more recent marine plastics research. Topic trends also reveal hot topics in the eld and the impact of the COVID-19 pandemic. These allow
a broad view of how the eld is evolving and of the relative importance of particular topics while showing the usefulness of machine learning for the appre-
hension of rapidly growing scientic pieces of literature.
Introduction

Plastic production has grown exponentially since the end of
World War II and they are now used in all sectors of industry
and day-to-day applications, replacing a multitude of other
materials, especially natural ones. Since then, they have become
so important to modern life that the current period of human
history has been described as the Plastic Age, in relation to the
razil. E-mail: henrique.m.back@posgrad.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
Bronze and Iron Ages.1–3 The accumulation of plastic waste in
nature, especially in the oceans, has been a topic of great public
and scientic interest in recent years. Even if a more thorough
understanding of impacts that range from entanglement,
ingestion, and toxicity is still developing, the scale of this issue
demands precautionary action.

Plastic pollution research typically focuses on three areas:
sources, fates, and impacts.4 The fates of plastic particles in
different environments are inuenced by their behaviours, such
as horizontal and vertical transport, weathering and fragmen-
tation, particle aggregation, biofouling, and ingestion.5,6 New
ndings in these areas help identify accumulation hotspots,
removal processes, regional/global mass budgets, degradation/
fragmentation rates, and affected areas/species. Knowledge of
Environ. Sci.: Adv., 2023, 2, 1629–1640 | 1629
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particle concentrations and characteristics is crucial in under-
standing how plastic pollution affects ecosystems. The issue of
plastic pollution is also being studied from the perspective of
social and political sciences, ocean physics, and chemistry.
Particularly regarding the behaviour and fate of plastics in the
environment, chemical and materials engineering can
contribute with knowledge of polymer structures, their prop-
erties and mechanisms that lead to their degradation and
change in characteristics.

Reviews provide mechanisms to synthesise the literature and
generate new insights, but traditional systematic reviews are
time-consuming and subjective. In a fast-growing scientic
eld, by the time the review is published, it is already outdated.
A new era in research calls for new methods of analysis and
articial intelligence (AI) may be our way to adapt. The use of AI
and machine learning (ML) has grown in plastic pollution
research and other environmental elds as tools to analyze large
amounts of data, create predictive models, and reduce human
error. Natural language processing (NLP) allows the trans-
formation of unstructured text into data that can feed ML
models. These versatile tools can help researchers navigate and
analyze the growing ood of information.

This paper aims to visualize trends in plastic pollution
research and, specically, how oen particular terms associated
with the degradation of plastics are being considered. We used
text mining and BERTopic, a topic modeling soware, for this
purpose. We show the focus given by the community on the
plastics fate problem and point out the aspects of degradation
that are being le out and should be considered.

Methods

A workow of the methods is shown in Fig. 1. To assess how
polymer properties are related to materials degradation in the
environment, we draw from the polymer science literature and
briey explain some concepts in the Degradation impact drivers
section (more detailed explanations can be found in Appendix
A). In the Results section we present a table summarizing the
linkages between drivers and degradation processes as having
high, moderate or low relevance. This is done similarly to how
the IPCC's Sixth Assessment Report presents the relevance of
key climatic impact drivers. ‘High relevance’ indicates drivers
that are most prominent for their direct connection to degra-
dation processes, while ‘lower relevance’ indicates weaker
linkages or driving behaviours.

To understand how this knowledge is being incorporated by
the marine plastics community, we counted the recurrence of
key terms in the abstracts of this literature. The construction of
a vocabulary for text mining was made concurrently with the
identication of drivers, to nd compatible terms between both
literature studies. Only abstracts were used because they are
readily available as metadata on SCOPUS and are summaries of
the full text. They are more commonly used, but full texts may
be employed, especially if there is a smaller literature available.

Papers were sourced from Scopus using the following search
query, adapted from Ivar do Sul, 2018:7 “TITLE-ABS-KEY
((“marine debris” OR “marine plastic debris” OR “marine
1630 | Environ. Sci.: Adv., 2023, 2, 1629–1640
plastic pollution” OR “plastic pollution” OR “marine plastic”
OR “plastic debris” OR microplastic OR nanoplastic OR
microber OR “plastic pellet”) AND (marine OR coastal OR sea
OR ocean OR beach)). The search was performed on February
24, 2022, and resulted in 8319 publications. Then, all abstracts
were retrieved alongside the corresponding year of publication
and DOI. We included a step to remove duplicates based on DOI
identiers as well as instances without abstracts.

For topic modelling, documents were embedded using
SPECTER, a pre-trained BERT language model that is trained on
scientic text.8 This was preferred over the standard MiniLM used
by BERTopic, as it should be more capable of capturing semantic
relationships between words in this kind of text. Indeed, initial
trials with both models showed more favourable results with
SPECTER. Dimensionality reduction and clustering steps were
dened using the standard BERTopic framework. It consists of
performing these operations using UMAP (uniform manifold
approximation and projection) and HDBSCAN (hierarchical
density-based spatial clustering of applications with noise),
respectively. The seed of randomness was xed at “42” (this choice
is arbitrary) to allow the reproducibility of results since the
modelling is a stochastic process. It's important to note that the
method utilises an unsupervised learning approach, whichmeans
we have no a priori knowledge of the topics present in our dataset.
For further details refer to Appendix A.

A topic model was generated using BERTopic over the
embedded text. It attributes each document to a topic based on
the calculated probabilities of each document belonging to each
topic. However, if none of these is higher than a minimum
threshold, the model assigns them to an outlier topic. An initial
analysis of this topic's representation indicated that many
documents relevant to our study were set to be outliers. To avoid
that, the threshold was set to 0.01 – aer also having checked
the topic probability distribution for several documents and
tried using 0.02 and 0.005, which, respectively, le thousands
and dozens of outliers. This was made with the assumption that
the literature was well represented by all generated topics and
that most documents would belong to at least one of them.

To evaluate the topic modelling, we chose the silhouette
score as it is intuitive and simple to implement. It is a measure
of the similarity between a document and its own topic in
relation to its difference from other topics. Scores can range
from −1 to 1, where 1 means topics are cohesive and well
separated. However, it should be kept in mind when evaluating
the model that all evaluation metrics are only indicators of
a model's performance and have better use in benchmarking
different algorithms. Their evaluation and utility are ultimately
dependent on the user's subjectivity.

To be able to identify what topics are about, we created topic
representations using vectorization and c-TF-IDF (see Appendix
A for further information). During vectorization, the stop_word
parameter was set to “English” to exclude words that add no
meaning to the text (i.e., and, the, in, etc.) and could hinder
topic differentiation. Another parameter, “ngram_range” was
set as (1, 2) to include compound words like “plastic waste”
instead of looking just at “plastic” and “waste”.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Workflow of the methods for vocabulary construction and text mining.

‡ Plastic degradation can occur without molecular changes, as in the case of
additive desorption or water adsorption and contribute to loss of mechanical
resistance, thus increasing the fragmentation rate. However, these were not
discussed.
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By analysing the hierarchy of topics, we were able to remove
topics unrelated to the scope of the study and merge topics that
were closely related. This step required a more in-depth look
into topics by inspecting topic word scores, that is, how much
each word is associated with a certain topic, and representative
docs, which are the abstracts that better represent a topic (all of
this can be seen in detail in the intersections.ipynb le in the
ESI†). This step (merging and removing) was conducted recur-
sively two other times as topic representations are updated and
may better reveal the meaning of certain topics.

To visualize the development of the eld, the number of
publications was plotted per year and by topic. We used the
“topics over time” function on BERTopic to calculate the
frequency of papers present in each topic over the studied
period. Topic representations are dynamic which allows us to
see how topics evolve as well (interactive plot available in the
intersections.ipynb le in the ESI†).

Aer the modelling and screening of papers, keyword
recurrence was veried in the corpus of each topic. For this, we
dened a function in Python and applied it to our corpus using
the constructed vocabulary. The output recurrence is the
number of abstracts that contain at least one mention of
a particular word, which is not the same as word occurrence
which would count every mention of that word. Details can be
found in the text_mining.ipynb le in the ESI.†

Degradation impact drivers

Degradation is any form of loss of function or property impaired
by some kind of agent as a result of physicochemical
© 2023 The Author(s). Published by the Royal Society of Chemistry
modications in the material. In other terms, degradation
imparts changes in composition and/or structure that affect
properties. This relationship between a material's composition,
microstructure, processing, and properties is widely accepted in
materials science. A conventional way to represent this is shown in
Fig. 2a. On a molecular level,‡ any degradation of polymers starts
with the breaking of a covalent bond in themacromolecule, which
generates reactive species, called free radicals, responsible for
propagating the degradation reaction. This energy can be
provided through heat, light, chemical potential or mechanical
stress (Fig. 2b). The magnitude of the energy needed to break the
bond depends on the material properties. Therefore, we dene
degradation drivers as material properties and environmental
factors that interact to cause the weathering of plastics.
Material characteristics
Composition

The terms “plastic” and “polymer” are oen used inter-
changeably in the environmental literature, which is not accu-
rate. Plastics are materials that belong to the class of polymers,
which has a unifying factor in their chemical structure: all
polymers form long chains from the repetition of a monomeric
unit. They can occur naturally, like proteins or cellulose, or be
synthesized articially. The latter are commonly referred to as
Environ. Sci.: Adv., 2023, 2, 1629–1640 | 1631
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Fig. 2 (a) The materials science tetrahedron; (b) particle size reduction as caused by degradation and fragmentation of plastics.
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“plastics”, due to the plasticity that many of them have –

especially under the application of heat, a characteristic that
differentiates them from the majority of natural polymers.
Considering the varied mixture of substances (additives) in
plastics, the term “polymer” can also be used when referring to
the main resin that makes up a plastic product/particle or
simply to its macromolecular chains.

These macromolecules consist mostly of C–C (carbon–carbon),
C–H (carbon–hydrogen) and C–R (carbon–radical) bonds where R
can be a halogen, a functional group, such as an aromatic ring,
etc.10,11 The energy of bonds depends on their nature and that of
the surrounding bonds in the molecule. C–C bonds can also be of
different types, or hybridised states, as shown in Fig. 3. Primary
carbons will have higher C–H bond energy and will be less prone
1632 | Environ. Sci.: Adv., 2023, 2, 1629–1640
to bond dissociation. Tertiary carbons are more susceptible to
bond breaking in the C–H bond than the others because that
carbon is already strongly bonded to other carbons.12 The same
effect is observed for C–H bonds surrounded by other chemical
species, such as C]C (polystyrene), C–O–C (like in polyesters),
and C–N–C (like in polyamides) that have stronger bond ener-
gies.13 Fig. 3 illustrates a section of a polymer chain with different
carbons and other structures mentioned further in the text and
provides typical bond energy for several species. The actual values
can only be stated in relation to the surrounding chemical struc-
ture. Sowares like Gaussian and Gamess can be used to predict
actual bond energies in complex molecules.15 Generally, strong
bonds will reduce the energy of surrounding bonds.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Example section of a polyethylene macromolecule with possible deviations from the ideal structure and corresponding dissociation
energy of some typical bonds. Values are related to the bonds made between carbon and carbon or hydrogen or oxygen. Source of values:
Huheey, Keiter and Keiter, 1993.14
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Microstructure

When studying polymer degradation, another point that can be
broadly addressed is the strength of intermolecular forces, as its
increase will impart greater stability towards degradation.16

Stronger intermolecular forces can be imparted by strong polar
groups or by closely packedmacromolecules. The rst is directly
related to chemical composition (already addressed), while the
second is related to the physical microstructure of the polymeric
material.

Polymers' macromolecules have a high molecular weight
(MW), and for that, they will behave very differently compared to
the substances containing just the monomers. Increasing MW
increases the intermolecular forces between the polymer
chains, which is related to the cohesive energy responsible for
the mechanical strength and chemical stability of polymers.9

MW is always in some range and this distribution is also a factor
of importance for properties.

Polymers can also be amorphous or semi-crystalline. The
degree of crystallinity, or the ratio between crystalline and
amorphous phases in the material, affects the strength of
intermolecular forces because crystals have a more compact
microstructure. The closer these molecules are, the more they
will interact with each other. This increases mechanical
strength, melting temperature and stability towards oxidation
and many other degrading agents.17,18 This includes stability to
biodegradation, as we will see further in the text. Engineers
control this ratio to produce materials with the desired prop-
erties, by controlling processing conditions, MW and compo-
sition, especially bond rigidity and side group sizes.

A similar effect is the result of cross-linking, which is the
formation of covalent bonds between polymer chains that can
happen during polymerization or as a result of degradation.19 It
© 2023 The Author(s). Published by the Royal Society of Chemistry
reduces molecular mobility, because it ties one molecule to the
other, restricting their conformation, thus increasing bulk
stiffness and elevating the glass transition temperature (Tg) and
melting temperature (Tm). Contrarily, branching, or ramica-
tions, which are secondary polymer chains attached to
a primary backbone, weaken intermolecular forces because they
reduce densication and impair crystallization. Additionally,
they weaken intramolecular forces through the presence of
tertiary carbons.20

Some other considerations can be made regarding physical
arrangements and the microstructure, such as the form of
crystals or the degree and length of ramications, but they will
not be addressed here for brevity. In any case, they will also
inuence chain rigidity or crystallinity.21
Properties

Plastic properties are the macroscopic characteristics of the
material that determine its behaviour during use or aer end-of-
life. Degradability, or even compostability, for instance, are
some of these properties. As stated before and shown in Fig. 2a,
properties are conditioned to the composition and micro-
structure. However, they are more convenient to measure. A
good example is the glass transition temperature, a typical
property of amorphous or semicrystalline materials that is
commonly measured for polymers. It indicates the mobility
capacity of polymeric chains and it's correlated to several other
properties, such as molar mass, degree of crosslinking and
crystallinity.21,22 While it is not involved in the degradation
process, it may be a relevant measure as it reects composition
and structure factors that are.

Likewise, density can also be of interest. Determining
whether a particle will oat or sink away from the surface of
Environ. Sci.: Adv., 2023, 2, 1629–1640 | 1633
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a waterbody and away from sun exposure inuences the
intensity of degradation. Mechanical strength, on the other
hand, is important for fragmentation and when reduced will
tend to increase the surface-area-to-volume ratio, but it is not
directly related to degradation itself. However, it is a useful
measure of the degree to which a plastic particle has been
degraded already and can thus, appear in the literature as such.
Weathering factors
Ultraviolet radiation

Photons of ultraviolet radiation can initiate a photochemical
reaction that causes degradation. Once started, it will propagate
due to the presence of free radicals. It requires a chemical
species to be in an excited electronic state, which happens when
an unbound electron increases its energy by absorbing
a photon, mostly in the ultraviolet (295–380 nm) range.23 The
mere incidence of light, however, does not necessarily cause
excitation. It must be absorbed. And since energy is quantized,
a chemical bond will only absorb photons at specic frequen-
cies. The chemical group responsible for light absorption in the
UV-Vis region is called a chromophore. It can give colour to
a material since only part of the incident radiation will be re-
ected but is also responsible for photodegradation. There are
two types of chromophores: intrinsic (present in the macro-
molecule) and extrinsic (additives or contaminants). Photo-
stabilizers are additives used in plastics production as
protection from photodegradation because they contain chro-
mophore groups that preferentially absorb UV.

Most polymers have no intrinsic chromophore groups but
can degrade under UV because of impurities or additives. PE,
for instance, can undergo photochemical degradation, because
in real-world conditions there will necessarily be contaminants
or previous degradation that allow it. Similarly, PS does not
absorb at any frequencies in the solar spectrum, but irradiation
can generate an excimer (association of two adjacent aromatic
rings). This excited state is responsible for initiating the pho-
todegradation process even in energy bands not absorbed by
chromophores. In most polymers, these defects will be present
in the form of C]C conjugated or aromatic double bonds or
even as carbonyl groups (C]O).

Photodegradation will cause the appearance of carbonyl
groups (rigid double bonds) and crosslinking, both reducing
the mobility of polymeric chains in the plastic material.
However, since the yield of chain scission depends on chain
mobility, the process will slow down with further degradation24

Additionally, photodegradation only occurs on the surface of
the material up to a few micrometres, depending on the energy
of the photon and the material.25
Temperature

Due to their relatively weak covalent bonds, the maximum
service temperature of polymers is considered low if compared
to other materials, like most metals and ceramics, ranging
typically from 50 °C to 200 °C.28 The effect of temperature on
degradation cannot be neglected though, as it inuences many
1634 | Environ. Sci.: Adv., 2023, 2, 1629–1640
other chemical processes, such as migration of low molecular
weight additives, hydrolysis and photo-oxidation.26,27,29 Due also
to their thermal insulation capacity, polymers will suffer
thermal degradation differently depending on how long they
are exposed to higher temperatures.30

Polymers with the same types of covalent bonds will have
different thermal decomposition temperatures due to molec-
ular arrangements. For instance, PE and PP only have C–C and
C–H bonds, however, PE will only contain low-energy tertiary
carbons in its ramications, while PP has one of such carbons at
eachmonomeric repetition. This makes PP less stable andmore
prone to oxidation.26

Once thermal degradation is initiated it is highly favoured by
free radicals and other compounds typically found in polymers,
such as residual monomers and catalysts, as well as defects.
These may originate from the production process itself, either
during polymerization or from heating or chemical contami-
nation during manufacturing. Additionally, chain defects
caused by previous degradation can also reduce thermal
stability.31 In contrast to photodegradation, thermal degrada-
tion occurs in the bulk of the material, not just at the surface.

Chemicals

Polymer degradation can also occur by reactions with chem-
icals. It can happen at the surface of the material due to contact
with substances in the environment, or in the bulk, caused by
impurities or by the diffusion of liquids, such as water. Unlike
UV or temperature, chemicals can cause depolymerization,
where the polymer is converted back into monomers, which is
good for recycling but is a source of toxic compounds in the
environment.

The reactivity depends on the affinity of both polymer and
chemical. Therefore, it should be analysed on a case-by-case
basis. However, shared characteristics of substances can be
indicators of reactivity. For instance, it will be higher for organic
compounds than for inorganic salts, alkaline or weak acid
solutions. Additionally, more hydrophobic materials, such as
polyolens, will tend to react more intensely with oils and other
hydrophobic compounds. Persistent organic pollutants are
some of these compounds that co-occur with plastics in marine
environments and can favour their degradation. Similarly,
polymers containing polar groups such as polyamides, poly-
esters and polycarbonates, have higher interactions with water
that can cause hydrolysis.

Microbes

The general process of biodegradation involves the excretion of
enzymes by microorganisms that cause hydrolysis of the poly-
mer chain into intermediate compounds that can then be
assimilated by these organisms as a source of carbon.32 Several
polymers have been reported to suffer biodegradation, mostly
from bacteria or fungi,33 but polymers containing ester, amide
or carbonate bonds in the backbone are more prone to it,
because of their susceptibility to hydrolysis in these bonds.

To produce biodegradation, microbes must have access to
water and the polymer chain. This is generally related to how
© 2023 The Author(s). Published by the Royal Society of Chemistry
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compact a certain microstructure is and how easy it is to rotate
macromolecules around molecular bonds. Strong bonds, such
as C]C and C]O, have the tendency to reduce the energy of
adjacent bonds, which makes rotating around them easier.34

These carbonyl bonds also increase hydrophilicity, which
facilitates microbe adhesion and water availability. Addition-
ally, bulky side groups, ramications and cross-linking all limit
the molecules' conformability, thus hindering biodegrada-
tion.34 The degree of crystallinity also has a role, as the crys-
talline structure is more compact and less free to move. The
molecular weight is of particular importance, as microbes
cannot assimilate long chains. Even polymers considered
biodegradable, such as PLA and PHB may have to suffer
previous chain scission in order to be metabolized by
microbes.35

Aside from polymer properties, environmental conditions
also have an inuence on biodegradation. Temperature is the
rst factor to be considered. Increases in temperature increase
the rate of biodegradation, until an optimum value above which
biological activity is reduced. Generally, thermophilic com-
posting (up to 70 °C) in institutional facilities produces faster
biodegradation than mesophilic home compost (around 35 °
C).36 Moisture, pH, oxygen and UV radiation are also decisive
factors for microbial growth and will inuence the rate of
biodegradation.37

Results & discussion

Fig. 4 shows the linkages between key degradation drivers and
degradation processes and compartments summarized from
the previous sections where we can easily identify drivers with
high relevance for one or more degradation processes. These
linkages will be considered when we evaluate the recurrence of
drivers in the marine plastics literature. But rst, we classify the
publications in this literature by performing our topic model-
ling with BERTopic as described in the Methods section. A total
of 7828 abstracts from the preprocessed dataset based on our
search query on SCOPUS were included. Initially, the modelling
resulted in 89 topics and around 3000 documents were assigned
to an outlier topic. Aer applying a new threshold, only 41
documents were classied as outliers.

It is important to note that the topics found can differ using
other hyperparameters, models or even slightly different data-
sets.38 In any case, the modelling gives us enough information
about topics contained in our dataset, that we can use to
understand it. Despite being able to distinguish between very
specic topics, the great number of topics given by the model
hindered a better comprehension of what is going on in the
literature. So, topics were merged by similarity as described in
the Methods section. Additionally, we removed a total of 6
topics consisting of 242 abstracts (3%) that were outside the
scope of our analysis in topics such as “facies_sand-
stone_deposits_mass transport_mounds”, “sensor_sensitivi-
ty_salinity_microber_high sensitivity”,
“composites_nanobers_microbers_melt_collagen” and
“soil_soils_microplastics soil_agricultural_terrestrial”. Finally,
the literature could be represented by 41 different topics.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The calculation of the silhouette score for the evaluation of
topic cohesion resulted in a value of 0.26. With values ranging
from −1 to 1, a score of 0.26 is reasonable. While we cannot be
certain if the topic assignment of documents is correct and we
could be leaving out papers that should be considered, the
silhouette score, accompanied by subsequent topic explora-
tions, is sufficient for enough condence in the results. More-
over, the method drastically reduces individual subjectivity
which is concerning when screening the literature.

In Fig. 5 we show the frequency of new publications per topic
per year since 2010. The period was only chosen to facilitate the
visualisation, as frequencies remained relatively constant
before that. Similarly, not every topic was selected to facilitate
visualization. The internal build of the algorithm allows the
user to visualise not only the frequency of documents per topic
per year but also how each topic representation changes over
time. We have found that they don't change signicantly, but
sometimes a word may appear in a topic's representation,
indicating that it has gained relevance in that topic.

From Fig. 5, we observe that “topic 1 – ingestion/entangle-
ment” and “topic 4 – debris occurrence in beaches” are the most
frequent until 2015, and then “topic 2 –MP in sediments” starts
to grow faster and from 2017 onwards “topic 3 – exposure” has
a sharp increase as well. Overall, these are the most common
topics, but this result may be biased to indicate how broadly
those topics were dened by the model. So we should be careful
with that interpretation. However, in a general sense, the results
are something that could be expected.

It may be more insightful to look at growth trends, instead.
For instance, the number of publications per year in “topic 4 –

occurrence in beaches” has had little change since 2020, while
“topic 5 – policy” grew much faster. This may indicate a change
of interest inside the research community towards new legis-
lation instead of accounting for the occurrence of plastics. We
could also say that “topic 11 – biodegradation” was a hot topic
in 2022, because of the sharper increase in publications in that
year. Particularly in the case of Topic 5, we can speculate the
reasons for this growth as being related to key international
agreements being draed and signed, such as the plastic waste
amendment to the basel convention on hazardous wastes and
the UNEA resolution passed in 2022. These clearly indicate an
overall interest in policy that can have an effect on scientic
publications as well.

In general, all of the major topics inside the eld of plastic
debris in marine environments have experienced changes in
their trends between 2020 and 2022. This may be explained, at
least partially, by the COVID-19 pandemic. Due to lockdowns,
difficulties in accessing public places and laboratories may have
inuenced how researchers conducted their new and ongoing
projects, but also, funding and personal interests could have
been shied from some areas to others.39,40 One example of this
is the emergence, in 2020, of “topic 24 – face masks”.

For some topics, you could argue that they are no longer
frequent because they are saturated, with a few studies having
a high citation impact and less interest in conducting new
research on that topic. In Fig. 6, a look into the impact factor by
topic can help validate this assumption. This may be true for
Environ. Sci.: Adv., 2023, 2, 1629–1640 | 1635
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Fig. 4 Linkages between degradation drivers and processes given with high, moderate and low relevance. Details on these linkages are
expressed in the previous sections.
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topics 7 and 9 (“dri modelling” and “persistent organic
pollutants”, respectively). Both have a similar slow growth curve
in Fig. 4 and a higher impact factor. Additionally, documents
1636 | Environ. Sci.: Adv., 2023, 2, 1629–1640
associated with “topic 11 – biodegradation” seemed to have
a smaller impact than those associated with “topic 20 – ageing”
which tends to be more about physicochemical degradation.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Topic trends in marine plastics research – some topics were omitted to facilitate visualisation.
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Again, this could be because the latter is already saturated and
looking at this topic's trend we see it has a small and steady
growth over the years compared to a more abrupt growth in
Topic 11, as mentioned previously. It could be helpful to
compare “Citations over time” with “topics over time”, but
unfortunately, the former is not provided as metadata by
SCOPUS.

Aside from topics' size and impact factor, Fig. 6 also shows
the sum of normalised driver recurrence per topic. This variable
accounts for the sum of recurrences of every degradation driver
for each topic. This means that when the algorithm nds a word
from our drivers vocabulary in an abstract it will count 1, no
matter how many times that word appears in that abstract. The
normalization, or division by the size of the topic, allows
a better comparison between small and large topics. Interest-
ingly, topics ““8 – plastisphere”, “11 – biodegradation” and “20 –
aging” have the highest recurrence of degradation drivers,
which is expected and helps validate our topic modelling.
Regarding Topic 8, it may not be specically about degradation,
but it certainly overlaps with it.

To gain a better understanding of which drivers are being
addressed the most by each topic, we created a stacked bar
graph for the normalised driver recurrence by word by topic for
the top ten topics in Fig. 6, which is shown in Fig. 7.

Considering the ndings shown in Fig. 4, each weathering
factor can have a different impact depending on the type of
degradation. By comparing them with Fig. 7, a possible inter-
pretation is that biodegradation is being more thoroughly
addressed than other modes of degradation, followed by pho-
todegradation. This is corroborated by the fact that topics “8 –

plastisphere” and “11 – biodegradation” have higher normal-
ized sums of degradation drivers, but are also more frequent
topics overall (size of bubbles in Fig. 6).

We can observe, from Fig. 7, that weathering factors are
much more recurrent than material properties in topics asso-
ciated with degradation except for the term “additive”, which
seems to be an outlier. It is relatively well mentioned in most of
the selected topics, but it can be noted that its recurrence is
greater in topics “15 – tire/road wear nanoplastics”, “20 –

ageing” and “25 – particulate/dissolved organic matter/carbon”,
© 2023 The Author(s). Published by the Royal Society of Chemistry
indicating the relevance of this property in these topics.
However, due to the limitations of this analysis, it is unclear if
the term “additive” is being mentioned as a potential driver of
degradation or not. The same reasoning can be applied when
looking at weathering factors such as oxygen, which can be
present in the context of degradation or not. Mentions by topic
may provide some context in the use of words. For instance,
oxygen must be present in abiotic degradation to produce
oxidation and formation of carbonyl bonds, so mentions in
“topic 20 – ageing” are likely to be used in that context. In the
context of “topic 11 – biodegradation”, oxygen may be
a parameter for biofouling and microorganism development. In
any case, oxygen will be relevant for degradation even if
indirectly.

It is pertinent to point out that “topic 20 – ageing” has
a small recurrence of words like bacteria or microbe, while the
recurrences for temperature, UV, and oxygen are higher. This is
in good agreement with the label given to this topic which is
based on the most important words for that topic (refer to
Methods and Appendix for more details). Also, for material
properties like crystallinity and functional groups, the recur-
rences are greater than in other topics. By this, we can infer that
topic 20 deals more with drivers related to materials and
physicochemical degradation than the other topics, especially
topics 8 and 11 which are more biologically focused. The fact
that our topic model was able to differentiate these topics and
the nding that driver recurrences vary signicantly between
them show an apparent compartmentalization of studies.
Although it's not possible to assert the researchers' background
on any of these publications, we see that biologically focused
researchers are much more likely to limit their analysis to
environmental factors and dismiss material characteristics,
contrarily to studies on physicochemical degradation. This
result clearly points to a lack of fundamental concepts of poly-
mer science in the environmental science community, given it
is clear that both material and environment interact to produce
degradation and should be equally assessed.

“Topic 38 – antibiotic resistance” contains more mentions of
words like bacteria and temperature, and little to no mentions
of other drivers, including enzymes. This suggests it may be
Environ. Sci.: Adv., 2023, 2, 1629–1640 | 1637
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Fig. 6 Sum of normalized recurrence of degradation drivers in the marine plastics literature by topic considering topic size (number of
publications in each topic, set as size of bubbles) and topic impact factor (total number of citations for all publications in a given topic divided by
the number of publications in that same topic, set as colour).
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a false interpretation to consider it a relevant degradation topic
and that these drivers are mentioned in other contexts. The
same may be true for “topic 19 – adsorption”, where “additive”
and “organic pollutants” may be mentioned not as degradation
drivers but as substances that are adsorbed by plastics.

In the case of “topic 37 – NPs aggregation”, there seems to be
an even recurrence of physical and biological weathering
factors, but also material properties. Although it's hard to say
for certain what they are referring to, this visualisation helps
getting an understanding of particular focuses on this eld.
From Fig. 4, we also know that molecular weight and crystal-
linity are material properties that have a high relevance for
degradation, especially in biodegradation. The importance
1638 | Environ. Sci.: Adv., 2023, 2, 1629–1640
given to them by studies on marine plastics, relative to other
material properties reects this. Interestingly, crystallinity does
not appear in biodegradation studies as oen as molecular
weight and that could be because the latter would appear as
a product of degradation as well – so it would bemore recurrent,
than crystallinity. Also, the reduction of the molecular weight or
the formation of carbonyl groups are the main ways to verify
degradation, so it was expected to see these terms being
frequently mentioned. Interestingly, this is not the case for the
latter.

The term “bond energy”, which is the main property to be
considered in the degradation of polymers, doesn't appear in
any of the topics. Although it could be addressed indirectly by
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Normalized recurrence of drivers by topic (colour) for top 10 topics.
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other material properties, this doesn't seem to be the case. The
recurrences of “free radical” and “chromophore” follow the
same tendency. Other important properties such as chain
mobility, which can be addressed indirectly by linearity, rami-
cations or the glass transition temperature are rarely present.
It is true that crystallinity also plays a role in chain mobility.
However, it may oen be addressed as a factor of increased
density and reduced intermolecular space, which hinders
degradation, especially by biological drivers. Nevertheless, this
highlights the fact that a more in-depth focus on polymer
properties and degradation mechanisms is still lacking.
Conclusions

ML and NLP tools boosted the process of literature screening
and topic understanding. Nevertheless, they can't be used
automatically without human intervention. Removing and
merging topics as well as constructing a vocabulary to search
demands expert knowledge. While there is a lot more they can
accomplish and future developments promise greater innova-
tions, articial intelligence does not supersede human intelli-
gence. The usefulness of these tools demonstrates that they in
fact expand our capacity to grasp and build knowledge.

The nding that biological degradation is more prevalent in
the marine plastics literature, might be because ecologists are
commonly looking at microorganisms since they are a major
component of the marine environment. In spite of that, there is
a lack of previous understanding of this kind of degradation.
Because polymer scientists are mostly focused on designing
materials for applications, they study degradation mainly under
© 2023 The Author(s). Published by the Royal Society of Chemistry
processing and use conditions. Since biological degradation is
minimal under these conditions, it only appears as a topic of
great interest in the marine plastics community, which is con-
cerned about the consequences of the end-of-life of plastic
products.

We advocate for the complementarity of polymer science and
marine plastics research and praise the efforts of publishers to
bring different disciplines together, such as in this very journal.
Our results indicate that there is a big opportunity for
researchers working in environmental plastics to contribute to
polymer science, considering the gap of biodegradation in
polymer science literature, as a study on one may turn out to be
inuential on the other. Yet, for it to have a greater impact
across elds, it must be aware of the vocabulary and signi-
cance of at least the most important polymer properties. In this
work, we intended to give an overview of degradation processes
and polymer properties that many marine scientists may not be
fully aware of. Although not exhaustive, this basic dictionary
aims to enrich the vocabulary and facilitate the connection
between terms that may seem unrelated at rst for researchers
not trained as polymer scientists. We understand that without
a thorough consideration of the polymer properties that arise
from their composition and structure, the behaviour of plastic
particles cannot be fully understood. Therefore, their fate and
accumulation characteristics can be inappropriately dened.
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