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Abstract Albert Vega Herrera

Micro and nanoplastics (MNPLs) are considered contaminants of emerging 
concern (CECs) due to their detrimental environmental and human health ef-
fects already reported in recent literature and because current legislation ap-
plied in developed countries is not able to regulate these effectively enough 
or simply does not exist in most developing countries. Plastic pollution con-
cerns the scientific community because of its continuous introduction to the 
environment and the poor consensus regarding the impact at global scale 
and its potential toxic effects associated with living organisms that are still 
poorly understood. Moreover, there is a lack of harmonised quantitative an-
alytical methodologies able to estimate plastic pollution’s impact in terms of 
mass concentration. The main current scientifc advances published for these 
purposes are related to microscopy, spectroscopy or nanometric techniques 
that are more suitable for successful particle characterisation (nature, size 
and shape) and qualitative extrapolations based on plastic particle-counting 
approaches which are unsuitable to provide real quantitative measurements.

In the present context of climate change, circular economy processes acquire 
increased importance and there is a need to understand what micro(nano)
plastics are, as well as their different origin sources, their occurrence, fate, 
behaviour in the environment, and the different human exposure routes. In 
this sense, in this doctoral thesis, mass-quantitative analytical methodolo-
gies based on liquid and pyrolysis-gas chromatography coupled with mass 
spectrometry have been developed and applied to samples collected from 
different environmental compartments and marine biota in order to assess 
the plastic pollution by MNPLs abundance and to give a comprehensive 
global view. Target and suspect screening approaches have been applied to 
obtain the polymeric and plastic additives composition. Moreover, various 
MNPLs human exposure routes have been also evaluated through contami-
nated food (mussels previously exposed), drinking water taken from house-
hold taps located in the Barcelona Metropolitan Area, and bottled water in 
single-use plastic bottles from the 20 most popular commercial brands in 
Spain.

Thus, this thesis contributes to enhance the understanding and knowledge 
about MNPLs pollution, putting special emphasis on the occurrence, fate, and 
behaviour of these contaminants in atmospheric and aquatic ecosystems 
from areas close to populated zones to remote regions, the potential expo-
sure to marine biota, and ultimately, to humans. In addition, the analytical 

methodologies presented here will help to address the scientific community 
regarding the current lack of mass-quantitative methods available in order 
to tackle plastic pollution through real and more accurate MNPLs-polymers 
abundances at ultra-trace levels, and finally, to obtain a more comprehensive 
view of the real impact of these contaminants on the environment and the 
subsequent potential threats associated with living organisms through the 
main exposure pathways.
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Resumen Albert Vega Herrera

Los micro y nanoplásticos (MNPLs) son considerados contaminantes de pre-
ocupación emergente (CECs) debido a que algunos de sus efectos perjudicia-
les para el medio ambiente y la salud humana ya han sido reportados en la 
literatura científica. Además, en países desarrollados no han sido legislados 
de manera eficaz, mientras que en los países en vías de desarrollo, dicha 
legislación, simplemente no existe. La contaminación plástica preocupa a la 
comunidad científica por su continua introducción en el medio ambiente, el 
escaso consenso sobre su impacto a escala global, y sus potenciales efec-
tos tóxicos asociados a organismos vivos aún poco estudiados. Es necesario 
destacar la dificultad del análisis de MNPLs, ya que actualmente hay una 
carencia importante de armonización de métodos analíticos en uso y un nú-
mero limitado de métodos analíticos cuantitativos. Los principales hallazgos 
científicos publicados con este fin están relacionados con la microscopía, la 
espectroscopía o técnicas nanométricas más adecuadas para la caracteri-
zación exitosa de partículas (naturaleza, tamaño y forma) y extrapolaciones 
cualitativas basadas en enfoques de recuento de partículas de plástico, las 
cuales son inadecuadas para proporcionar mediciones cuantitativas reales.

En el contexto actual de cambio climático, los procesos de economía circular 
adquieren una importancia relevante y surge la necesidad de comprender 
qué son los micro(nano)plásticos, así como sus diferentes fuentes de origen, 
su presencia, destino y comportamiento en el medio ambiente, y las diferen-
tes rutas de exposición. En este sentido, en esta tesis, se han desarrollado y 
validado diferentes metodologías analíticas cuantitativas de masa basadas 
en cromatografía de líquidos y pirólisis-gases acoplada a la espectrometría 
de masas para su posterior aplicación a muestras recogidas en diferentes 
compartimentos ambientales y biota marina para evaluar la contaminación 
plástica a través de las abundancias de MNPLs e intentando proporcionar 
una visión global integral. Métodos de detección “target” y de cribado de 
sospechosos han sido aplicados con la finalidad de obtener la composición 
polimérica y de aditivos plásticos. Además, varias rutas de exposición hu-
mana a los MNPLs también han sido evaluadas a partir de alimentos con-
taminados (mejillones previamente expuestos), agua apta para el consumo 
humano a partir de grifos domésticos del Área Metropolitana de Barcelona, 
y agua potable embotellada en botellas de plástico de un solo uso a través 
de las 20 marcas comerciales más populares en España.

Así, esta tesis doctoral contribuye a mejorar la comprensión y el conocimien-
to actual sobre la contaminación plástica por MNPLs, poniendo especial én-
fasis en los efectos perjudiciales que pueden ocasionar en ecosistemas ma-
rinos y atmosféricos desde zonas cercanas a áreas pobladas hasta regiones 
remotas, la potencial exposición en organismos vivos marinos, y en último 
lugar, en humanos. Además, las metodologías aquí presentadas ayudarán a 
abordar a la comunidad científica la falta de métodos cuantitativos de masa 
disponibles para abordar la contaminación por plásticos a partir de abun-
dancias reales y más precisas de polímeros de MNPLs a nivel de ultratraza, y 
finalmente, a obtener una visión más completa y abarcadora sobre el impac-
to real de estos contaminantes en el medio ambiente y sus posteriores ame-
nazas potenciales asociadas a organismos vivos a través de las principales 
rutas de exposición.
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1.1 Thesis structure

This doctoral thesis is presented as a compendium of 8 scientific articles and 
it is divided into 7 chapters and the appendix. Chapter 1 includes the struc-
ture followed throughout this doctoral thesis. 

In chapter 2, a state of art of plastics is provided including crucial definitions 
and keywords, the different polymers most produced for the human activi-
ties, and the specifics on which this thesis is focused. In this context, the dif-
ferent plastic additives formulations used for each type of polymer and the 
most respresentatives are also described. In addition, the previous, current, 
and upcoming legislation and regulation regarding plastics at global-, Euro-
pean-, and Spain-scale are summarised. Fundamentals on the occurrence, 
fate and behaviour of MNPLs in various environmental compartments such 
as aquatic and atmospheric ecosystems, as well as the impact on biota, pay-
ing special attention in marine living organisms are also shown. Then, the 
main human exposure routes and the potential adverse effects associated to 
MNPLs are described. Finally, a review of the analytical methodologies avail-
able, as well as the application of target, suspect screening, and non-target 
screening (NTS) approaches for the MNPLs analysis and characterisation are 
detailed.
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Chapter 1

Chapter 3 explains the primary and the specifics derived goals of this doc-
toral thesis. 

Chapters 4, 5, and 6 include the scientifics articles already published or (to 
be) submitted to scientific journals related with the field, where the experi-
mental work, instrumental analysis, results achieved, and their discussions 
are shown. All these chapters are divided by topic, following a circular struc-
ture since the assessment of the MNPLs occurrence, fate and behaviour in 
various aquatic and atmospheric ecosystems from areas nearby to popu-
lated zones to remote regions (chapter 4), the study of the possible inter-
actions between MNPLs and other contaminants present in surroundings 
environments by the characterisation of their adsorption-desorption mech-
anisms (chapter 5), as well as an exhaustive evaluation of the common MN-
PLs human oral exposure routes by the food and drinking water daily intake 
(chapter 6). All these chapters have the same structure, including a brief 
introduction of the subject mentioning the analytical methodologies em-
ployed, followed by the scientific articles included in the chapter, a transver-
sal discussion, and the corresponding references taken from the literature.

Chapter 4 provides novel insights about the MNPLs occurrence in air and 
surface seawater samples collected from estuarine areas, the North and 
South Atlantic ocean, and the Southern ocean covering the Bellingshausen 
sea (west Antarctica peninsula). It includes 4 scientific publications report-
ing the MNPLs-polymers abundances and seasonal variations in 2 protected 
Mediterranean areas with particular ecosystems of relevant ecological inter-
est, as well as the MNPLs-polymers spatial distribution in the marine low-at-
mosphere and surface water compartments from oceanic regions. Besides, 
the origin sources of these airborne MNPLs found in the marine atmosphere 
and their air-water mass exchanges have been also studied:

• Publication nº1: Llorca, M., Vega-Herrera, A., Schirinzi, G., Savva, K., Abad, 
E., Farré, M., Screening of suspected micro(nano)plastics in the Ebro Del-
ta (Mediterranean Sea), 2021, Journal of Hazardous Materials, https://doi.
org/10.1016/j.jhazmat.2020.124022

• Publication nº2: Vega-Herrera, A., Llorca, M., Savva, K., M. León, V., Abad, 
E., Farré, M., Screening and quantification of micro(nano)plastics and 
plastic additives in the seawater of Mar Menor lagoon, 2021, Frontiers in 
Marine Science, https://doi.org/10.3389/fmars.2021.697424

• Publication nº3: Caracci, E., Vega-Herrera, A., Dachs, J., Berrojalbiz, N., 
Buonanno, G., Abad, E., Llorca, M., Moreno, T., Farré, M., Micro(nano)plas-
tics in the atmosphere of the Atlantic ocean, 2023, Journal of Hazardous 
Materials, https://doi.org/10.1016/j.jhazmat.2023.131036

• Publication nº4: Vega-Herrera, A., Le Bagousse, M., Berrojalbiz, N., Abad, 
E., Llorca, M., Dachs, J., Gigault, J., Farré, M., Micro and nanoplastics in 
marine waters from the Atlantic and Southern oceans, To be submitted 
in Nature Communications.

In chapter 5, the characterisation of the different adsorption and desorp-
tion mechanisms between different polymers of microplastics and persistent 
organic contaminants carried out in simulated estuarine environments by 
seawater-sediment systems at laboratory scale is included:

• Publication nº5: Llorca, M., Ábalos, M., Vega-Herrera, A., Adrados, M. A., 
Abad, E., Farré, M., Adsorption and desorption behaviour of polychlorin-
ated biphenyls onto microplastics’ surfaces in water/sediment systems, 
2020, Toxics, https://doi.org/10.3390/toxics8030059

In chapter 6, three studies assessing the MNPLs human oral exposure by the 
daily consumption of food and drinking water are reported. The drinking wa-
ter analysed has been collected through household taps and single-use plas-
tic bottles commercialised in the Barcelona Metropolitan Area. Regarding 
the human oral exposure to MNPLs through the bottled water in single-use 
plastic bottles, a prioritisation study based on a multi-QSAR approach is also 
provided to elucidate the migrated plastic additives composition from the 
plastic bottle to the water. Furthermore, the human dietary bioaccessibility 
of various perfluoroalkyl substances individually and co-exposed with MPLs 
through Mediterranean mussels is also evaluated by in vitro assays.
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• Publication nº6: Vega-Herrera, A., Llorca, M., Borrell-Diaz, X., Redon-
do-Hasselerharm, P. E., Abad, E., Villanueva, C. M., Farré, M., Polymers of 
micro(nano)plastic in household tap water of the Barcelona metropolitan 
area, 2022, Water Research, https://doi.org/10.1016/j.watres.2022.118645

• Publication nº7: Vega-Herrera, A., Garcia-Torné, M., Borrell-Diaz, X., 
Abad, E., Llorca, M., Villanueva, C. M., Farré, M., Exposure to micro(na-
no)plastics polymers in water stored in single-use plastic bottles, 2023, 
Chemosphere, https://doi.org/10.1016/j.chemosphere.2023.140106

• Publication nº8: Vega-Herrera, A., Savva, K., Lacoma, P., Santos, Lúcia 
H.M.L.M., Hernández, A., Marmelo, I., Marques, A., Llorca, M., Farré, M., 
Bioaccumulation and dietary bioaccessibility of microplastics compo-
sition and cocontaminants in Mediterranean mussels, Submitted to 
Chemosphere.

The conclusions of this doctoral thesis and the future trends are provided in 
chapter 7.

Finally, the appendix summarising the figures and tables that appear in this 
thesis, as well as the financial support, are included at the end.
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2.1 Plastics as contaminants of emerging concern

Contaminants of emerging concern (CECs) are substances that have been 
identified in the environment, and have the potential to provoke adverse 
human health or ecological impacts, but are not regulated. The group of 
compounds that collectively fall within this description has historically been 
a 'moving target', which began with global lead pollution that was incurred 
by the Romans two millennia ago, then included chlorofluorocarbons or di-
chlorodiphenyltrichloroethane at the beginning of the 1960s with the con-
sequent environmental protests, and more recently, includes a wide range 
of pharmaceuticals, personal care products, engineered nanomaterials, and  
plastics (Mitrano et al., 2021).

Nowadays, we live in what is termed the 'plastic era'. Plastic materials are 
used in a wide variety of industrial and consumer products, from person-
al care products or the clothes we wear daily to single-use and permanent 
items that are applied in healthcare, as well as in the food, construction, or 
automotive industries. Plastics are everywhere, being hardly avoidable, and 
the reason for this lies in four of the main characteristics of plastics: versatile, 
lightweight, cheap, and durable.

35



Figure 2.1 World (purple) and European Union (EU; yellow) plastic production 
since 1950, expressed in million metric tonnes.

Humanity started the industrial production of plastic materials in the mid-
20th century, and since then, 8.7 billion metric tonnes (Mt) have been pro-
duced (Figure 2.1). Annually, production amounts to 391 million Mt and the 
Organisation for Economic Cooperation and Development (OECD) estimates 
that if this trend continues then, by 2060, humanity will reach production of 
1 billion Mt annually, thus tripling the current amount (OECD, 2023).

The onset of the plastic era represented progress and was one of the great 
revolutions in history, but it also initiated a significant threat to the envi-
ronment. As well as two major advantages of plastics, being their versatility 
and durability, the poor resistance of plastics to degradation, once they are 
exposed to external factors, is a disadvantage and also one of their major 
environmental problems. The current extensive use of plastics, together with 
an insufficiency regarding their proper management, have led to the attain-
ment of considerably high levels of terrestrial, atmospheric, and aquatic pol-
lution, and these levels will continue to increase sharply over the next dec-
ades. In fact, around 20 Mt of plastic are released into lakes, rivers, seas, and 
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oceans each year, while the widespread use of plastic mulch in agriculture 
is one of the most important causes of soil degradation and groundwater 
contamination (Hofmann et al., 2023).

Furthermore, recently (in 2020), the COVID-19 pandemic shook the world 
population and turned plastics into a public health necessity, and they were 
prioritised at that time over environmental issues. The use of plastics mul-
tiplied: in addition to the regular utensils, masks, gloves, hydroalcoholic gel 
containers, more products were added. Now that the COVID-19 crisis has (to 
the best of our knowledge) been managed, there exists in our society what is 
described as a rebound effect, in that, 'the more widespread recycling prac-
tices become, the more the population does tend to consume', while relying 
on the belief that the material will be fully recycled (PlasticsEurope, 2022), 
which is certainly not the case. In Figure 2.2, the evolution of world plas-
tic production from 2017 to 2021, as well as plastic origin during 2021, are 
shown.

As can be seen in Figures 2.1 and 2.2, in general, in the EU, North America, 
and Japan, plastic production has been either reduced or maintained due to 
the implementation of the first directives that are aimed at mitigating plastic 
pollution, and also due to the externalisation of the most contaminating in-
dustrial activities. In China and other countries that are currently undergoing 
a rapid socioeconomic expansion, plastic production continues to rise, and it 
is projected to be an exponential increase. The cases of China and India are 
noteworthy, as they are home to two-fifths of the world’s population with 
a strong industrial weight which includes the plastics sector, which is the 
main industry. In addition, particularly for China, the country’s notable in-
crease in production between 2017 and 2021 can be attributed primarily to 
its response to the COVID-19 pandemic, by the manufacturing of protective 
equipment against the SARS-CoV-2 virus for the Chinese population, as well 
as for other countries in the world, notwithstanding carrying on with the Chi-
nese production of cheaper and low-quality plastics for traditional consumer 
products internationally. Without doubt, the historical high percentage of 
people living in China, compared to the world’s population, together with a 
poor awareness regarding the environment and good labour practices, have 
currently allowed China to become the most profitable industrial cluster 
worldwide.

Chapter 2
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Thus, the rise in global plastics production has shown a non-linear trend in 
recent years, indicating a concurrent increase in per-capita plastic consump-
tion (Figure 2.3). A significant exponential increment in plastic consumption 
has been specifically shown during these last 20 years, unlike the second 
half of the 20th century, due to the rapid growth of the world’s population, 
among other reasons. Hence, the ultimate objective must be to change the 
established linear economy model, so that these materials can be reintegrat-
ed into the human production chain, but this time following the concept of a 
circular economy (CE) (Andrady, 2017).

Figure 2.3 Change in global plastic production and the world population since 
1950.

In this context, the sustainable use of plastics must involve all the stake-
holders: consumers, producers, policymakers, and the scientific community. 
Moreover, a successful transition requires not only individual and consensu-
al technical solutions, but also education and the full acceptance by all the 
social and business parties.

Chapter 2
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2.1.1 Plastics

Plastics are defined by the International Organisation for Standardisation 
(ISO, 2020), as macromolecules that are made of repetitive units (monomers), 
which are mainly composed of carbon and hydrogen atoms. The properties 
of these basic polymeric matrices are tuned using a wide variety of plastic 
additives, and sometimes by cross-linking with other polymers in order to 
modulate and enhance their own mechanical, physical, and chemical proper-
ties that are required for fit-for-purpose applications. Therefore, plastics are 
complex mixtures which encompass a wide range of materials with different 
properties, environmental behaviour, and potential adverse effects.

Following the present drastic rise in plastic use at a global scale in the last 
twenty years, the increased concern of the scientific community regarding 
the environmental risks and subsequent potential threats to living organ-
isms that are associated with plastic pollution have promoted the research 
of plastic litter since 2007 (Figure 2.4 A). Further, special emphasis has been 
placed on the smaller-sized fractions from 2015 and 2019, in the case of mi-
cro- and nanoplastics, respectively, as shown in Figure 2.4 B.

Figure 2.4 Number of studies available in Scopus database using the terms A) 
'plastics', and B) 'microplastics' (green) AND 'nanoplastics' (purple) along the 
last two decades.
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Moreover, the vertical yellow bar in Figure 2.4 B highlights the coincidence 
between the decrease in the number of publications and the exponential 
increase that occurs when the search terms are changed from 'microplas-
tics' to 'nanoplastics' during this last year (2023), retrieving a total of 5,366 
and 1,003 scientific articles, respectively, and emphasising a change of trend 
in plastic pollution research for the coming years, focusing more on study-
ing the understanding and potential threats of nanoplastics instead of mi-
croplastics while, obviously, the general term 'plastics' is still growing.

Polymers

The main physical, mechanical, or thermal properties of polymers are gov-
erned by the disposition of their chains in the structure. They can be clas-
sified as linear, branched, and cross-linked. Thermoplastics with linear and 
unbranched polymeric chains are denser and harder and could be both 
amorphous or crystalline or heated and reshaped several times and reused. 
In the case of thermosets, cross-linked polymerics are rigidly linked by co-
valent bonds among chains that make them more stable and stronger, but 
once that are set with heat, then they cannot be reshaped. However, while 
elastomers may be deformed, they can still return to their original shape and 
size almost instantly (Peters, 2015).

Polymers can also be classified by their origin. In this sense, we distinguish 
between fossil- and bio-based materials. In 2021, 90.2% of plastics produced 
globally was largely based on petrochemical virgin polymers, due to their 
low costs associated with industrial production and the large number of ap-
plications; while only 8.3 and 1.5% of plastics were fabricated by recycled and 
biological materials, respectively (Figure 2.2).

In Table 2.1, the principal fossil-based polymers manufactured nowadays 
around the world are summarised according to their main properties and 
industrial applications (Li et al., 2016; Luzi et al., 2019).

Chapter 2
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Otherwise, bio-based and petrochemical biodegradable polymers have 
emerged as very important alternatives to fossil raw materials. After the ad-
dition of plastic additives to the polymeric matrix, these materials can exhibit 
similar properties to fossil-based materials, but with the advantage of having 
a reduced carbon footprint. The term 'bioplastic' encompasses a wide range 
of polymers, each of which has different attributes in terms of its environ-
mental impact, but there is no unique classification system. In Table 2.2, the 
most produced bio- and petrochemical biodegradable polymers are summa-
rised (Asgher et al., 2020; Rosenboom et al., 2022).

In this context, bio-based and petrochemical-based biodegradable polymers 
are of special interest for products that are designed to intentionally end up 
in the environment or have a high-risk of doing so (examples are mulching 
films, plant nurseries, or materials used in fishing, and cigarette tips or fil-
ters), as well as for plastic materials that are able to generate contamination 
during their use (such as car tyres, wheels, textiles, paints, or aquaculture 
nets).

Chapter 2

Table 2.1 Current fossil-based polymers widely produced by humans at the 
global scale according to their density, main properties, and commercial appli-
cations.
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Figure 2.5 Different types of plastics that are available, from perspectives of 
origin and degradability.

Nevertheless, bio-based polymers are not commercialised yet in the same 
amounts as fossil-based polymers, due to the associated current higher 
production costs and poorly improvable material properties they provide. 
Moreover, most of these biopolymers are based on the fermentation of veg-
etables such as corn, cassava (Brazilian arrowroot), and sugar cane, among 
others, that compete with food production and promote intensive agricul-
ture, which also entails a strong environmental soil and the use of pesticides. 
Therefore, future research efforts must be focused on the identification of 
low- or zero-cost raw materials (such as agricultural residues after food pro-
duction), more efficient bioprocessing strategies, and the enhancement of 
their recycling, which is currently limited.

On the other hand, to improve the circularity of bioplastics, it would be nec-
essary to develop new anaerobic treatments that provide effective conver-

Chapter 2 General introduction

Table 2.2 Current bio- and petrochemical biodegradable polymers widely man-
ufactured at the global scale, classified according to origin and main applica-
tions.
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sions into biogas during their degradation, thus aligning with the principles 
of 'green chemistry'. Finally, more research is also needed to assess the oc-
currence, fate, and behaviour in the environment of these recent anthropo-
genic materials and their toxicity regarding human health, as well as to elu-
cidate their subsequent transformation products, in order to guarantee the 
safety of bioplastics, if we wish to consider them as a future possible global 
solution to mitigate the plastic pollution threat (Thomas et al., 2023).

Plastic additives

Plastics are composed of polymers and plastic additives which are added to 
polymeric chains in order to modify and enhance the final characteristics. 
The value of the market of plastic additives (PAs) reached 48 billion US$ in 
2020, and it is projected to grow up to 75 billion by 2028, with an average an-
nual growth rate of 5.7% (da Costa et al., 2022), while the global production 
was 20 million Mt in 2019 and is expected to rise by 100% in the next 30 years 
(Geyer et al., 2017).

According to Wiesinger et al. (2021), in 2021 there were around 10,000 ad-
ditives that were used and only across 25 different applications, where the 
inclusion of a single PA in the final material depends on the intended use (Do 
et al., 2022). In this sense, plastic additives can be classified as:

• Functional: plasticisers, flame retardants, stabilisers, antioxidants, lubri-
cants, biocides, antistatic and nucleating agents, etc.,

• Colourants: organic and inorganic pigments,
• Fillers: mica, talc, kaolin, clay, calcium carbonate, barium sulphate, etc.,
• Reinforcements: glass and carbon fibres, for example,

where the industrial usage of functional plastic additives is as follows: plas-
ticisers (~70%) > flame retardants (~25 %) > antioxidants and stabilisers (~ 
0.10–3%) > other PA (< 0.1%) (Hahladakis et al. 2018).

Plasticisers are the most widely used materials with which to enhance the 
durability, stretchability, and flexibility of the polymers from plastic materi-
als, while simultaneously avoiding melt flow. Meanwhile, in the case of an-
tioxidants, plasticisers are embedded in some polymeric resins to delay the 
overall oxidative degradation if or when plastics are exposed to ultraviolet 
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light, particularly in food packaging where oxidative processes increase when 
materials are exposed to infrared and microwave heating. In addition, sta-
bilisers are responsible for preventing thermal, light, or other kinds of poly-
meric degradations that might occur; whereas flame retardants are used for 
avoiding or decreasing fire propagation, this providing an extra time period 
for escape purposes (Maddela et al., 2023).

In this context, shown in Table 2.3 are some plastic additives classified ac-
cording to their main functions, and the typical concentration expressed as  
wet weight (ww) % in the associated polymers (Andrade et al., 2021; ECHA, 
2023; Hansen et al., 2013).

Furthermore, a small part of the current body of literature on plastic addi-
tives is focused on the potential threat of these chemicals that is commonly 
governed by their ability to be leached from the original plastic bulk to the 
environment. This includes being able to be transported by air, water, and 
terrestrial compartments showing a high global ubiquity, as well as being 
finally uptaken and bioaccessible in biota and human organisms that might 
produce a certain toxicity at the cellular and molecular scales, which are 
more prone when ageing factors are present, such as low pH conditions, the 
presence of ultraviolet radiation, or under the occurrence of some microbial 
communities, as will described in more detail in section 2.3. In this sense, a 
few examples of scientific evidence have already been brought to light re-
garding human exposure to plastic additive substances, and assessing their 
possible toxicity via in vitro models (such as those described by Savva et al., 
2023), thus revealing the shortcomings in the existing legal guidelines that 
are aimed at managing pollution through plastic additives, while highlight-
ing the lack of toxicological information for the main types of these sub-
stances that are currently used, and the transparency in the clear labelling of 
additives on the final products.

Indeed, some PAs are currently banned or under review by some environ-
mental health agencies (e.g. European Chemicals Agency (ECHA), Environ-
ment Canada, or the United States Environmental Protection Agency (EPA)) 
as in the case of many orthophthalates like DEHP or DBP, which have been 
proved to be toxic regarding reproduction and in consequence they are re-
stricted in a wide range of products since July 2020 by ECHA (2024). There-
fore, accurate estimations of the levels and types of additives that are em-

Chapter 2



48 49

Chapter 2 General introduction

ployed industrially in different daily-used plastic materials is challenging, 
due to the limited disclosure or lack of transparency by manufacturers and 
the constant development of new similar modified types of additives that are 
not regulated by the existing regulations, thus making it extremely difficult, 
for identification and monitoring purposes, for the final assessment which is 
in search of potential environmental and human threats. Notwithstanding, 
although PAs can be present in small traces (< 0.01% ww), as well as with sig-
nificant levels (> 50% ww) in the final products, data are not available in most 
cases (Bilitewski et al., 2012). Filling these gaps might significantly impact the 
industries in minimising the indiscriminate use of toxic plastic additives, and 
the global health agencies in framework of new, or the reviewing of, more 
effective and accurate regulations.

Table 2.3 Examples of functional plastic additives used in plastic materials.
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2.1.2 The plastics life cycle

In Figure 2.6, the life cycle of plastics with their different steps is shown. 
The cycle begins with the extraction of raw materials that are used for po-
lymerisation (1), and ends with the production of plastics such as crude oil 
and natural gas or starch and sugarcane for fossil- and bio-based plastics, 
respectively, as well as plastic additives. The newly formed plastics or those 
that are recycled and then employed in manufacturing processes (2) in order 
to create a wide range of products that is ready to be used for consumption, 
including, among others, packaging materials, consumer goods, construc-
tion materials, automotive parts, electronics, healthcare, and so on (3). Once 
used, plastic waste may end up in landfills (4) that can contribute directly to 
environmental pollution, such as fossil-based plastics or that can be broken 
down into smaller particles more easily, as in the case of biodegradable plas-
tics. Nevertheless, the conditions that are required for effective biodegrada-
tion might not be present in typical landfill environments. Finally, recycling 
and upcycling (or creative reuse) technologies (5) can be employed to min-
imise their impact and promote resource recovery, or reduce the demand 
for new raw materials. These technologies are described in detail in the next 
subsection.

It is noteworthy that the plastics life cycle might vary depending on the type 
of plastic, its application, as well as regional production and waste manage-
ment practises.

2.1.3 Strategies to tackle plastic pollution

The goal of new strategies in plastic waste management is to achieve a more 
circular economy (i.e. Reduce, Reuse, Recycle). The circular economy (CE) is 
an economic system in which materials are designed to be used, not used 
up. From the outset, products, and the systems within which they sit should 
be designed to ensure no materials are lost, no toxins are leaked, and the 
maximum use is achieved from every process, material, and component. If 
applied properly, the circular economy (CE) benefits the society, the environ-
ment, and the economy.

Figure 2.6 The life cycle of plastics.

Recycling and upcycling technologies

Recycling involves the gathering of waste materials and transforming them 
into useful consumer goods, using less energy and aiming to reduce global 
CO2 emissions from the atmosphere. However, with respect to plastic waste, 
these processes normally generate greenhouse gases (GHGs), sulphur and 
carbon subproducts, which contribute towards acid rain and global warming 
(Szostak et al., 2021).

The conventional waste management practices are incineration, landfills, 
or bioremediation, while recent upcycling technologies such as mechani-
cal (sorting and reprocessing) and pyrolysis, gasification, hydrocracking, or 
biodegradation have emerged and been adopted because they are more 
cost-effective and can be employed more easily at a large scale thus produc-
ing low emissions in comparison to older waste management practices (An-
jum et al., 2016). The chemical upcycling technologies degrade the hydrocar-
bon content of plastics into energy, fuels, or other value-added chemicals.
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Mechanical recycling is the most employed method in Europe. In general, it 
involves 5 steps: collection, sorting, washing, milling, and crushing and melt-
ing. Despite its success, it requires improvements in capacity and efficiency. 
It can be applied to fabrics and packaging (PET or PP), construction materials 
(PP), and almost any product made with PE, one of the most used and versa-
tile plastics. PE is used, for example, in shopping bags or folding chairs.

Incineration is the energy generation by temperature (870–1,200 °C) burn-
ing of plastic waste where HCl, ash, and other volatile organic compounds 
(VOCs) are formed during the process. The benefits of incineration processes 
are confined to lowering waste volume; nevertheless, the costly set-up and 
the release of harmful subproducts into the atmosphere has adverse effects 
on the environment and on human health (Netzer et al., 2021). Integration 
of pyrolysis plants with existing chemical cracking units should be preferred, 
in order to reduce the drawbacks of incineration, and in some cases when a 
separate product separation section is necessary (Westerhout et al., 1998).

In the case of landfills, the disposal of solid wastes and allowing them to de-
cay is an easy to achieve, but dangerous practice due to different biodegra-
dation processes in which CO2 and CH4 are continuously generated as main 
subproducts. Notwithstanding, landfill arrangements should be designed to 
offer a safer area for the disposal of plastic waste, besides protecting marine 
life, airspace, or landfill sites. Specifically, the dumping of plastic garbage in a 
landfill due to the presence of toxic chemicals such as hydrocarbons, dioxins, 
furans, and metal or ion traces has a huge potential for contamination (Liang 
et al., 2021).

Meanwhile, for bioremediation practices, the microbial activities of micro-
organisms are used to decompose plastic waste. In order to work efficient-
ly, bioremediation requires optimal conditions (pressure and temperature), 
nutrients, and enzymes that must be adjusted to ideal conditions for effi-
cient growth of microorganisms. Nevertheless, the efficiency of this method 
decreases when one of the previously stated elements is missing, or there 
are inhibitors present in the medium. Common subproducts are obtained 
by bioremediation processes e.g. chlorofluorocarbons, PVC, and vinyl mon-
omers during the natural breakdown of plastics (Haider et al., 2019). Moreo-
ver, bringing this practice to an industrial scale is very expensive due to the 
cost of the enzymes that are needed for the breakdown of synthetic poly-

mers, and also because of some hindrances, such as the time for incuba-
tion, as well as the optimised level of the degradation process (Ragaert et 
al., 2017). Different degradation or depolymerisation technologies for plastic 
waste management have been implemented during the last 20 years, such 
as degradation with invertebrates, composting treatments, and oxo-biodeg-
radation processes (Tiwari et al., 2023).

Current trends show that thermal conversion pathways such as pyrolysis and 
gasification provide promising avenues for the conversion of plastic waste 
into valuable products, and this might be integrated into other subsystems 
in order to improve the economic and environmental performance of the 
overall system.

Pyrolysis is used for depolymerisation of plastic at temperatures from 300 
–1,300 °C and 1-2 atm of pressure by radical chain mechanisms without ox-
ygen, depending on the different pyrolysis technologies: slow, fast, or flash. 
These processes are also mainly influenced by the structure or the presence 
of impurities and additives in the plastic waste. One of the advantages of 
this technique is that it can handle extremely heterogeneous combinations 
of plastics like PE, PS, PP, PTFE, or PMMA, while some of the main challenges 
are the absence of compact and comprehensive dynamic prototypes that 
have been confirmed with reliable empirical data, composition, and quality 
of plastic waste (Angyal et al., 2007). Common products obtained by pyrolysis 
processes are bio-oil, biochar, and gases (Jenkins et al., 2016).

In the case of gasification, plastic waste is reacted with gasifying agents at 
high temperatures (600–1,000 °C) to transform them into primarily gaseous 
output. This practice involves several steps that can be summarised as: dry-
ing, pyrolysis, cracking, and reforming reactions in gas phase and hetero-
geneous char gasification (Lopez et al., 2018). Mainly, gasification products 
are solid, liquid, and gaseous, and where these might account for 30-50% 
of the input weight, liquid is mixed with tar and oil of around 10–20%, while 
gas yields range between 30 to 60%. In some cases, gaseous or syngas are 
desirable products that contain H2, CO, CO2, N2, small hydrocarbons, and 
the key product syngas that can be further used for producing downstream 
chemicals (Sanlisoy and Carpinlioglu, 2017). Overall, these products are very 
influenced by the temperature and the kind of gasifying agent and plastics. 
Regarding the gasifying agents, most developed technologies include air, 
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.steam, and other more innovative products, such as supercritical and plasma 

gasification (Qian and Ren, 2024).

In Figure 2.7, an outline of the main plastics chemical upcycling technologies 
is shown.

The first-stage products are mainly generated by the upcycling processes 
that are presented in the above, which are predominantly syngas (H2, CO, 
CO2, CH4, etc.), raw oil (ethylene, propylene, butene, pentene, etc.), and char. 
Meanwhile, to produce other final valuable products (MeOH, LNG, Power, 
Gasoline, Diesel, etc.), other conversion subsystems need to be linked to 
these primary practices, such as pyrolysis or gasification processes. Some 
of them are steam methane reforming or hydrogenation for hydrogen pro-
duction and power generation, chemical looping techniques to finally pro-
duce methanol, combined heat, a power cycle for generating energy, or oil 
processing to obtain refined gasoline or diesel from plastic waste. In fact, 
for each type of process that is implanted at an industrial scale, a deep op-
timisation and evaluation in regards to techno-economic viability and envi-
ronmental simulation analyses, and safety and life cycle assessment must be 
undertaken along the entire life cycle (Chari et al., 2023).

Life cycle assessment & supply chain management

The implementation of the life cycle assessment (LCA), as well as the inte-
gration of renewable energies and the expansion of value chains, is a crucial 
step to evaluate and minimise risks associated with energy consumption and 
the generation of wastes and emissions.

Four steps have been defined to perform a LCA (Hellweg and Milà i Canals, 
2014):

1) Goal and scope definition: describe the goal and scope, including 
defining objectives and setting the system boundaries.

2) Inventory analysis: compiling inputs and outputs for every process 
in the life cycle and accumulating these across the whole system.
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tics from the environment are focused on the optimisation of advanced ox-
idation processes (AOPs) and photo-oxidation processes at the laboratory 
scale.

AOPs are widely used to accelerate plastic ageing due to environmental 
friendliness and high efficiency. This is the case of the Fenton reaction that 
may occur in realistic environments, where Fe2+ and H2O2 are employed to 
catalyse ·OH formation as reactive oxygen species (ROS) (Zhang and Chen, 
2020). In the case of ozone, this is also an ubiquitous advanced oxidant that 
can produce amounts of free radicals in a short period of time with the pres-
ence of promoters, increasing its oxidation capacity as highly reactive radicals 
are generated. Another kind of advanced oxidation is the heat-activation of 
disodium persulfate (K2S2O8), where K2S2O8 is ionised in water, breaks under 
thermal radiation, and is then decomposed into ·SO4

-, as the reactive species. 
Among these 3 AOPs, heat-activated K2S2O8 has presented the strongest ox-
idative capacity; nevertheless, it is susceptible to environmental factors due 
to the fact that the temperature required for laboratory assays is higher and 
different from conditions in the environment (Luo et al., 2021).

Discharge plasma oxidation approaches have also received attention regard-
ing the anthropogenic matter remediation in the environment, where die-
lectric barrier discharge (DBD) is the most widely used technique. In DBD, 
high-energy electrons bombard aqueous solution in the low-temperature 
plasma. Water molecules are ionised and excited to produce ROS and reactive 
nitrogen species (RNS), and these compounds are regenerated into active 
free radicals that may oxidase plastics. DBS exhibits traits such as high-ener-
gy electron bombardment, ozone oxidation, ultraviolet photolysis, and their 
combined effects may render a treatment outcome that is more akin to real 
environmental conditions, surpassing the simulation capacities of Fenton, 
persulfate, or other OAPs processes (Zhou et al., 2020). Nonetheless, further 
research should be undertaken in order to understand the knowledge gaps 
between natural ageing processes and discharge plasma oxidation.

In Figure 2.8, the more promising advanced oxidation processes at the lab-
oratory scale to accelerate plastic ageing for facilitating their environmental 
remediation are shown.

On the other hand, photo-oxidation processes are the most widespread abi-

3) Life-cycle impact assessment: where emissions and resources are 
gathered with respect to their impact units, in order to make them com-
parable (e.g. climate change or photochemical ozone creation impact 
on human health, eutrophication and acidification in the environment, 
or land and water stress regarding natural resources).

4) Interpretation: understanding of the inventory and impact assess-
ment results.

The high number of LCA techniques and the requirement for researchers 
to establish project-specific parameters, result in the consequence that LCA 
results are difficult to compare among themselves. However, the effort of 
comparing different LCA studies can provide a deeper understanding of 
how these parameters influence the impact on the environment and human 
health (Alhazmi et al., 2021).

A supply chain refers to a set of facilities, suppliers, customers, products, 
and methods with which to control inventory, purchasing, and distribution, 
where the chain links suppliers with raw materials production and custom-
ers with product consumption. The economic and environmental impacts of 
implementing a circular economy (CE) in plastics waste supply chains also 
need comprehensive investigation (Vidal and Goetschalckx, 1997).

Recently, green chains have been attractive, and the closed-loop supply 
chain has gained attention in sustainability matters, while artificial intelli-
gence (AI) algorithms have been successfully used in some aspects, as in 
the acceleration of the optimisation procedures, in the eco-design of plas-
tic materials, in plastic waste recycling network management, or to solve 
complex problems about engineering (Goodarzian et al., 2020). To sum up, 
governments and regulatory bodies play an important role in promoting the 
adoption of innovative recycling and upcycling techniques. Policies, incen-
tives, and regulations that encourage the revolution of the current plastic 
waste recycling industry can create a conducive environment for investment 
and market growth.

Advanced oxidation processes for plastics remediation

Based on natural processes, current research efforts in the removal of plas-
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otic degradation pathway in the environment, where light irradiation can 
also accelerate the plastic ageing, firstly decomposing the chemical bonds 
from the polymer backbone and then, triggering the initiation of polymer 
degradation for its final remediation. In general, these kinds of processes 
can be divided into three main steps: initiation, propagation, and termina-
tion (Yu et al., 2021a):

Initiation: 
(1) Initiator —> Ri· 
(2) Ri· + O2 —> RiOO· 
(3) RiOO· + RH —> RiOOH + R·

Propagation: 
(1) R· + O2 —> ROO· 
(2) ROO· + RH —> ROOH + R·

Termination: 
(1) R· + R· —> R-R 
(2) R· + ROO· —> ROOR

Notwithstanding, several initiation mechanisms can occur in plastic degra-
dation via photo-oxidation processes. Ultraviolet (UV) light usually initiates 
photolysis reactions of C-C and C-H bonds. Indeed, for polymers that contain 
chromophores groups on the plastic surface, hydrogen atom abstraction 
and other types of reactions are prone to forming free radicals and causing 
main-chain scissions under light radiation (Ammala et al., 2011). In the case 
of metal oxidants, as photoactive additives added during plastic production, 
can be excited to generate ROS, thus also triggering initiation reactions by 
light irradiation (Yu et al., 2021b). In addition, studies in the recent body of 
literature have demonstrated that mechanisms involved during photo-oxi-
dation of plastics may be strongly ascribed to ROS-mediated chemical bonds 
that are broken, and oxygen-containing functional groups that are formed, 
where OH radicals tend to be added onto benzene rings with higher electron 
density to produce easily formed intermediates, such as phenols or mono-
hydroxy functional groups on the hydrocarbon plastic surface, without the 
presence of other heteroatoms like nitrogen or sulphur (Zhu et al., 2019).
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Figure 2.8 Scheme of the more common AOPs optimised at laboratory scale 
for plastic degradation purposes in the environment. (A) Fenton's reaction, (B) 
heat-activated K2S2O8, (C) ozone, and (D) discharge plasma oxidation (adapted 
from He et al., (2023)).

2.2 Plastics regulation & legislation

Several international agreements, as well as different regulations and direc-
tives, have been implemented simultaneously in a consensual manner by 
different countries, or individually. In this section, a summary of the main 
agreements, regulations and directives at global-, European-, and Spain-
scale is detailed, as well as the current lack of harmonisation and effective 
measures to tackle plastic pollution are described.
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2.2.1 Global efforts for plastic legislation

The 2030 Agenda for Sustainable Development, adopted by all United Na-
tions Member States in 2015, provides a shared blueprint for prosperity 
for people and the planet, both now and into the future. To achieve it, 17 
Sustainable Development Goals (SDGs) are an urgent call for action by all 
countries in a global partnership. The SDGs should be completed by 2030, 
and they recognise that people’s well-being should be encompassed by tack-
ling climate change and working towards preserving our oceans and forests.

In February and March of 2022, the United Nations Environmental Assembly 
(UNEA) met in Nairobi, Kenya, to discuss what could be the most influen-
tial environmental policy since the Paris Agreement (2015; effective 2016), 
which is a legally binding international treaty on climate change. The Nai-
robi meeting aimed to find the tools to end plastic pollution and forge 
an international legally binding agreement by 2024, the Global Plastic 
Treaty, by creating an Intergovernmental Negotiating Committee (INC), that 
is expected to be ready by 2024. This agreement will set the legal framework 
to:

• Reduce the use and production of plastics.
• Enhance waste treatment capabilities, including recycling and upcycling 

capacity.
• Search for sustainable alternative plastics as substitutes for fossil-based 

plastics.

In addition, there are three more relevant international agreements that in-
clude initiatives to tackle plastic pollution that must be specially mentioned:

• The Stockholm Convention (2001) on persistent organic pollutants 
(POPs), a global treaty aimed at protecting human health and the envi-
ronment from persistent chemicals.

• The Rotterdam Convention (1998; effective 2004), a commitment by the 
European Union (EU) and other countries to exercise adequate control 
over the trade and use of hazardous chemicals worldwide.

• The Basel Convention (1989; effective 1992), to minimise the generation 
of hazardous wastes and their cross-border movement while ensuring 
environmentally sound management.

However, other previous international binding agreements/conventions, pro-
tocols, initiatives, and cooperation processes have already been launched. In 
Figure 2.9, some of these previous measures since 1960 are summarised.

Furthermore, over the last thirty years, a wide range of regulations and leg-
islations worldwide have aimed to manage the risks and impacts of plastic 
pollution. Some strategies, such as levies and bans, have been commonly 
applied.

Bangladesh and Kenya have enforced prohibitions on LDPE bags, prompting 
a ripple effect with many other nations adopting similar measures. Wales 
has implemented charges for single-use plastics bags, which is also true of 
various European countries such as Switzerland, Germany, Portugal, and 
Spain that have urged fees for plastic bags in supermarkets, resulting in no-
table declines in their consumption. Ireland’s imposition of a levy resulted in 
a remarkable reduction of over 90% in plastic bag usage. Additionally, Chi-
na has launched the Economic Structure Adjustment Guidance Catalogue, 
which forbids the use of lightweight plastic bags (thickness less than 0.025 
mm), disposable foamed plastic tableware or plastic swabs, and daily chemi-
cal products, among other items. In regards to MPLs pollution, several Euro-
pean countries and states from the United States have adopted bans on mi-
crospheres in Personal Care Products (PCPs). Amendments to the Canadian 
Environmental Protection Act have also introduced restrictions on the use of 
PCPs. Concerns raised by European countries have led to the formulation of 
the European Recommendation on Solid Plastic Particles in Cosmetics, thus 
influencing global legislation. Furthermore, countries including the United 
Kingdom, France, South Korea, Italy, New Zealand, India, and South Africa 
have actively joined the ‘no microbeads’ movement (Zeb et al., 2024).

These actions demonstrate global efforts. However, they are not enough to 
impact on reducing plastic pollution. The implementation of essential meas-
ures, including enacting effective legislation and establishing international 
agreements to regulate plastic manufacturing, usage, and management of 
the residues at all the scales is critical.

In this sense, the Plastic Pollution Coalition, with key partners Break Free 
From Plastic Europe, Environmental Law Alliance Worldwide, and Surfrider 
Foundation, have created a collaborative project called The Global Plastic 
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Laws Database, a portal and resource library agreed after the UN Environ-
mental Assembly in March 2022 under the frame of The Plastic Treaty, to 
bring together all the laws worldwide for policymakers, advocates, organisa-
tions, researchers, educators, journalists, etc., with a focus on addressing a 
policy based on the full life cycle of plastics (Coalition et al., 2023).

Nevertheless, The Plastic Treaty is under negotiation, and is expected to be 
approved, but not before the end of 2024. In fact, during the last negotiation 
meeting held in Nairobi at the UN headquarters during 13-19th November 
2023, no clear and significant advances were reached. The next meetings 
will be held in April and October-November 2024 in Canada and South Korea, 
respectively. Following the agreement and adoption of the UN Plastic Treaty, 
the database will be useful to support its implementation and then neces-
sary to track and monitor this implementation.

2.2.2 European Union policies on plastics

At the European scale, a series of regulations and directives with direct appli-
cability to EU member countries has already been established.

Regulations:

• Regulation (EU) 1907/2006, REACH, concerning the registration, evalua-
tion, authorisation, and restriction of chemicals.

• Regulation (EU) 2020/2017, December 22, introducing a ban on the ex-
port of plastic waste to non-OECD countries.

• Regulation (EU) 2019/2021, on persistent organic pollutants.
• Regulation (EU) 2023/2055, establishing the ban on synthetic polymer 

microparticles on their own or in mixtures in a concentration > 0.01% by 
weight.

Directives:

• Directive (EU) 2018/851, amending Directive 2008/98/EC on waste.
• Directive (EU) 2019/904, regarding single-use plastics.
• Directive (EU) 2018/852, amending Directive 94/62/EC on packaging and 

packaging waste (the corresponding regulation is already in force).
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Furthermore, a particular concern is paid to the marine environment be-
cause it is a major sink for most plastic pollution. EU member states must 
monitor MNPLs and promote research initiatives from the Horizon 2021-
2027 Programme to reduce their environmental levels. In this context, the 
EU Plastics Strategy should be highlighted, as it aims to transform the way 
plastic products are designed, produced, used, and recycled in the EU, and 
the connected strategies such as the European Green Deal, the Circular 
Economy Action Plan, the European Industrial Strategy, the Chemicals Strat-
egy for Sustainability, the Zero Pollution Action Plan, and the Biodiversity 
Strategy for 2030. Moreover, other recommendations were previously imple-
mented, such as the Mediterranean Action Plan, followed by the Integrated 
Coastal Zone Management along the Mediterranean Sea coasts during the 
Barcelona Convention in 1995, and the Marine Strategy Framework Directive 
(Descriptor 10 – Marine Litter) which helped to provide a preliminary per-
spective in order to provide protection for all European coastal and marine 
waters (Llorca et al., 2020).

The EU plastic-related policies introduced from 2023 onwards are:

• The proposed revision of the EU legislation on Packaging and Packaging 
Waste that has come into play in 2023. This legislation aims to put the 
packaging sector on track to climate change neutrality by 2050.

• The duty of caterers, delivery services, and restaurants to make their con-
tribution to plastic waste prevention. From 2023, they must offer reusa-
ble containers as an alternative to single-use plastics for takeaway food.

• From 2025, disposable beverage bottles must also be made from at least 
25% recycled plastic.

2.2.3 Spain policies on plastics

National action plans are strategies or programs that a government or a na-
tional entity implements to address specific issues or problems. These plans 
can cover a wide range of topics, from the economy and health to the en-
vironment and education. In Spain, European regulations or directives are 
adapted through laws and royal decrees, and they extend their scope of 
application to producers by 'extended producer responsibility', in order to 
address the specific challenges it faces regarding plastic pollution and the 
sustainable management of these materials. These plans often rely on spe-

cific objectives and goals, as well as collaboration with various stakeholders, 
such as the scientific community, industry, and the civil society, to achieve 
effective results. 

Currently, in the context of plastic pollution, the following regulations are in 
force in Spain:

• Law 7/2022, April 8, on waste and contaminated soils for a circular econ-
omy (CE).

• Royal Decree 1055/2022, April 27, on packaging and waste packaging.
• Royal Decree 1021/2022, December 13, regulating certain hygiene re-

quirements for the production and marketing of food products in retail 
establishments.

• Royal Decree 646/2020, July 7, regulating waste disposal by dumping.
• Royal Decree 293/2018, May 18, regarding the reduction in the consump-

tion of plastic bags and the creation of the Registry of Producers.

Other local regulations in Spain have already been implemented, and they 
are:

• Law 3/2023, March 30, on the Circular Economy of Andalusia.
• Law 3/2020, March 11, on Food Loss and Wastage Prevention (Catalonia).
• Regional Law 14/2018, October 20, on Waste and its Taxation (Navarra).
• Law 5/2022, November 29, on waste and polluted soils for the circular 

economy promotion in the Community of Valencia.
• Law 6/2021, February 17, on waste and polluted soils of Galicia.
• Law 8/2019, February 19, on waste and contaminated soils on the Balear-

ic Islands.
• Decree-Law 3/2022, February 11, on urgent measures for the sustainabil-

ity and circularity of tourism on the Balearic Islands.

Overall, the government of the state of Spain does promote the fight against 
climate change and the energy transition since 2021 (Law 7/2021, May 2020, 
aligned with European Climate Law that was also launched during 2021) by 
legislation and through other economic instruments by financial agencies of 
the state, such as green bonds, which are used to fund projects and activities 
that have positive environmental benefits and contribute to sustainability 
and climate change mitigation. Projects funded normally include initiatives 
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related to renewable energy, energy efficiency, sustainable packaging, trans-
portation, or natural resource management, among others. These green 
bonds have been made to adhere to specific principles and standards in or-
der to ensure transparency and integrity in green financing.

2.3 Occurrence, fate, and behaviour of MNPLs in the environ-
ment & their impact on biota

Despite the many advantages of using plastics, in terms of malleable, tune-
able properties, and lightweight materials with hygiene-enhancing applica-
tions in healthcare, in the food industry, for transportation and storage of 
foodstuffs, or corrosion-resistant applications in construction, it is necessary 
to make efforts to reduce the anthropogenic footprint that is associated with 
these kinds of materials. As mentioned in the previous sections, the overuse 
of plastics, and the lack of recycling, upcycling, and reuse initiatives have 
posed one of the most significant environmental crises on the planet. Hence, 
it is also necessary to understand the problem from the sources of plastics 
and all the way to their environmental fate and behaviour, as well as their 
exposure to living organisms and the adverse effects that are generated in 
the environment.

2.3.1 Micro(nano)plastics

Once released into the environment, plastics can undergo diverse ageing 
processes under different conditions, such as physical abrasion, chemical 
oxidation, and biodegradation. Thereby, plastic litter can suffer changes ac-
cording to its different physicochemical properties, which can increase its 
ecological risk via mechanisms that break down original plastic bulk, thus 
transforming the plastic litter into smaller particles.

In this context, plastic wastes can be classified according to their size, in 
macroplastics (> 25 mm), mesoplastics (5–25 mm), microplastics (MPLs, 1 
μm – 5 mm), and nanoplastics (NPLs, < 1 μm); and depending on their ori-
gin, whereby they can reach the environment as primary MNPLs (e.g. fabric 
fibres, pellets, or virgin plastics included in PCPs formulations that are re-
leased directly), as well as secondary plastics, which are those plastics which 
are  produced incidentally, e.g. MNPLs, by different environmental ageing 
processes over time.

Furthermore, NPLs are anthropogenic materials that, apparently, might be 
considered similar to the engineered nanomaterials (ENMs). However, na-
noplastic particles are completely different materials to ENMs, due to the 
fact that they can present multiple random shapes and sizes in the media, 
and a wide range of surface properties that are governed mainly by their 
higher heterogeneity, which is presented through hundreds of thousands of 
substances and microorganisms that are adsorbed onto the plastic surfac-
es. Plus, that is apart from the nature of the polymeric matrix including, for 
example, ions or dissolved metals, polysaccharides, natural organic matter 
(NOM) as fulvic and humic aggregates, Fe-Mn hydroxides, dust, volcanic ash, 
viruses, pathogens, plankton, etc. While the ENMs, according to the Interna-
tional Organisation for Standardisation (ISO), are defined as manufactured 
materials (between 1-100 nm diameter) with at least one dimension at the 
nano-range designed and produced intentionally for desirable specifications, 
typically with a uniform composition that may include polymer formulations, 
and even favour the release of more NPLs incidentally into the environment 
(Gigault et al., 2021; Ter Halle et al., 2017).

In this sense, as MNPLs are unintentionally generated in the environment, 
the formation of heteroaggregates from multiple sources of bio-, geo-, or 
anthropogenic matter that is present in the same compartments, it is high-
ly probable that instead there would be homo-aggregation, as with ENMs. 
Consequently, MNPLs surfaces and structures are uncontrolled and very 
conditioned through the physical and chemical parameters that govern the 
environment (salinity-ionic strength, pH, etc.), thus obtaining a wide range 
of sizes, shapes, and overall compositions, even when they have been origi-
nated from a common source. The resulting physicochemical heterogeneity 
of MNPLs may change the crystallinity or polarity of these particles, thus 
increasing their affinity to adsorb other substances, which is known as the 
Trojan Horse effect mechanism (Hotze et al., 2010; Liu et al., 2020a).

2.3.2 Plastic waste sources

Ocean plastic litter is mainly produced by inland activities, whereby 80% of 
the litter that is found comes from the densely populated and industrialised 
areas (Sherrington et al., 2016). It is noteworthy that approximately half the 
world’s population resides within 100 kilometres (62 miles) of a coastline. 
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Plastic litter is commonly transported to the sea by wind and run-off process-
es through beaches, rivers, or effluents from wastewater treatment plants 
(WWTPs). However, rubbish dumped from ships, vessels, oceanic platforms, 
and loss of packaging in addition to accidental releases, is another impor-
tant source of plastic pollution in the sea, representing about 20% of the 
marine litter that is found. Fishing activities also have an important contribu-
tion, and it has been estimated that 640,000 tonnes of discarded fishing gear 
is thrown into the seas and oceans annually. In addition, extreme weather 
events such as storms, hurricanes, or floods, can increase this inland debris 
transfer from terrestrial to marine ecosystems at greater distances from es-
tuarine zones (Li et al., 2016).

The long-range atmospheric transport (LRAT) of persistent contaminants, 
including MNPLs, has been reported (Caracci et al., 2023; Chen et al., 2023), 
and is a non-negligible pathway for the transport of primary and secondary 
MNPLs, as well as trace and ultrafine particulate material. Notwithstanding, 
MNPLs can be transported throughout the whole ocean until reach the re-
mote regions of the North Pole and the South Pole, for which both areas 
have typically been used by the scientific community as a sentinel for the 
identification of what is considered to be the ubiquitous worldwide anthro-
pogenic marine debris.

In the case of MPLs, marine and air processes that govern their transport 
from the coast to the open sea or ocean are known (Van Sebille et al., 2020). 
MPLs can be used as tracers to learn more about the physics and dynamics 
of our oceans across several scales. Some studies showed the existence of 
huge global accumulation zones of plastic, which are mainly in the conver-
gence areas from each of the 5 large subtropical gyres that are caused, in 
general, by global wind patterns and their effect on ocean surface currents. 
The north-pacific subtropical gyre accumulates the largest amount of plas-
tics, which is around one-third of the total worldwide amount or higher (Bar-
boza et al., 2019). MNPLs water-air exchanges and plastic behaviour in coast-
al and polar regions will be detailed in chapter 4. In Figure 2.10, a scheme 
of the major physical processes involved in plastic litter transport from river- 
coastal areas to open sea-ocean is presented.

For terrestrial environments, to the best of our knowledge, the transport of 
MNPLs has not been studied extensively as in marine ecosystems, but some 
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evidence affecting the physical, chemical, and biological properties of the 
soil have also been reported. This includes soil’s low removal efficiency from 
some critical water cleaning processes that are carried out by wastewater 
treatment plants (WWTPs) and drinking water treatment plants (DWTPs), or 
even plastic pollution from so many human activities such as agriculture, de-
spite their multiple applications and benefits (Hofmann et al., 2023). Plastic 
and soil (hydraulic and physicochemical conditions or biogenic activity) prop-
erties, and the particle interactions of soil-MNPLs, determine the transport 
of plastics through soils and groundwater. Nonetheless, recent studies have 
shown that plastics are not the principal vector for the co-transport of pollut-
ants in deeper layers. Further, soil erosion is an important diffusive pathway 
for plastics to travel into water bodies, and plastic fragment size is a sensitive 
factor in determining erosion (Rehm et al., 2021). In addition, as MNPLs act 
as stressors in terrestrial ecosystems, the residues of conventional mulch 
films in the soil can hinder water infiltration, decrease water holding capaci-
ty, impact on microbial communities and macrofauna, and decrease soil fer-
tility (Qi et al., 2020). Regards soil-air MNPLs exchanges, the atmospheric 
transport involves (re)suspension-deposition cycles, and owing to the lower 
density of plastics in relation to soil particles, concentrations of plastics may 
be higher in wind-eroded soil materials than in the original agricultural soils 
in crop production (Aeschlimann et al., 2022). However, knowledge of MNPLs 
occurrence and behaviour as well as potential origin sources, removal capa-
bilities, or ecological impacts, is still in its infancy because these factors have, 
to date, been poorly evaluated by the scientific community during controlled 
wetland ecosystems experiments (Zhong et al., 2023).

Moreover, either in terrestrial, atmospheric, or aquatic compartments, the 
release of plastic additives from polymeric matrices must be taken into con-
sideration. Some studies have shown that the leaching rates of additives 
might differ according to the size of the MNPLs particles, being in general 2-3 
orders of magnitude higher in NPLs than in MPLs, due to the shorter distanc-
es for diffusive transport having thus, a major impact on the environment. 
Indeed, the nature of either polymer and additives as well as environmental 
factors that are present will lead to the final release rate (Mercea et al., 2018).

2.3.3 Plastic waste sinks and degradation mechanisms

Sink mechanisms

Initially, depending on the composition, density, and shape of plastics, they 
can be buoyant or neutral, or they can sink, and thus, will be distributed ver-
tically and horizontally along the atmosphere and the marine water column, 
including the seafloor (Cole et al., 2011). Polyethylene and many polystyrene 
foams are examples of materials that are less dense than seawater, while 
vinyl chloride sinks. In addition, the increase in particle weight due to particle 
fouling should also be considered. Some authors estimate that most of the 
plastic waste in the marine environment is deposited on the seafloor, and 
only a small percentage is on the ocean surface (Sherrington et al., 2016).

On the other hand, the distribution also depends on other factors such as 
winds, currents, and coastline geography, among others (Li et al., 2016). Fur-
thermore, due to their low degradation rates, plastics remain in the ocean 
for decades until they become MNPLs. However, marine biota including mi-
crobiome may degrade these plastics faster once they have been ingested 
and excreted into the marine environment again. This process and biomag-
nification routes along the food chain will be detailed in chapter 4. 

Overall, MNPLs are ubiquitous in multiple environmental compartments such 
as surface and deep compartments from the water column, sediments, sea 
ice, snow, biota, or the atmosphere (Van Sebille et al., 2020). Nonetheless, 
all of these studies have been based on merely qualitative particle-counting 
estimations and the characterisation of a few MPLs particles, thus providing 
concentrations based on items found per volume or weight unit. 

Physical abrasion

Plastics are susceptible to undergoing physical abrasion, which can be re-
lated to environmental loadings such as sand, other particles in the same 
compartments, tides, or waves. Several simulations at the laboratory scale 
have been carried out, whereby the principal results have shown that plastic 
particles are prone to be cracked, ripped, or scratched from silt/sand by ob-
serving depressions, racks, and yellowish discolouration causing damage on 
plastic surfaces and altering their morphology, mechanical properties and 
even their global charge (Ravishankar et al., 2018). To sum up, physical age-
ing processes of plastics occur when plastic particles experience the Browni-
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an motion of chain segments that upset condensed plastic structures from a 
non-equilibrium state to an equilibrium state (Luo et al., 2022).

Chemical oxidation

Regarding chemical oxidation processes, which are governed by redox mech-
anisms, the best known are those where plastic particles can interact with 
a wide range of reactive oxygen species (ROS), that are produced through 
some natural processes from environmental stressors in the presence of ox-
ygen (Sun et al., 2020).

Sunlight irradiation is the most important process for the ageing of MNPLs 
in the environment, where the high-energy ultraviolet (UV) fraction of light 
irradiation plays a crucial role in the weathering of MNPLs. Initially, the yel-
lowing of the polymers, which is a typical sign of the generation of chromo-
phore functional groups on the surfaces by ROS radicals (e.g. alkyl, perox-
yl, or alkoxyl groups), is achieved. Then, with further oxidation over time, 
the molecular weight of the polymers is reduced; thus, also modifying the 
original physical properties and making plastics more fragile and prone to 
breaking down into smaller pieces and favouring the leaching of dissolved 
organic carbon and plastic additives, as well as further fragmentation until 
the MNPLs ranges are achieved, and also their subsequent final mineralisa-
tion (Xu et al., 2024). Moreover, aromatic MNPLs, such as PS and PET, are able 
to produce an excited triplet state upon exposure to UV radiation, which can 
transfer energy to dissolved O2 and water molecules, in order to generate 
other ROS-like 1O2 and O2

*- and catalyse the photo-oxidation of these aro-
matic MNPLs (Yousif and Haddad, 2013).

Nonetheless, in real environments, MNPLs do not undergo chemical oxidation 
processes in isolation. Various other environmental substances are present, 
such as inorganic ions, dissolved organic matter, or natural colloids. Under 
UV sunlight irradiation, these co-substances may also suffer photo-chemical 
processes, absorbing photons and either consuming or generating reactive 
species, thus promoting the inhibition or catalysation of the photo-chemical 
oxidation of MNPLs in the environment, respectively. As an example, in a 
study by Berg et al. (2023), the chromophores in dissolved organic matter 
could absorb UV energy; thus, promoting excited states with higher energy, 
which initiate reactions with dissolved oxygen and water molecules, result-

ing in the generation of ROS by energy transfer.

Inorganic ions in aquatic ecosystems might influence UV penetration depth 
and the free radical reactions, inducing different degrees of photo-oxidation 
of MNPLs. Several examples of scientific evidence have found that PE, PS, 
and PP-MPLs have been aged and degraded more efficiently in ultrapure 
water, rather than in seawater, owing to the high salt concentrations which 
promoted a higher refractive index of water, and salt crystals aggregation 
onto MPLs surfaces (Cai et al., 2018). In addition, other studies suggest that 
Cl- may capture ·OH radicals and inhibit thus the formation of O2

*-, decreas-
ing the generation of ROS and their role in relation to the photo-oxidation 
of MNPLs (Wu et al., 2021b). However, the real role of inorganic matter re-
garding chemical oxidation processes is still in its infancy. In fact, halide ions 
have exhibited ROS-scavenging effects; thus, inhibiting the chemical ageing 
of aliphatic MNPLs (Wu et al., 2021b), whereas for aromatic MNPLs these 
ions could interact with the excited state to generate highly reactive halide 
radicals that are able to promote photo-oxidation and increase the abun-
dance of ·OH (Zhu et al., 2022).

As the main colloidal in aquatic compartments, natural minerals such as ka-
olinite, goethite, hematite, or pyrite, might take part in, and promote, the 
chemical oxidation processes of MNPLs. For instance, under UV irradiation, 
the surface Fe(II) phases of goethite and hematite could catalyse the produc-
tion of H2O2 and Fe2+, thus favouring the initiation of the Fenton reaction by 
the generation of a large amount of ·OH, and that would accelerate the final 
ageing of PE, and PP-MPLs (Ding et al., 2022). 

In the case of dissolved organic matter, the influence of chemical oxidation is 
not clear. Humic and fulvic acids have been reported to inhibit the photo-ox-
idation of PP-MPLs (Wu et al., 2021a), and to accelerate the degradation of 
PS-MPLs (Zhang et al., 2022c). Nonetheless, in their study, Cao et al. (2022) 
suggest that humic and fulvic acids catalysed the photo-oxidation of aliphat-
ic PP-MPLs owing to the production of ·OH by photosensitisation, whereas it 
had only a minor effect on the degradation of aromatic PS, and PC-MNPLs. 
The reason argued by those authors was that PS-NPs can adsorb enough 
dissolved organic matter via π-π interactions, thus delaying photoageing 
by competing for photon absorption sites, whereas the released phenolic 
groups from aromatic MPLs weaken the ageing process via the quenching 



74 75

Chapter 2 General introduction

effect of ·OH.

Biodegradation

Most microorganisms, such as bacteria, algae, fungi, etc., that are ubiqui-
tous in nature, can adapt to changing environments and use some substanc-
es from those compartments to facilitate plastic degradation into MNPLs. 
Mainly, biodegradation processes occur as follows: (1) microorganisms col-
onise the plastic surfaces forming the biofilm, which is governed by particle 
size, the surface structure, or its hydrophilicity, and by interferences from 
the external environment; (2) plastic particles may break down into smaller 
particles due to possible hydrolysis or ionisation processes led by the micro-
bial growth; (3) then, the plastic molecular structure is depolymerised by en-
zymes secreted by the microorganisms; (4) assimilation is carried out, thus 
generating primary and secondary metabolites; (5) finally, those metabolites 
are further mineralised into biomass, energy, CO2, and H2O as end products 
(Arpia et al., 2021). In Figure 2.11, a scheme of MNPLs biodegradation by 
microorganisms as well as their different steps in time are shown.

It is noteworthy that only compounds with low molecular weights may be 
assimilated and degraded by enzymes from some microorganisms. Ng et 
al. (2018) reported that biodegradation does not occur for plastic particles 
with molecular weights higher than 1,000 g·mol-1. Furthermore, the time re-
quired to degrade fuel-based plastics and their efficiency are low, requiring 
a long period of time. Biodegradable plastics present higher rates of bio-
degradation but under conditions, such as aerobic composting (Napper and 
Thompson, 2019), which are not the natural conditions in the sea. Therefore, 
biodegradable plastics have a similar impact under natural conditions.

According to Liu et al. (2022), regarding weathering-modified MPLs com-
pared to pristine MPLs, those MPLs that are collected in the marine envi-
ronment, tend to present rough surfaces with higher degrees of crystallini-
ty and negative charges, and they contain more functional oxygen groups. 
Consequently, higher hydrophobicity improves the adsorption capabilities 
of MPLs surfaces, compared to other compounds in surrounding continental 
environments.

In nature, several ageing mechanisms might act simultaneously with syn-
ergistic effects. For example, some chemical oxidation reactions between 
MNPLs and ROS species, that are produced from pigments and natural 
chromophore radiation, can be activated by sunlight. Particularly, in the case 
of ageing and plastic degradation processes via microorganisms, these may 
be affected by different factors such as the salinity of seawater, temperature, 
the presence of organic and inorganic matter, pH, exposure time, etc. In ad-
dition, biodegradation further depends on the biomass that is deposited on 
MNPLs particles. Physical mechanisms cannot modify the chemical proper-
ties of plastic particles, but they may damage the surfaces of plastic particles 
by producing racks or holes that improve the penetration of oxygen and light 
energy to the deeper layers of MNPLs, further enhancing the ageing and 
degradation rate of plastics.

2.3.4 Environmental fate & behaviour of MNPLs in terrestrial, atmos-
pheric, and aquatic ecosystems

When MPLs break down into NPLs, the monomer mass remains constant, 
while the total particle number and active surface area (or surface-to-volume 
ratio) increase promoting and enhancing; thus, there is the aforementioned 

Figure 2.11 Ageing and degradation steps for MNPLs by microorganisms (adapt-
ed from Duan et al., (2021)).
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Trojan Horse effect of plastic with respect to other co-substances or organ-
isms that are present in the same compartments. Indeed, in other words, 
there is the same kind of substance due to nature of the particles that does 
not change, but once the particle sizes decrease around and lower than 200 
nm, the high surface-to-volume ratio begins to become a critical parame-
ter, conferring unique features that may influence the physical chemistry 
and mobility of these particles in the environment, which does not occur in 
the case of their bulk counterparts (Mitrano et al., 2021). However, under 
no circumstances is the appearance of size-emergent properties (e.g. quan-
tum-physical properties) in the smallest nanoplastics expected, as in the case 
of fluorescence nanocrystals or quantum dots, a novel class of materials that 
can be tuned by the particle size determination; as in, the quantum mechan-
ical states of the material’s charge carriers (NobelPrize.org, 2023).

In accordance with the studies by Gigault et al. (2021) and Gigault et al. 
(2018), the primary characteristics ruling a different fate and behaviour be-
tween MPLs and NPLs are summarised in Table 2.4:

Due to the colloidal nature over sedimentation and buoyancy processes, 
NPLs show the greatest vertical transport compared to MPLs when both 
have the same polymeric composition, in that nanoplastics are more likely to 
stay homogeneously dispersed in aquatic and atmospheric compartments, 
as well forming so many small heteroaggregates through natural and an-
thropogenic material that may also be suspended in the same aquatic and 
air compartments. Nevertheless, aggregation processes that involve NPLs 
and the smallest range of MPLs (1-25 μm) with other dissolved compounds 
or aerosols and ultrafine particles, respectively, tend to increase effective 
settling rates, in either water or air (Wagner and Lambert, 2018).

Particularly in aquatic ecosystems, the success of hetero-aggregation and 
the conformation of charged macromolecules are likely to be influenced 
by environmental factors, such as ionic strength and pH. The attachment is 
more efficient for NPLs than MPLs, due to the dominant role of surfaces at 
the nanoscale, and because of the dominance of Brownian diffusion rath-
er than through settling, buoyancy, or fluid motion, as in the case of MPLs. 
However, for the interactions of plastic microorganism, the size implies dif-
ferences in biofilm formation and microbial-bacterial interaction. In the case 
of MPLs, they may host a community of microorganisms to end up forming a 
complex and significant biofilm that might alter global density of microplas-
tics, but the overall particle would still be, primarily, the plastic matrix. Other-
wise, NPLs will tend to have a low mass of hetero-aggregates adsorbed onto 
their surfaces as a consequence of their small polymeric matrix sizes, but 
the properties of these hetero-aggregate NPLs will not be mainly governed 
by the polymer properties, due to the fact that the volume ratio between 
hetero-aggregates and the polymer matrix for a given particle would likely 
be high. Indeed, the global fate and behaviour of NPLs in aquatic systems 
(transport, accumulation, and bioaccumulation in living organisms, and so 
on) will be strongly led by the contribution of NOM aggregated to these NPLs 
particles (Amaral-Zettler et al., 2020).

2.3.5 Impact of MNPLs on biota

Exposure and trophic transfer of MNPLs to biota

Once the ubiquity of MNPLs has been proved from several pollution sources 
and transport pathways that are discussed here, as well as from the different 

Table 2.4 Main features that distinguish between nanoplastics (NPLs) and mi-
croplastics (MPLs) in the environment.
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environmental stressor factors presented that govern the main occurrence, 
fate, and behaviour of MNPLs in the environment, such as the physical abra-
sion and photo-chemical mechanisms, the interaction with NOM and other 
nanoparticles to form hetero-aggregates, and the marine microbiome which 
may also produce biodegradation effects in those plastic particles, apart 
from aggregation, the potential exposure and trophic transfer of these kinds 
of contaminants in biota is shown by the currently scant body of available 
literature.

Some in vivo studies at the laboratory scale have already highlighted the 
trophic transfer of MNPLs along the food chain in freshwater ecosystems. In 
a study conducted by Mateos-Cárdenas et al. (2019) and Mateos-Cárdenas 
et al. (2022), the amphipod Gammarus duebeni (invertebrate) that was fed 
duckweed Lemna minor (plant) that was previously exposed for 72 h to MPLs 
of polyethylene (PE) and polystyrene (PS) (1-45 μm). The outcomes showed 
that G. duebeni did not present any food-avoiding behaviour, as well as no 
apparent acute impacts on its survival, mobility, and weight after 24-48 h 
of feeding. Nonetheless, small plastic particles including NPLs (86-695 nm) 
were found in the digestive tracts of G. duebeni, but according to Waring 
et al. (2018), in the case of the main aquatic invertebrates such as fish, the 
uptake of MNPLs is prone to be bioaccumulated in their gills, liver, and gut, 
which might not be relevant to human consumption since these tissues are 
not usually consumed. 

Previous studies also reported that MPLs were able to be broken down into 
NPLs by the digestive tract activity of Euphausia superba (Antarctic krill; Daw-
son et al., 2018) and Eisenia andrei (earthworm; Kwak and An, 2021). Particu-
larly, Euphausia superba is considered to be a key organism in the Antarctic 
ecosystem, due to its ability to travel long distances along the marine water 
column in order to feed on planktonic species, and for being simultaneously 
the common prey for multiple living organisms of higher trophic levels from 
the epipelagic to the bathypelagic.

In addition, mussels and other bivalve organisms, owing to their filter-feed-
ing behaviour, are of especial interest for assessing and enhancing the un-
derstanding of dermal absorption dynamics during exposure to MNPLs, and 
because they are also a common prey for a wide range of other marine living 
organisms. In fact, many studies have already been carried out during recent 

years, that demonstrate that mussels and other bivalve organisms can bio-
accumulate contaminants from their surroundings, as they have lower bio-
transformation rates than fish and other vertebrates, and because they are 
a very suitable species for pollution rate evaluation in coastal, estuarine, or 
freshwater areas, as well as in the deep ocean (Álvarez-Ruiz et al., 2021). For 
instance, a simple food chain was assessed by Crooks et al. (2019), where vel-
vet swimming crabs Necora puber fed for up to 21 days on mussels M. edulis 
that were previously exposed to PS-NPLs during 90 min, thus showing a final 
accumulation of these PS-NPLs in crabs tissues (gill, stomach, and brain). The 
number of particles of NPLs decreased in the stomach and gills, but stayed 
unchanged in the brain throughout the course of the experiment. Whereas 
in a study by Santana et al. (2017), through a complex food chain study in-
volving 3 species, PVC-NPLs (100-1,000 nm) transfered from prey mussel Per-
na perna (3 h incubation) to predator crab Callinectes ornatus and puffer fish 
Spheoeroides greeleyi after feeding for 10 days, and 10 days of depuration, 
results showed that there was no persistence of NPLs in tissues, hence there 
was a lower risk of their direct effects on higher trophic levels.

In Figure 2.12, the different ranges of plastics according to their sizes are 
shown, with special emphasis on the micro- and nano-fractions, due to their 
optimum size for bioaccumulation and biomagnification processes in biota 
along trophic levels from the food chain.

Ecotoxicological tools and potential adverse effects on biota

At the end of 2019, the World Health Organisation (WHO) pointed out the 
ubiquity of plastics in the environment, and aroused great concern regard-
ing exposure and subsequent effects of MNPLs in biota, and consequently 
on human health (Campanale et al., 2020). The bioavailable MNPLs fraction 
in living organisms is expected to be low; however, recent outcomes suggest 
that, as a consequence of the lack of mass-quantitative analytical methods, 
the concentrations that were previously reported might be underestimated.

Despite this current lack of consensus concerning mass-quantitative ap-
proaches, that are able to measure concentrations of MNPLs at ultra-trace 
level in the environment and in different tissues or fluids from living organ-
isms, several studies have suggested that MNPLs, once accumulated and 
subsequently translocated in the liver, muscle, or in other vital organs, might 
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induce cellular toxicity. This toxicity results in respiratory distress, cytotox-
icity, inflammatory effects, as well as autoimmune diseases, among others, 
owing to the interaction between surface functional groups from primary 
and secondary persistent small plastic particles uptake and the tissues of 
different living organisms (Wright and Kelly, 2017). In fact, as a rule, the po-
tential damage in a single organism will basically depend on the dose it is 
exposed to over time, initiating the toxicity at the biomolecule and cellular 
levels, respectively.

A response at the molecular and cellular levels does not necessarily trans-
late into higher-order effects, but rather into chemical-mediated toxicity, and 
higher-order effects cannot occur without a preliminary molecular- or cellu-
lar-level effect.

Currently, several bioanalytical tools have already been widely employed for 
the toxicological assessment of MNPLs in biota, such as in vitro assays at 
the cellular scale that employ engineered MNPLs and primary cells or cell 
lines to simulate and understand the fate and behaviour of these smallest of 
plastic particles during cellular internalisation processes. Such tools are also 
used for assessing their possible adverse responses (biomarkers) of plastics 
in those processes as simply a biological effect or a triggering in cytotoxicity, 
being apoptosis, oxidative stress by ROS, fertility problems, or growth inhi-
bition effects, among others, as the most commonly elucidated responses, 
to date. In general, when the initiating event triggers the cellular response, 
the reporter gene is transcribed to messenger ribonucleic acid (RNA), which 
is then translated as a fluorescent protein or enzyme that may be measured 
by fluorescence or enzymatic assays. In addition, robustness and specificity 
must be characterised and optimised before their implementation as moni-
toring tool (Escher et al., 2021).

Biota exposure-controlled experiments on anthropogenic and biogenic sub-
stances that are individually or co-exposed at relevant concentrations, that 
have previously been reported in the environment at the laboratory scale in 
meso and microcosms simulating real environmental ecosystems, are also 
widely used as a first in vivo estimation of the bioaccumulation rate in ref-
erence living organisms, as well as to determine the probable distribution 
of these substances, such as MNPLs, across the whole body of an organism. 
Some biota are impacted by human activities, and are connected between 

Fi
gu

re
 2

.1
2 

Pl
as

ti
c 

w
as

te
 s

ou
rc

es
 a

nd
 r

an
ge

s 
ac

co
rd

in
g 

to
 t

he
ir

 s
iz

e,
 w

it
h 

sp
ec

ia
l e

m
ph

as
is

 o
n 

M
N

PL
s 

pa
rt

i-
cl

es
, o

w
in

g 
to

 t
he

ir
 o

pt
im

um
 s

iz
e 

fo
r 

th
ei

r 
bi

oa
cc

um
ul

at
io

n 
an

d 
bi

om
ag

ni
fi

ca
ti

on
 in

 m
ar

in
e 

bi
ot

a 
al

on
g 

th
e 

fo
od

 c
ha

in
.



82 83

Chapter 2 General introduction

different tropic levels from the food chain; for example, filter feeders or ver-
tebrate organisms such as mussels and zebrafish are mainly used as model 
organisms, due to their easy management during the execution of experi-
ments and the absence of otherwise necessary ethical requirements. Once 
bioaccumulation and translocation rates have been evaluated, in vitro assays 
followed by a dose-response assessment (Concentration-Response Curves, 
CRCs) are commonly carried out, using available specific cell lines from the 
organs tissues where the bioaccumulation and translocation of MNPLs are 
likely to provide a first comprehensive view of the potential toxicity of these 
MNPLs in those individuals.

Table 2.5 shows some scientific evidences from previous in vitro or in vivo 
studies followed by in vitro assays performed with MNPLs reference materi-
als simulating a plastic exposure to biota and describing their toxicological 
effects.

Although these bioanalytical tools are useful for the understanding and elu-
cidation of several specific possible toxicological adverse effects from a wide 
range of tissues from different living organisms, the use of engineered or 
standard MNPLs materials with specific sizes, shapes, surface properties, 
and under controlled factors, simplifies the real effect produced in compar-
ison to those MNPLs that are generated in the environment. These envi-
ronmental-based MNPLs can suffer continuous ageing, homo-aggregation, 
and hetero-aggregation processes from NOM, microorganisms, and other 
co-contaminants that are present in the same environmental compartment, 
which may favour or inhibit the toxicological adverse effects of MNPLs in liv-
ing organisms due to the constant changing in the surface properties after 
photo-oxidation processes from random sizes and shapes of aggregates of 
plastic particles. This is in contrast to uniform plastic particles that are em-
ployed in in vivo and in vitro assays. Notwithstanding, the potential entrance 
for the MNPLs in the food chain from organisms by lower trophic levels, as 
well as their subsequent bioaccumulation and biomagnification along liv-
ing organisms from higher trophic levels should also be taken into account 
(Mancia et al., 2020).

In addition, according to Schirinzi et al. (2017), pollutants adsorbed to plastic 
surfaces such as carbon-based nanoparticles or metal-oxide nanoparticles 
may also have the potential to interact with plastics, thus changing the final 

Table 2.5 Examples of in vitro and in vivo + in vitro assays from the body of litera-
ture, describing possible toxicological adverse responses in biota by the expo-
sure of MNPLs.
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bioavailability of those contaminants and, therefore, resulting in their toxic-
ity in either a synergistic or an antagonistic mode. Specifically, in the above 
study, fullerene soot showed a predominantly antagonistic effect in bina-
ry mixtures when PE-NPLs and PS-NPLs were presented. In general, to our 
knowledge, these phenomena have been overlooked in the main MNPLs risk 
assessment studies that have been published to date, and in future research 
works more attention should be paid to obtaining a more realistic view re-
garding the real potential threat of MNPLs in the environment and in biota.

Regarding dose-response assessment, employing a well-designed battery of 
in vitro bioassays therefore allows a sensitive assessment of toxic potential. 
On the left of the log dose-response curve (CRC for cell-based bioassays) at 
very low doses the relationship between dose and response is linear. In fact, 
several parameters can be measured as the dose that is lethal to 50% in an 
organism (LD50), the highest dose tested which is not statistically different 
from the negative control referred to as ‘no observed adverse effect level’ 
(NOAEL), or the ‘lowest observed adverse effect level’ (LOAEL) as the lowest 
dose tested that is statistically different from the negative control. However, 
LOAEL and NOAEL as expressions of toxicity are strongly dependent on the 
experimental design and variability of the data or system, and several rep-
licates for each dose are needed. For these reasons, benchmark values are 
more suitable, and are used in terms of toxicity assessment since they do not 
depend on the experimental doses, and the shape of the full dose-response 
curve is considered. For example, the benchmark dose (BMD) at 10% (BMD10) 
is the dose estimated from the dose-response curve that is required to gen-
erate 10% of the maximum response (Escher et al., 2021).

The difference between the ‘dose’ and ‘concentration’ terms is also notewor-
thy. The dose in an in vitro assay would be related to the amount of substance 
added to the well of a microtiter plate. How much of that dose reaches the 
cells depends on the number of cells, and especially the volume of the medi-
um. For the same number of cells and the same dose added, there will be a 
threefold increase in concentration if the volume of the medium is reduced 
by a factor of 3. Therefore, ‘concentration’ is a more accurate term instead 
of ‘dose’; for example, in aquatic ecotoxicology and in cell-based bioassays. 
Moreover, parameters used for CRC linear regressions are the same param-
eters for dose-response curves, exchanging the term ‘dose’ for ‘concentra-
tion’. The most used value is the RC50, the concentration required to cause 

50% of the response. In assays for cytotoxicity assessment, the response is 
usually referred to as lethal, and the concentration is referred to as lethal 
concentration (LCx). Likewise, inhibitory concentrations (ICx) are used when 
the assay presents an inhibitory response (Escher et al., 2021).

2.4 Human exposure to MNPLs & potential adverse effects

MNPLs are present in the air we breathe, the water we drink, and the food 
we eat. It is genuinely challenging to assess in detail the damage that MN-
PLs might cause to human health at those scales. It certainly is a challenge 
that is embedded within another challenge, in that reliable and comparable 
data must be generated using various effective and harmonised tracking 
methodologies from complex biomatrices to thoroughly study the effects, 
and then take an appropriate action. In this sense, in this section, a discus-
sion about the different exposure routes of micro(nano)plastics with respect 
to humans, as well as the current insights regarding risk and toxicological 
assessment is provided.

2.4.1 Main routes of human exposure

In brief, it is known that humans can be exposed to MNPLs by 3 principal 
routes: ingestion, inhalation, and dermal absorption. Nevertheless, the to-
tal contribution of MNPLs to exogenous particles exposure is still unknown, 
and due to their unique composition and properties, the human biological 
responses will differ from those invoked by other exogenous materials. For  
example, as MNPLs tend to form hetero-aggregates in the environment, 
once they have been internalised in the human body, the potential dam-
ages caused might arise through the release of these aggregates, as well 
as the plastic additives that are initially adsorbed, apart from the expected 
polymeric particles. Furthermore, as many of the biggest types of cells from 
living organisms have dimensions in the range of 20-150 μm, here we focus 
on particles of MNPLs from 1 nm to the smallest size fraction of MPLs (1-25 
μm) that are likely to be more easily prone to uptake.

Ingestion

Ingestion is considered as the major route of human exposure to MNPLs, be-
ing the tissues of the human gastrointestinal tract (GIT) that are among the 
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most exposed parts. Ingestion encompasses consecutive steps that might 
favour possible changes in the original surface properties of MNPLs and, 
therefore, their interactions with the different tissues that form part of the 
digestive system along the process; thus, having the capability of being able 
to change the bioaccessibility of those MNPLs following their initial uptake.

Firstly, once MNPLs are in the mouth and in contact with salivary fluids, 
size-dependent differences have been reported in in vitro assays where 
charged MNPLs particles were used, in that MPLs are prone to homo-ag-
gregation whereas in the case of NPLs they tend to be more diffused. In the 
case of neutral MNPLs, no significant differences were observed (Teubl et 
al., 2018). In addition, MNPLs might be translocated in the tongue, as well 
as in the esophagus before they reach the stomach by way of the epithelial 
tissues. Once in the stomach, MNPLs are in contact with acidic gastric juice 
(pH ~ 2) for approximately 2 h, where no significant chemical degradation 
processes are expected, due to the common high hydrophobicity behaviour 
of these contaminants and the lack of heteroatoms in their surface struc-
tures, in relation to other organic and inorganic substances. Notwithstand-
ing, the lack of oxygenase enzymes present in human stomachs, which are 
present in some particular microbes that are able to add oxygen atoms to 
carbon-based substances ingested to favour their chemical biodegradation, 
avoids the breakdown processes of MNPLs into smaller particles (Ghosh et 
al., 2013). After that, MNPLs reach the epithelium of the intestine, the main 
region of nutrient absorption. The small size and high levels of hydrophobic-
ity in MNPLs can facilitate MNPL transport through the mucus layer, where 
these characteristics also influence the adsorption of proteins and biomol-
ecules to the plastic particle surface, known as corona formation (Lunov et 
al., 2011). Specifically, the Peyer’s patches of the ileum in the small intestine 
have potentially been defined as one of the main sites of uptake and translo-
cation of anthropogenic particles. The Peyer’s patches are part of the gut as-
sociated to lymphoid tissues (Powell et al., 2010), where the M cells of these 
patches can transport particles (NPLs – 10 μm) from the intestine to the mu-
cosal lymphoid tissues, which are responsible for initiating immune respons-
es to specific antigens that are encountered along all mucosal surfaces. The 
subepithelial area of the Peyer’s patches can also store non-degradable par-
ticles and, consequently, they may disrupt the immunity processes (Cam-
panale et al., 2020). For bigger particles up to 130 μm diameter, persorption 
performed by GIT epithelial cells is another route of MNPLs uptake, but not 

of adsorption, and this is the cellular passage of large particles through the 
epithelial layer of the GIT.

In this sense, the European Food Safety Authority (EFSA) considered that 
MPLs have a really limited bioavailability that is less than 0.3%, whereby plas-
tic particles smaller than 150 μm might be able to interact with the intestinal 
epithelium tissues, and while only plastic particles up to 1.5 μm including 
NPLs might be internalised to the bloodstream and be successfully trans-
located systematically in tissues and other vital organs by cellular uptake 
processes (Walczak et al., 2015). The main uptake of MNPLs would thus be 
excreted from the body via urine and faeces.

Food and drinking water are key factors in the assessment of human MNPLs 
exposure through ingestion, but most of the studies published to date have 
been focused on seafoods such as mussels, rather than on other foodstuffs. 
In a review study by Llorca and Farré (2021), a review of recent studies as-
sessing MNPLs in a wide number of foodstuffs is exhaustively detailed.

Inhalation

MNPLs through airborne fine or ultrafine particulate matter have a direct 
penetrating capacity into the respiratory system, reaching the respiratory 
epithelium via tracheal and bronchial secretions, and initially avoiding the 
vibrissae accumulated in nasal passages, which is able to inhibit the inhala-
tion of exogenous substances, including MPLs particles, above 10 μm (Prata, 
2018). It is expected that MNPLs may be translocated via diffusion, direct 
cellular penetration, or active cellular uptake through endocytic and phago-
cytic processes. In the lung alveoli, phagocytosis is the main pathway for 
particles with sizes in the range of 1-3 μm, whereas NPLs could be passively 
transported via diffusion across membrane pores, thus finally reaching the 
bloodstream (Wright and Kelly, 2017).

However, to our knowledge, the number of studies in the body of literature 
that assesses MNPLs in indoor and outdoor environments continues to be 
scant, and most of those studies are based on the use of μ-FTIR, which limits 
the assessment of NPLs. Particularly, in the case of human exposure from 
indoor environments, few studies have demonstrated that the presence of 
MPLs is greater than in outdoor environments, where synthetic textile is the 
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more frequent source from fibres based on polyester, acrylic, or polyamide 
that might be photodegraded after 10 months under UV exposure. Other 
non-negligible exposure routes may come from airflow turbulence generat-
ed by air conditioners, which might increase the migrations of MNPLs in in-
door areas (Sait et al., 2021). Moreover, workers from specific industries can 
be more prone to inhalation of airborne particles, including MNPLs, through 
fine or ultrafine particles (Prata, 2018).

In Figure 2.13, human oral exposure to MNPLs by the two common path-
ways is shown.

Dermal

On the other hand, the possible direct contact of MNPLs with the human 
epidermis may occur by skin perfusions from the daily use of personal care 
products (PCPs), which can contain NPLs and microbeads in their formula-
tions such as skincare or cleaning products. In a study led by Jatana et al. 
(2016), some evidence has revealed that skincare lotion ingredients may im-
prove the accessibility of MNPLs although their final penetration is highly 
reliant on particle size and surface chemistry. Nonetheless, there is some 
uncertainty as to how MNPLs might be internalised through skin, because 
the stratum corneum serves as a substantial barricade where NPLs in the 
range of 20-200 nm were merely able to penetrate the stratum to a depth of 
2-3 cm in a study led by Campbell et al. (2012).

Moreover, MNPLs can interact with the epidermis indirectly by continuous 
short- and long-term dermal exposures of MNPLs from polluted water/air 
systems. Particularly, for aquatic ecosystems, despite the common high 
non-polar behaviour of MNPLs, in the first instance, the dermal exposure to 
MNPLs might be favoured when skin is in contact with water (Lehner et al., 
2019). Thereby, generalisation is not feasible and MNPLs impacts, making 
especial emphasis in NPLs, need to be studied more to understand the real 
mechanisms involved during skin absorption, as well as their potential asso-
ciated effects.
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2.4.2 Pathways of MNPLs in human toxicity

Polymers

The human toxicity of MNPLs must consider the physical particle damages 
that can cause inflammatory lesions originating from the potential of their 
surface to interact with the tissues, as well as the long-term toxicity produced 
by the plastic additives, which are not covalently bound to the polymer, and 
once internalised might be easily released.

Nowadays, most of the information about the toxicity of MNPLs-polymers 
impacting on human health is, to our knowledge, from a limited number of 
in vitro studies which thus highlight the current relevant information gaps. In 
this sense, according to the information gathered to date, the Science Advice 
for Policy by European Academies project considered in 2019 the lack of evi-
dence on direct adverse effects of MPLs on human health (Sapea, 2019). Fur-
thermore, considering the number of current uncertainties, the European 
Commission Scientific Advice Mechanism also considered the urgent need 
to research this field to obtain a global comprehensive perspective. In Table 
2.6, some adverse effects against human health that have been demonstrat-
ed by in vitro assays during recent years are summarised, but the reader 
should exercise caution when comparing these.

Since ingestion is one of the first modes of human exposure to MNPLs, the 
GIT is one of the first exposure tissues. For this reason, several toxicologi-
cal studies have been carried out to determine the potential responses in 
the human colon adenocarcinoma Caco-2 cells, as a model. According to the 
study by Wu et al. (2019), PS particles of 0.1 and 5 μm exhibited low toxici-
ty on cell viability, oxidative stress, and membrane integrity. Nevertheless, 
the mitochondrial membrane potential was disrupted by both, and on the 
contrary, as expected, the 5 μm particles induced higher effects than 100 
nm particles. In this case, those authors explained that this might be due to 
the different mechanisms of induced mitochondrial depolarisation. It was 
also found that 100 nm PS-NPLs accumulated in lysosomes, whereas 5 μm 
PS-MPLs analyses did not reveal accumulation. Thus, large particles at a mi-
crometre scale may escape from the lysosomes after endocytosis, and being 
localised in the intracytoplasmic vacuoles or randomly in the cell cytoplasm, 
which might further damage lysosomes, inducing mitochondrial depolarisa-
tion, and finally cell apoptosis.

Table 2.6 Selection of toxicological in vitro studies already performed using hu-
man cell-lines and MNPLs-polymers.

In another interesting study by Liu et al. (2020b), where PS-MNPLs of the 
same size and Caco-2 cells were also used as in the previous work noted 
above, the toxicity was also assessed, taking into account the original and 
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transformed surface compositions that these plastic particles might suffer 
during the in vitro digestive process by the gastric fluids treatment. Results 
showed that the digestive process did not alter the chemical surface com-
position, but favoured the corona formation onto MNPLs surfaces, where 
the 100 nm PS-NPLs provided higher intestinal toxicity than 5 μm PS-MPLs. 
Digestive treatment relieved cytotoxicity and transport function disorder of 
the Caco-2 monolayer that was induced by non-treated PS-MPLs. However, 
the in vitro digestive process increased the proinflammatory effects of PS-
MPLs. Thereby, the formation of a corona on the surface leads to a change in 
size, zeta potential, and adsorbed compounds, as well as increases in hepatic 
cytotoxicity after the transformation of MNPLs by simulated gastric fluid.

The GIT uptake and effects of different MPLs of most common polymers (PE, 
PP, PET, and PVC) were investigated by Stock et al. (2021) using the Caco-2 
cell-line for the in vitro model and evaluating their cytotoxicity in Caco-2, as 
well as in HepG2, and HepaRG cell-lines in order to detect possible responses 
in the organs which are first to come into contact with ingested particles: the 
intestine and the liver. The results of the study demonstrate that specially 
1–4 μm PE-MPLs were transported through the intestinal epithelium, and 
that intestinal exposure to MPLs is material-dependent and size-dependent. 
However, it is noteworthy that only a high concentration far beyond realistic 
dietary exposure of consumers induced cytotoxic effects.

Overall, the main current toxicological effects at the cellular level that can 
be attributed to MNPLs-polymers particles are oxidative stress by the gen-
eration of reactive oxygen species (ROS), metabolic changes, as well as cyto-
toxicity and genotoxicity responses that are governed, basically, by the size, 
shape, surface composition, and the dose.

Plastic additives

As aforementioned, when particle size decreases, the surface-active area in 
contact with the external medium increase, thus facilitating the leach. There-
by, if MNPLs are accumulated in human organisms, they will provide an extra 
source of chemical plastic additives that will be in contact with the human 
tissues and biofluids, apart from the polymeric composition that is already 
expected.

Some of these MNPLs-plastic additives have recently been related to car-
cinogenicity, neurotoxicity (Mustieles and Fernández, 2020), obesity (Andújar 
et al., 2019), and endocrine disruption (Ma et al., 2019). Notwithstanding, 
previously published human studies show that the concentrations of these 
additives in young people, a susceptible population segment, are typically 
higher, indicating the need to decrease exposure to MNPLs (Ouyang et al., 
2020). Thereby, a wide variety of substitution compounds have arisen in new 
plastic formulations, including emerging plasticisers, brominated flame re-
tardants, and organophosphate esters (OPEs) in substituting legacies of po-
lybrominated diphenyl ethers (PBDEs), or those compounds that are used in 
new plastic materials such as bioplastics. Bioplastics derived from renewable 
biomass sources such as polylactic acid (PLA), polyhydroxy alkenoates (PHA), 
bio-derived polyethylene, among many others, offer a greener solution for 
plastic production. Nonetheless, to our knowledge, very little information is 
currently available on their impact on living organisms, including humans. In 
this context, Zimmermann et al. (2019) demonstrated that consumer prod-
ucts made of PLA induced strong baseline toxicity similar to the toxicity of 
PVC items. This demonstrates that this bio-based and biodegradable mate-
rial, despite being marketed as a better alternative, is not necessarily safer 
than conventional plastics. Despite the amount of research that has been 
devoted to assessing the potential impact of certain groups of plastic ad-
ditives, such as some plasticisers and flame retardants, to the best of our 
knowledge, the information about the other groups continues to be scant.

Moreover, in general, the potential migration of additives from the plastics 
in use is the considered factor for the evaluation of their potential impact. 
In the case of MNPLs contamination from different sources, the potential 
migration from MNPLs particles during long-term exposure should be as-
sessed. Lixiviation should be evaluated from particles of the smallest range 
of sizes, with modified surface properties, considering the potential accumu-
lation in tissues, and sometimes coming from plastic formulations that are 
no longer in use, with residues that are still in the environment.

In Figure 2.14, the common potential adverse effects on human health de-
rived from MNPLs by the different exposure routes are shown.
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This pathway of human exposure also needs to be addressed. In general, 
the toxicological interaction between MNPLs and other contaminants has 
already been assessed using in vivo studies, the majority of which were fo-
cused on the effect on model organisms exposed to a mixture of chemicals, 
or an individual chemical, but in both cases at a single environmental relevant 
concentration. Therefore, to our knowledge, dose-response curves have not 
been tackled from a comprehensive viewpoint to date, and a complete de-
scription of these interactions has not assessed. In this sense, several factors 
that rule the modulation of the toxicity of MNPLs and other co-contaminants 
toxicity such as physicochemical properties of MNPLs and contaminant mix-
tures, and therefore, their adsorption/desorption behaviour, and that of the 
selected model organisms, must first be considered. Other essential factors 
are the size and shape of MNPLs, and even colour is important for some test 
organisms (Bhagat et al., 2021).

On the other hand, MNPLs surfaces might also be colonised by microbes. In 
the natural environment, for example, biofilms can be established on plastic 
particle surfaces within a period of 7 days. Thereby, the potential transfer 
of pathogens via microplastics that are inhaled or ingested should also be 
investigated.

Finally, another potential effect that should be closely studied is the potential 
of MNPLs to disrupt the human microbiome. The chronic ingestion of MNPLs 
could impact on the natural community and abundance pattern of the gut 
microbiota. This so-called dysbiosis may be associated to mechanical disrup-
tion within the GIT, the ingestion of foreign and potentially pathogenic bac-
teria, as well as chemicals, which constitute or adhere to MNPLs. The impact 
on the microbiome can result in the immune system response and trigger 
chronic diseases, promote infections, and alter the gut microbiota. For ex-
ample, lipopolysaccharides are able to adjust the hydrophobicity in their cell 
walls by changing their composition in the outer membrane, to better inter-
act with other hydrophobic substances (Rogers et al., 2020). In this regard, 
Fackelmann and Sommer (2019) have summarised microplastics-induced 
gut dysbiosis effects on host health, and a few pioneering studies have been 
carried out during recent years, that studied responses on mice (Lu et al., 
2018) and aquatic organisms (Evariste et al., 2019), but this is another open 
question regarding human health implications.

Figure 2.14 Summary of the potential adverse effects on human health gener-
ated by MNPLs via the ingestion, inhalation, and dermal exposure routes.

2.4.3 Adsorption and desorption and Trojan Horse effects

If the increased surface area of MNPLs favours the lixiviation of plastic addi-
tives, due to the increase in active surface area, the accumulation and sub-
sequent adsorption of co-contaminants and pathogens from surrounding 
environments onto plastic surfaces are also prone. This environmental char-
acteristic of MNPLs is well-known as the aforementioned Trojan Horse effect, 
and this shall be discussed more deeply in chapter 5.
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the cumulative risk posed by a group of substances of interest ‘i’ evaluated in 
the same type of matrix and for a specific population group:

2.4.4 Human risk assessment

Various criteria and frameworks for evaluating risk levels of micropollutants 
have been proposed in the past decades, such as risk-based prioritisation 
methods (the fish plasma model and effect-directed analysis for example) 
in order to address which pollutants deserve more attention globally and 
which pollutants should deserve higher priority for their removal. None-
theless, other kinds of prioritisation approaches, known as the hazard quo-
tient (HQ) methodologies, have been found to be a feasible and effective 
approach, with which to prioritise contaminants on a large scale due to the 
relatively simple assessment procedure and extensive use of the HQ (Yang et 
al., 2021). In this context, HQ prioritisation methods are currently booming 
for the human risk assessment estimation of individual chemicals in relation 
to the maximum daily intake rate:

where ADI is the acceptable daily intake obtained from the appropriate inter-
national or national agency or authority. Particularly, for the different types 
of polymers, consensual ADI parameters are likely to be difficult to find due 
to the lack of regulations and legislations at the global scale. However, when 
the ADI data are insufficient or they seem to lack clarity, it might be estimat-
ed as stated by the World Health Organisation (WHO) in the case of pharma-
ceuticals in drinking water, by dividing the no observed adverse effect level 
(NOAEL) by a factor of 1,000 (WHO, 2012). EDI is the estimated daily intake 
calculated as follows:

where Ce is the average substance concentration, DI the daily dietary intake 
of a particular foodstuff by an individual, and BW is the reference average 
body weight of a population from a studied area. Once the HQ is calculated 
for a substance, the higher the value obtained, the more risk there is to hu-
man health. Indeed, HQ values close to, or higher than, 1 can be considered 
as indicating that a substance may be potentially harmful to humans. 

Finally, using a linear approach, the hazard index (HI) is given, considering 

2.5 Analytical methodologies for the analysis of MNPLs

Several analytical strategies have been developed by the scientific communi-
ty to assess and understand plastic pollution on Earth, and their consequenc-
es for the health of living organisms and for the environment. Nonetheless, 
as discussed in section 1.2 regarding the different current regulations and 
legislations that have been launched by many governments or international 
agencies in order to tackle plastic pollution; although there are many avail-
able methodologies for the characterisation of micro- and nanoplastic poly-
mers, there is evidence of the lack of effective quantitative analytical method-
ologies that are able to provide accurate mass-based concentrations of MPLs 
and NPLs that are simultaneously more suitable and robust for monitoring 
and toxicological-risk assessment purposes. Thus, in this section, the current 
main approaches in relation to the sampling, sample pre-treatment, and the 
different instrumental techniques that are available for the characterisation 
of polymers from MPLs and NPLs are summarised. In addition, recent out-
comes of pyrolysis coupled to gas chromatography and mass spectrome-
try (Py-GC-MS), as well as its advantages and disadvantages are shown as a 
potential candidate to provide quantitative MNPLs measurements, notwith-
standing the fact that it is still in its infancy.

2.5.1 Polymers of micro(nano)plastics

The fate and behaviour of plastics in the environment and living organisms 
are prone to be governed by their chemical nature in the case of MPLs, 
whereas for the smallest NPLs by their size, thus different analytical strate-
gies regarding the sampling, sample pretreatment and instrumental analy-
sis must be employed for the optimal characterisation of MNPLs in natural 
and biological matrices.
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the possible decomposition or degradation of MNPLs.

Regarding airborne MNPLs, active air pump and passive samplers are mainly 
used. Airborne chemical pollution is usually caused by a dynamic complex 
mixture proportioning gases and a mixture of natural and anthropogenic 
particles. Quartz fibre filters are mostly employed for collecting fine and ul-
tra-fine particles, while polyurethane foams (PUF) are used for VOCs that are 
present in the gas phase. A clear advantage of passive sampling is the gen-
eration of time-integrated data along with high enrichment factors, which 
are beneficial for the identification of low-level pollutants. Furthermore, for 
deposition samplings of MNPLs, the Norwegian Institute of Air Research de-
signed a device based on ISO standards (NILU sampler) (dos Santos Galvão 
et al., 2022).

Finally, biota and biofluids are sampled, in general, from manual collection 
and by blood draw and biopsies of volunteers or patients, and autopsies in 
the case of humans. Samples should be kept at – 20 °C or below for short-
term storage, and at – 80 °C for long-term storage, and the samples must 
be homogenised before starting the pre-treatment. Specifically, for blood 
samples, heparinised vacutainers are required to prevent coagulation (Leslie 
et al., 2022). 

Sample pre-treatment

For MPLs and NPLs from snow and ice samples, these often do not require 
any pre-treatment, other than melting at room temperature in glass bot-
tles and subsequently being filtrated through filters of low-size pore that are 
commonly made from polycarbonate, nylon, glass fibre, or cellulose acetate 
because they are not highly reactive with the main solvents that are then 
used during the sample leaching and extraction processes. The same first 
filtration step is advisable for liquid water samples. In addition, in the case 
of waste or storm waters samples, a cascade filtration is required, and this 
helps to purify samples from the turbidity. Once samples are in filters, if they 
contain high levels of NOM, an oxidative digestion by H2O2 (30% v/v) some-
times combined with organic or inorganic digestions is used, always keeping 
the temperature lower than 70 °C to avoid MNPLs ageing. Sometimes, Fe2+ 
(Fenton reaction) is added to accelerate digestion speed, but at least 72 h is 
recommended to ensure a successful digestion. Finally, a density separation 

Sampling

Sampling and sample pre-treatment are transcendental steps for the sub-
sequent successful identification and characterisation of micro- and nano-
plastics, but there are so many challenges because of the diversity of MNPLs 
and the complexity of matrices. Therefore, we summarise here the principal 
advantages and limitations of several widely-used strategies for the sam-
pling and sample pre-treatment of MNPLs following the current scientific 
literature (Dong et al., 2023; Reynaud et al., 2022).

In the case of water samples, manta trawling, bulk water sampling, and in 
situ pumped water filtration are the three main sampling strategies for MN-
PLs. Manta trawling is better suited to sampling MPLs in large areas of open 
water, such as rivers, lakes and superficial areas from seas and oceans in-
cluding the microlayer and the first 50 m of epipelagic compartments, par-
ticularly using vertical or neuston nets which, in most cases, are used for 
plankton sampling. These kinds of samplings are not suitable for deeper 
depths or differentiate stratified water layers. For those cases, bulk water 
and pumped water filtration samplings are bound to be used for the simulta-
neous sampling of MPLs and NPLs at different water depths, like Conductiv-
ity-Temperature-Depth (CTD) sensors coupled to a niskin bottles rosette and 
Plastic Explore (PLEX) samplers working normally until depths up to a range 
of 4,500-6,000 and 100 m, respectively. As disadvantages, we can point out 
the limited sampling volume that is restricted according to the capacity of 
rosette samplers (mainly between 5-25 L) in CTD, and the difficult possibility 
for sampling at surface water layers by PLEX. MNPLs sampled by snow or 
ice tend to be obtained by employing a clean spatula or an ice-core sampler 
(Karlsson et al., 2020).

For soil and sediment samples, NOM as well as clay minerals and other inter-
ferences increase the complexity during sample treatment. The use of a spe-
cific strategy is based on the depth, differentiating between surface sampling 
(until 10 cm depth) and deep sampling (river and lake bottoms), or stratified 
samplings which may provide historical trends. Surface samples are usually 
collected as pooled samples from quadrats or by retractable spoons, while 
sediment samples are collected from water bottoms or coastline-shore areas 
through different kinds of grabs from a boat, as well as using box or gravity 
corer. Once samples are taken, they must be freeze-dried at < 60 °C to avoid 
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and Stepnowski, 2020). For NOM removal, a pre-treatment using H2O2 fol-
lowed by a density separation is also widely applied for MPLs purification.

Biota and biofluids samples usually contain complex matrices with the pres-
ence of proteins, lipids, endogenous metabolites, or salts that might result 
in interferences with the MNPLs identification and characterisation. As an 
example, human tissues are fat-rich, in general, and they need extra steps 
based on alkali and wet oxidation digestions or enzymatic digestions and 
saponification processes by NaOH-KOH mixtures after the H2O2 treatment, 
n order to remove lipids and dissolve proteins before the density separation 
with ZnCl2 and centrifugation steps. Then, supernatants are filtered and the 
extraction of MNPLs is carried out. For non-polar compounds from biota or 
biofluids, a combination of non-polar and moderately polar solvents, such as 
toluene or hexene with dichloromethane or acetone, is common employed 
(Ainali et al., 2021).

Common instrumental techniques

Tables 2.7 and 2.8 summarise the different analytical techniques used for 
the detection and characterisation of MPLs and NPLs, respectively, in envi-
ronmental and biological matrices with the main advantages and disadvan-
tages (Dong et al., 2023; Gigault et al., 2021).

2.5.2 The need of standardised mass-quantitative analytical approach-
es to quantify polymers of micro(nano)plastics

While non-destructive techniques such as μ-FTIR or μ-Raman are widely em-
ployed for MPLs characterisation, they have limited applicability for NPLs due 
to the diffraction limit. Furthermore, in combination with optical microscopy, 
so many analytical methodologies have been developed, which provide the 
number of plastic particles that might be for a given sample. In fact, these 
approaches are qualitative extrapolations based on particle-counting, and 
subsequent estimations are approximations that do not take into account 
either the whole sample or the shapes of MPLs. For these reasons, to our 

step might be included if the final lixiviate is still turbid by saturated hypersaa-
line dissolutions made from NaCl or ZnCl2 (Ainali et al., 2021).

The Brownian motion nature of NPLs in water also allows to carry out other 
types of strategies for sample pre-treatment. In freshwater environments, 
colloidal behaviour of NPLs is likely to be more stable than in seawater com-
partments, due to the significant presence of ionic forces which might cause 
hetero-aggregation of NPLs with natural and anthropogenic particles, and 
may destabilise NPLs colloidal suspension, which is necessary to maintain 
during all of the sample pre-treatment until there is the instrumental analysis, 
with which to obtain a suitable measurement without interferences. There-
by, during the dissolution and purification pre-treatment steps of NPLs from 
all types of matrices, monovalent solvents, which do not provide a greater 
contribution than divalent solvents, such as KOH or NaOH, are commonly 
used in the total ionic strength of the medium, thus avoiding overcoming the 
critical coagulation concentration (CCC) of these NPLs. Furthermore, even 
when NPLs remain stable as colloidal suspension, other subsequent steps 
could be necessary to ensure the full removal or almost the main part remov-
al of the NOM from NPLs (Gigault et al., 2018).

In the case of soil and sediment samples, large particles are removed by 
sieving through stainless steel mesh with sizes from 50 μm to 10 mm, con-
sidering the particle size of interest. Particularly for MNPLs (from 1 nm to 25 
μm), smaller mesh sizes such as 25 μm are used. Then, density separation 
employing saturated dissolutions is performed, followed by a wide range of 
possible digestion processes, where the most common are H2O2 and acid-al-
kaline leaching, or a mix of both. As a rule, H2O2 with or without a strong acid 
(e.g. HNO3) is used for the dissolution of soils with high contents of organic 
and inorganic matter. For samples that contain low levels of organic mat-
ter, alkaline digestions are more suitable due to their weakness, rather than 
H2O2 or Fenton’s reaction.

For atmospheric samples, a combination of non-polar and polar solvents 
is used to ensure the dissolution of MNPLs. Acetone and dichloromethane 
have been recommended as suitable solvents of choice due to their ability to 
dissolve MNPLs particles and fibres by ultrasonic-assisted extraction (UAE). 
Other solvents or mixtures of solvents that have been tested are: hexane:ac-
etone 3:1, hexane:acetone:toluene or methanol:dichloromethane 9:1 (Caban 
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Table 2.8 Advantages and limitations of the main analytical techniques em-
ployed for the identification and characterisation of NPLs.

Table 2.7 Advantages and limitations of the main analytical techniques em-
ployed for the identification and characterisation of MNPLs.
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the the subsequent pyrolisates produced may provide lower signals in the 
MS spectra than the expected signals due to the elevated degree of decom-
position. Le Juge et al. (2023) and Li et al. (2023) provide examples using 
PS-NPLs which were pyrolysed at different temperatures ranging from 500 
to 650 °C, and where it was evidenced that NOM overlapped the styrene 
signal, which was the most abundant signal. Thereby, the lower the pyroliser 
temperature set, the greater the dimer and trimer signals obtained, thus 
improving PS quantification by the trimer pyrolysate and avoiding the NOM 
interferences.

Further research on the development of Py-GC-MS methodologies for the si-
multaneous assessment of MNPLs-polymers in different environmental and 
biological samples is necessary. In Table 2.9 there is a summary of the main 
advantages and limitations of Py-GC-MS approaches for MNPLs-polymers 
analysis.

knowledge, some editorial boards from scientific journals have already be-
gun to advertise that they will not consider articles or reviews which simply 
report the presence or concentrations of plastics anywhere, including biota, 
by using these types of approaches. Moreover, a detailed protocol of sam-
pling and sample pre-treatment shall be fixed by mandate to include quali-
ty assurance – quality control (QA/QC) minimum criteria, as well as the use 
of more suitable techniques such as Py-GC-MS for MNPLs identification and 
quantification purposes (Paoletti et al., 2023).

In this sense, the need for quantitative analytical approaches that are able to 
provide mass concentrations of MNPLs is not fulfilled to date, and this lack 
concerns the scientific community. Some instrumental techniques are avail-
able in the literature, such as depolymerisation by means of direct analysis in 
real time (DART) or matrix-assisted laser desorption/ionisation (MALDI) cou-
pled with mass spectrometry (MS), capillary electrophoresis (CE), or thermal 
extraction desorption linked to gas chromatography and mass spectrometry 
(TED-GC-MS). Nonetheless, these techniques have important limitations that 
do not allow a robust quantification of MNPLs polymers in the case of DART- 
and MALDI-MS techniques, or there is a need for large amounts of sample, 
and tedious pre-treatment steps to remove possible organic aggregates and 
plastic additives from polymeric particles of MNPLs that can interfere strong-
ly in their signals, in the case of TED-GC-MS methods.

Py-GC-MS

Pyrolysis coupled to GC-MS can be used to assess MNPLs pollution due to 
its ability to analyse a very small amount of sample, its cost-effectiveness, its 
minimal sample preparations requirements, and the possibility to identify 
and quantify plastic additives and polymers from MNPLs by multi- and sin-
gle-shoot work modes, respectively. However, complex matrices with high 
contents of NOM can provide a significant background noise that is able to 
interfere with the signals of MNPLs pyrolysates, thus making the polymers 
mass-quantification and their data interpretation more challenging (Akoue-
son et al., 2021).

In addition, pyrolysis rates might be different for MPLs compared to NPLs. 
For a given temperature in the pyroliser, smaller plastic particles could suffer 
high decomposition compared to than bigger plastic particles, and some of 

Table 2.9 Py-GC-MS advantages and limitations for MNPLs analysis in environ-
mental and biological samples (Li et al., 2023).

2.5.3 Plastic additives of micro(nano)plastics

In the study by Wiesinger et al. (2021), more than 10,000 additives have been 
identified in plastics leachates, where over 2,400 compounds were catego-
rised, such as contaminants of emerging concern (CECs) because one or 
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mobile phase is principally made from a non-polar solvent. Nevertheless, in 
the case of partial polar compounds like several plastic additives, hidrophilic 
interaction liquid chromatography (HILIC) is mainly used whereby this is pro-
duced by a partitioning of an analyte between an acetonitrile-rich mobile 
phase and a water-enriched layer partially immobilised onto a polar station-
ary phase. Moreover, ion chromatography (IC) is widely applied through LC 
ion-par or ion-exchange columns which are used for the separation of ionic 
substances (high hydrophilic compounds), as well as capillary electropho-
resis which requires low sample injection volumes and flow rates, but often 
provides lower sensitivity than liquid chromatography.

The combination of reversed phase and HILIC LC columns is also promising 
for comprehensive two-dimensional liquid chromatography (LC x LC) in ap-
plications of environmental screening, as both use compatible eluents and 
provide highly orthogonal separations, but to our knowledge, there is almost 
no available software which can handle the data of the second separation 
dimension automatically, thus making data treatment very tedious.

In the case of gas chromatography (GC), the separation is easier, and it is car-
ried out for volatile hydrophobic (non-polar) compounds (i.e. generally, hy-
drocarbon compounds), based on the affinity with a gas mobile phase under 
isothermal conditions, or using different gradients of temperature during 
the elution. Partial polar columns are also available, thus presenting good 
reproducibility but being sensitive to column bleeds and avoiding the use of 
high temperature, as is used for non-polar columns. In addition, supercritical 
fluid chromatography (SFC) can be used for the whole range of compounds 
from the most hydrophilic to the most hydrophobic, employing supercritical 
CO2 as the mobile phase in the main cases that might be modified by the ad-
dition of polar solvents or aqueous salt solutions to increase its low polarity 
at the pure state.

In Figure 2.15, the main chromatographic techniques employed are classi-
fied according to their suitability to separate compounds through their po-
larity.

more are dealt with by EU criteria concerning bioaccumulation, toxicity, and 
persistence. So many (1,327) of these 2,400 plastic additives have not been 
adequately regulated at the global scale to date, and also some (901) have 
not been approved for use in food-packaging, because there are issues to be 
resolved in some jurisdictions.

For a sustainable circular economy (CE) which may successfully impact on 
plastic pollution by avoiding the use of hazardous plastic additives, concert-
ed efforts by all stakeholders are necessary, beginning by increasing acces-
sibility to information.

Advantages on the use of chromatographic & related techniques cou-
pled with mass spectrometry

From this low transparency and awareness of the potential damage of plastic 
additives to human health, these particular additives have been commonly 
found at trace and ultra-trace levels in several environmental compartments 
and in some biological samples. From these samples, scientists from analyt-
ical and/or environmental research fields have developed a wide range of 
analytical approaches during recent years, based on chromatography and 
mass spectrometry techniques, which are widely employed for the measure-
ment of these compounds in complex matrices at low concentrations, due to 
their brilliant capabilities in terms of precision, sensitivity, and robustness.

Liquid chromatography (LC) is used for the separation of the extracted 
non-volatile or non-polar, partially, and polar analytes based on the affinity 
between the stationary and liquid mobile phases along a chromatographic 
column, where the former is active and remains motionless, whereas mo-
bile phase crosses or percolates through the stationary phase. Retention of 
analytes in the column will depend on their properties as well as separa-
tion efficiency governed by the particle size and the diameter of the material 
used for stationary phase, length, and temperature of the column during the 
separation, and by the pH and flow rate from the mobile phase. Different LC 
columns are available regarding the chemical nature of the stationary phase, 
such as reversed-phase (RP) columns made from hydrocarbon chains (C8 or 
C18) that are useful for separating non-polar substances, and normal-phase 
columns, which present a wide range of functional polar groups in their sta-
tionary phases, and are more suitable to retain polar compounds, while the 
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Figure 2.15 Chromatographic techniques classified according their suitability 
to separate substances by their polarity based on Log Ko/w  (adapted from Bie-
ber and Letzel (2020)).

Once compounds (e.g. plastic additives) have been eluted from chromato-
graphic systems, mass spectrometry is frequently also employed for the sub-
sequent confirmation and even quantification of those substances by their 
chemical structures. Injection, ionisation, and some parameters from the 
analyser must be optimised prior to analysing any sample. As for chroma-
tography, the ionisation source will be selected according to the polarity of 
compounds of interest (Figure 2.16). Atmospheric pressure chemical ionisa-
tion (APCI), atmospheric pressure photoionisation (APPI), and electrospray 
ionisation (ESI) are the main weak sources that are normally used in LC-MS 
for obtaining the corresponding molecular ions from analytes, whereas 
strong ionisation sources like electron ionisation (EI) and chemical ionisa-
tion (CI) are widely applied in GC-MS to obtain more information about the 
structure of the analytes and their functional groups by common molecular 
fragmentation patterns.

Polarity mode

non-polar moderately non-polar polar ionic

APPI

APCI

ESI

molecular mass

Figure 2.16 Weak ionisation sources and their range of applicable polarity for 
analytes, including the approximation of maximum molecular mass of the an-
alyte to be ionised (adapted from Hollender et al., (2023)).

Once analytes are ionised, charged molecules go into the mass analyser, and 
they are separated according to their mass-to-charge ratio (m/z). Analysers 
can be distinguished on their resolution, where low resolution analysers pro-
vide nominal m/z values such as single quadrupoles or ion traps (low reso-
lution mass spectrometry, LRMS), and high-resolution analysers are able to 
give confidence levels of m/z values up to 4 decimals, such as in time of flight 
(TOF) or Orbitrap (high resolution mass spectrometry, HRMS).

Moreover, LRMS tends to be combined in tandem with other LRMS such as 
triple quadrupole (qQq), quadrupole-ion trap (q-IT), as well as HRMS quad-
rupole-Orbitrap (q-Orbitrap), and quadrupole-TOF (q-TOF) to achieve more 
fragmentation levels from the analyte of interest, in order to elucidate upon 
and confirm its structure.
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Target, suspect screening, and non-target screening analysis

As there are thousands of plastic additives which are used for industrial 
plastic production, depending on the purpose (tentative identification, or 
confirmation and quantification), target, suspect screening, and non-target 
screening (NTS) approaches are the most suitable strategies with which to 
monitor the simultaneously spread and scope of plastic additives in the envi-
ronment, and also in traditional consumer products, as well as their possible 
uptake ratios in living organisms. In Figure 2.17, a generic workflow includ-
ing each kind of analysis is shown.

As a rule, LRMS is used for target analysis such as qQq under multiple reac-
tion monitoring (MRM) acquisition mode, even despite the fact that its elu-
cidation power is limited, but it gives a slightly higher sensitivity over HRMS. 
For LC-MS, weak ionisation sources are likely to be used, where at least 2 
transitions between 1 precursor ion and the 2 most intense product ions, as 
well as ion ratios lower than 25-30% for each transition from the correspond-
ing standards, must be obtained for identification purposes, whereas, for 
GC-MS by strong ionisation sources, 2 transitions from different precursor 
ions are expected to be used. Due to the fact that LRMS requires a previous 
selection of the analytes of interest, the number of target compounds is lim-
ited but ensuring and allowing high sensitivity and a reliable quantification, 
respectively, if necessary.

Target analysis performance has also been achieved by employing HRMS in-
struments. This is attributed to the heightened sensitivity coupled with the 
exceptional selectivity offered by HRMS. Nevertheless, when suspect screen-
ing or NTS strategies are used, HRMS is required. Data acquisition is mainly 
carried out using either data dependent acquisition (DDA) or data independ-
ent acquisition (DIA). In both scenarios, an initial full scan identifies a precur-
sor ion, which is isolated based on various criteria (e.g. intensity or inclusion 
list) and further fragmented (MSn) to gather additional information about 
the positions of specific moieties. In DIA, all precursor ions (without pre-se-
lection) undergo fragmentation using a high-energy function, resulting in a 
combined mass spectra of all simultaneously entering precursors.

Furthermore, NTS analyses enable a thorough screening of virtually any 
compound that is present in the samples, if they are ionisable. This is regard- Fi
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less of the availability of reference standards. In addition, NTS permits ret-
rospective analysis, allowing the re-examination of previously acquired data 
in the future to search for specific information. For instance, this includes 
compounds that are described in the future that are suspected to be present 
in already injected samples. Overall, HRMS is less sensitive than LRMS, and 
a considerably higher level of data processing is necessary for the reliable 
identification of compounds. Consequently, the use of databases and in sili-
co fragmentation tools becomes almost mandatory.

Various levels are assigned based on the confidence in compound identi-
fication, following the classification proposed by Schymanski et al., (2014). 
Table 2.10 summarises the different identification levels for HRMS suspect 
screening and NTS strategies.
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3.1 Objectives

The primary goal of this doctoral thesis is the development and application 
of novel analytical strategies with which to determine, in terms of mass 
measurements, the composition of MNPLs in different environmental 
compartments and biota.

Therefore, the specific goals are:

• Develop and validate target and suspect screening methods using 
mass-quantitative analytical methodologies based on liquid chromatog-
raphy (size-exclusion) coupled with high resolution mass spectrometry 
(LC(SEC)-HRMS) and pyrolysis followed by gas chromatography and mass 
spectrometry (Py-GC-MS), in order to identify and quantify polymers of 
MNPLs (> 700 nm).

• Establish and apply to complex samples, an analytical workflow that will 
assess, via suspect screening, the profile of plastic additives in MNPLs 
based on LC-HRMS.

• Assess the occurrence of MNPLs-polymers from riverine and estuarine 
areas to oceans and remote regions, including the long-range atmos-
pheric transport and their mass exchanges between the low atmospheric 
compartments and the marine surface compartments.

• Improve the understanding of the behaviour of MNPLs in the environ-
ment. In this regard, studies of the adsorption-desorption mechanisms 
between polymers of MPLs and organic contaminants in surrounding en-
vironments were carried out. 

• Contribute to a better understanding of human exposure to MNPLs 
through some of the main routes of exposure in drinking water and con-
taminated food.
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4.1 Introduction

Riverine and estuarine zones such as rivers, lakes, reservoirs, and coasts are 
particularly susceptible to anthropogenic contamination, including plastic 
pollution, and this is usually because of their proximity to densely urbanised 
areas (Nava et al., 2023). The occurrence and breaking down of plastics in the 
environment have been widely reported since 2010. Figure 4.1 presents the 
total number of publications between 2010-2020 regarding (A) the assess-
ment of plastic particles lower than 5 mm in various waterbodies, as well as 
(B) their concentrations expressed in particles per Kg of dry mass or per L 
(D’Avignon et al., 2022).

The studies that are summarised in Figure 4.1 B show a considerable abun-
dance and heterogeneity of MPLs in surface water, where concentrations in 
inland waters (1.9 particles·L-1) are lower than in estuarine (3.1 particules·L-1) 
and marine (16 particules·L-1) waters. Further, due to the fate of MPLs being 
partially governed by their buoyancy, which is proportional to their density, 
the abundance of MPLs in the surface water is expected to be higher than 
in deeper compartments, which agrees with the reported results. However, 
to our knowledge, there is a lack of knowledge of corona formation around 
polymeric particles, which increases their weight, their aggregation in nat-
ural conditions, and the climatologic conditions that can rule their immer-
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sion. Moreover, most available data are focused on the top 5 cm. Therefore, 
there is also an important lack of knowledge about the abundance of MPLs 
in the water column and the deeper environments. What has been report-
ed is a higher abundance in lentic ecosystems rather than in lotic ecosys-
tems, whereas the highest concentrations were found along shorelines and 
in benthic sediments. Several reviews have discussed the presence of MPLs 
in marine environments, with particular emphasis on plastic litter and the 
estimation of MPLs in the oceans. Notwithstanding, 80% of marine plastic 
pollution and debris originate from terrestrial sources, and when addressing 
plastic pollution, the importance of freshwater ecosystems should be high-
lighted. Firstly, because freshwater makes up less than 3% of the world’s 
water resources, and solely 1% of that is readily available. Secondly, rivers 
and streams receive the impact of wastewater treatment plants (WWTPs) 
and urban and agricultural runoffs. Rivers are especially impacted by WWTP 
effluents. Non-treated effluents received by WWTPs are complex mixtures of 
contaminants and anthropogenic micro- and nanoparticles, including MN-
PLs such as residues of personal care products (PCPs), car tyre dust, and tex-
tile fibres, while water treatments are limited in the removal rates of certain 
pollutants, and thus small particles cannot be retained. For these reasons, 
rivers play a crucial role in the global pollution cycle, being that they are 
one important input of MNPLs from land to marine ecosystems (Ryan et al., 
2023), together with the runoff of coastal areas, direct WWTP discharges, 
ports, and the wind transport from the land.

Other important factors to consider when comparing the results from differ-
ent studies in freshwater ecosystems are the climatological conditions and 
the season. Some studies have stated that MNPLs concentrations are higher 
during the dry seasons than the wet seasons, because rainfalls can increase 
the river fluxes, which leads to the dilution of MNPLs concentrations in estu-
arine areas, assuming that MNPLs coming in with the surface runoff water is 
not enough to keep or increase the concentration in the estuary compared 
to the dry season (Suteja et al., 2021). Nevertheless, in their study, Possatto 
et al. (2015) did not find significant differences in MNPLs abundances be-
tween dry and wet seasons, due to the presence of a landfill on the bank of 
the estuary area, for which the assessment of those authors is that there are 
continuously introduced particles of MNPLs through leaching and air depo-
sition processes. Overall, fluvial processes seem to be dominant in relation 
to MNPLs abundance in these compartments, rather than tidal dynamics. It 

Chapter 4

A
B

Fi
gu

re
 4

.1
 A

) N
um

be
r 

of
 s

ci
en

ti
fi

c 
st

ud
ie

s 
pu

bl
is

he
d 

fr
om

 2
01

0 
to

 2
02

0 
as

se
ss

in
g 

pl
as

ti
c 

pa
rt

ic
le

s 
le

ss
 t

ha
n 

5 
m

m
 

fo
r 

va
ri

ou
s 

aq
ua

ti
c 

co
m

pa
rt

m
en

ts
, B

) B
ox

 a
nd

 w
hi

sk
er

 p
lo

ts
 (o

r 
bo

xp
lo

ts
) s

ho
w

in
g 

pl
as

ti
c 

co
nc

en
tr

at
io

n 
ra

ng
es

 
fo

r 
th

e 
w

at
er

bo
dy

 t
yp

es
 m

en
ti

on
ed

. C
on

ce
nt

ra
ti

on
s 

ar
e 

gi
ve

n 
as

 t
he

 n
um

be
r 

of
 p

ar
ti

cl
es

 p
er

 K
g 

dr
y 

m
as

s 
of

 
se

di
m

en
ts

 fo
r 

be
ac

he
s 

an
d 

be
nt

hi
c 

bo
di

es
, w

hi
le

 in
 w

at
er

bo
di

es
 t

he
y 

ar
e 

re
po

rt
ed

 a
s 

nu
m

be
r 

of
 p

ar
ti

cl
es

 p
er

 L
. 

M
ea

ns
 a

re
 in

 b
ol

d 
ab

ov
e 

th
e 

bo
xp

lo
ts

 (t
he

 g
ra

ph
s 

ar
e 

ta
ke

n 
fr

om
 t

he
 w

or
k 

of
 D

’A
vi

gn
on

 e
t 

al
., 

(2
02

2)
).



138

Occurrence of micro(nano)plastics in aquatic and atmospheric ecosystems

139

tions (Law et al., 2014) (Figure 4.2).

Other types of open-ocean processes are relevant during the marine trans-
port of MNPLs at meso- and submeso-scale, and include such as cyclonic 
and anticyclonic eddies that are slow-rotating vortices with diameters of 
hundreds of kilometers with depths in the range of 100-1,000 m, and with an 
average life from weeks to years. These types of eddies also tend to form un-
stable filaments and fronts among them through straining surface waters, 
which finally may form submeso-scale eddies with diameters in the range 
of 1-10 km, and average lifetimes from days to weeks (Chelton et al., 2011). 
The eddies can trap anthropogenic matter, such as MNPLs, and the west-
ward drift of these structures can even transport the matter over thousands 
of kilometers (Budyansky et al., 2015). Submesoscale processes should also 
be considered, because they have scales that are smaller than a few tens of 
kilometers, due to MNPLs being locally accumulated at density fronts and 
cyclonic vortices, as a result of vortex stretching mechanisms of these types 
of vortices. Furthermore, floating plastics can also frequently experience 
significant net drift velocities in the direction of wave propagation, which 
is well-known as Stokes drift. This open ocean process is mainly governed 
by the wind strength from the low marine atmospheric compartments, with 
magnitudes lower than wave orbital motions. Other processes are internal 
tides and Langmuir circulation processes, both of which are produced by 
the wind-induced shear flow higher than 3-5 m·s-1 and Stokes drift. These 
phenomena create water bodies moving in helical motion, known as conver-
gence and divergence areas. These are visible when buoyant materials such 
as plastics are accumulated by the convergence in the ocean surface, affect-
ing its horizontal dispersion (Chang et al., 2019). Nevertheless, helical motion 
on water bodies during Langmuir mechanisms, as well as other processes, 
such as the vertical mixing induced by the turbulence generated by breaking 
waves, submesoscale fronts, or Ekman pumping processes, may induce the 
vertical dispersion of MNPLs through the marine water column at different 
temporal and spatial scales (Kukulka et al., 2012). Moreover, the migration of 
marine MNPLs from subtropical and high latitudes to remote polar regions 
has been reported in the Arctic ocean (La Daana et al., 2018) and Southern 
ocean (Isobe et al., 2017). In these areas, MNPLs take part in cycles of ice for-
mation, melting, and drift. Some studies have suggested that plastic concen-
tration in marine ice is 1-2 magnitudes higher than in seawater. As ocean wa-
ter cools to the freezing point, ice crystals are likely to be formed, and remain 
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has been shown that particularly for shorelines or coastal areas (including 
estuarine areas), tidal fluctuations, seasons, windage, sedimentation, and 
resuspension affect the exchange of MNPLs between freshwater and larger 
seawater bodies, as well as MNPLs horizontal and vertical migration (Feng 
et al., 2022). Estuarine areas can be classified by their salinity variation into 
salt wedge (limited tidal variation), partially mixed, and well mixed (high tidal 
variation). The formation of the salt wedges is favoured in dry seasons, with 
the absence of strong winds and rainy conditions increasing the turbulence 
and, consequently, the stratification and mixing at the intrusion of freshwa-
ter and saline seawater flows. MNPLs are likely to reach seas and oceans on 
these salinity fronts, while those MNPLs with negative buoyancy might be 
trapped in the turbulence, which acts as a temporary sink that can retain 
MNPLs. Normally, the salinity front is identified as the estuarine turbidity 
maximum (ETM), and its location is variable, and depends on meteorological 
and tidal conditions. Partially or well-mixed estuaries, characterised by high 
flushing rates, tend to push MNPLs to marine and oceanic environments eas-
ier than a salt wedge estuary. However, the behaviour of plastics in these 
compartments needs further research, specially regarding particle segrega-
tion and water exchange velocities with seas and oceans (Malli et al., 2022).

Once in the marine environment, MNPLs affect the Earth’s biogeochemical 
cycles, specially the carbon cycle. It should highlight the widespread MNPLs 
in marine ecosystems ruled by the hydrodynamics of tides and currents with 
accumulation zones, such as the five subtropical ocean gyres and the dy-
namics of long-range atmospheric transport (LRAT). Several scientific studies 
have reported the presence of MNPLs in the atmosphere, and even suggest-
ing that MNPLs might reach the stratosphere where plastic degradation by 
UV radiation may release chlorine and bromine additives, thus potentially 
damaging the ozone layer by radical reactions where MNPLs could act as 
a catalyst (Tatsii et al., 2024). As aforementioned, the horizontal large-scale 
surface currents are the most efficient way to transport plastic debris, in-
cluding MPLs, with positive buoyancy (Elipot et al., 2016). These currents are 
mainly driven by surface winds, generating convergence (i.e., with focus and 
direction), and divergence drifts (i.e., with the consequent space and pos-
sibilities) under the control of the planet’s rotation. Convergence drifts are 
based on all five subtropical gyres where MNPLs are likely to be trapped. At 
the same time, divergence areas are in the subpolar gyres from the Arctic 
ocean and the Southern ocean, which tend to retain lower MNPLs concentra-



140

Occurrence of micro(nano)plastics in aquatic and atmospheric ecosystems

141

suspended in the ocean surface layer, although later they can be stirred to a 
depth of several meters by wave-induced turbulence and capture, along with 
those NPLs that are more prone to remain in suspension as colloids. Further 
cooling weather conditions lead to the formation of ice and, in consequence, 
the growing number of trapped MNPLs and their horizontal transport. In 
contrast, the melting of marine ice occurs at the air-sea interface, favouring 
lifting processes for MNPLs under freeze-thaw cycles (Obbard et al., 2014). 
Using a Lagrangian model, it has been estimated that vehicle tyres produce 
30% of MPLs that reach marine environments globally through the atmos-
phere (Evangeliou et al., 2020). On the other hand, MNPLs in the ocean and 
seas can also be ejected into the atmosphere by spray aerosols of the wa-
ter-air interface through bubble-bursting processes which transport these 
MNPLs in the atmosphere to other regions, where they are finally deposited 
by wet or dry deposition (Rochman and Hoellein, 2020). Some estimations 
have indicated that NPLs may have an average residence time of ~10 h in the 
atmosphere, with travel distances of around 400 Km. In contrast, MPLs less 
than 60 μm only showed residence time < 1h and maximum migration dis-
tances of 20 Km. In addition, actually, the shape and density of MNPLs play 
a key role in their transport and deposition, favouring those particles with 
large surface areas, such as fibres, rather than spherical particles (Kernchen 
et al., 2022). Moreover, atmospheric diffusion and transport of MNPLs can be 
further affected by meteorological and topographic conditions that change 
factors such as wind direction and speed, precipitation and temperature, 
or air pressure, where wind factors are considered to be the most relevant 
due to having a strong correlation simultaneously with the distribution of 
MNPLs. High intensities, duration, and frequencies of rainfall and snowfall 
events promote the wet atmospheric deposition of MNPLs, whereby, specif-
ically in polar regions, MNPLs may pass through clouds and combine with 
snow to facilitate their deposition (Bergmann et al., 2019). In recent years, 
atmospheric modelling has demonstrated that it is a noteworthy approach 
for inferring the reverse transport trajectory and potential source areas of 
airborne MNPLs. Some linear back trajectory models may provide valuable 
information about the deposition of these MNPLs based on wind speed and 
direction, deposition rates, and the planetary boundary layer depth, among 
others. Lagrangian models such as the Hybrid Single-Particle Lagrangian In-
tegrated Trajectory (HYSPLIT), the Flexible Particle dispersion (FLEXPART), or 
the Lagrangian Analysis Tool (LAGRANTO) are the most employed to effec-
tively identify potential source zones for atmospheric pollutants, thus pro-
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Km2, which shows higher salinity and temperature ranges than the average 
values reported in the Mediterranean Sea. Some human activities are con-
stantly present during the year, among which are aquatic sports and fishing 
activities, as well as large extensions that are used for agricultural purposes. 
Other pressures in this area are the deforestation, in order to expand urban 
areas for tourism, that produced some flash flood events, which have helped 
to increase the input of nutrients and anthropogenic substances, including 
MNPLs (Moreno-González and León, 2017).

A double suspect screening approach based on LC-HRMS was employed for 
the occurrence evaluation of MNPLs-polymers and their associated plastic 
additives composition in surface waters from the Ebro River and the Ebro 
Delta (Catalonia, Spain; Publication nº1) and the Mar Menor lagoon (Murcia, 
Spain; Publication nº2) during dry and wet seasons in order to assess the 
impact of the tourism, agricultural, and industrial activities based near these 
locations during the year. Furthermore, calibration curves were prepared 
from the corresponding analytical standards for the quantification, in terms 
of mass concentrations, of the polymeric composition coming from particles 
of MNPLs.

In addition to the technique based on LC(SEC)-HRMS, there are also an ana-
lytical method, which is based on pyrolysis coupled to gas chromatography 
followed by mass spectrometry (Py-GC-MS), for the study of MNPLs composi-
tions, that have been developed in the frame of this doctoral thesis. The dif-
ferent approaches combining LC(SEC)-HRMS, LC-HRMS, and Py-GC-MS, have 
been used to assess MNPLs in the atmosphere of the Atlantic ocean (Publi-
cation nº3), and in water and biota of remote areas (Publication nº4). Sam-
ple collections of these two studies were carried out through the participa-
tion in 2 oceanographic expeditions that were undertaken in the periods of 
December 2020 – January 2021 and January 2022 – February 2022 on board 
the Spanish research vessels 'Sarmiento de Gamboa' and 'Hespérides', re-
spectively. The potential Large-scale Renewable Energy Target of MNPLs, 
employing the HYSPLIT Lagrangian model and the MNPLs hetero-aggrega-
tion through biogenic and anthropogenic particulate matter suspended in 
the air, coming from terrestrial and open sea sources, which have also been 
evaluated to obtain a comprehensive picture of MNPLs pollution at the glob-
al-scale, and including Antarctica, as a remote region. The outcomes report-
ed in these two studies would not have been possible without the closed 
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viding information about altitude, distance, and residence time (Luo et al., 
2024). Moreover, the increase in plastic pollution and its ubiquity affect the 
global carbon cycle, which is of transcendental relevance to global climate 
change and human survival and development. Early studies on the effects 
of MNPLs on microorganisms involved in carbon transformation have been 
assessed, but the current information is still insufficient (Shen et al., 2023). 
In brief, the relationship between blue carbon ecosystems, plastic pollution, 
and global climate change should be established in more detail, and rigor-
ously, in the near future.

However, one of the major limitations to obtaining the whole picture of the 
impact of MNPLs in aquatic environments is not only (1) the lack of assess-
ment of several compartments, such as the deep oceanic compartments, or 
the lack of sufficient information about the fate and behaviour of MNPLs 
under real environmental conditions, but also (2) the need to highlight the 
limited comparison that can be carried out in the different studies, since 
most of those studies are based on particle counting, in which particles of 
different sizes, shapes, and materials are considered equally. In addition to 
the size limitation of spectroscopic techniques such as μ-RAMAN or μ-FTIR, 
some particles assessments are combined with the use of microscopic tech-
niques for the quantification that introduces important bias in the reported 
results, due to the superposition of particles, the presence of organic materi-
al, and the size and shape of the particles. Therefore, our first objective was 
to develop analytical approaches to assess, in terms of mass measurements, 
the occurrence of polymers in complex environmental samples, as well as to 
develop suspect screening workflows to assess the plastic additives profile 
in plastic particles in natural samples. Continuing the line already initiated in 
our group, the technique of choice was size exclusion liquid chromatography 
coupled with high-resolution mass spectrometry (LC(SEC)-HRMS).

Then, the new analytical approaches were applied to the assessment of MN-
PLs in surface waters of river areas, estuarine areas, coastal areas, and the 
open seas (marine waters, biota, and the atmosphere). Firstly, two different 
areas located in the Mediterranean Sea were assessed. The Ebro Delta has 
an extension of 320 Km2 and is one of the top three largest deltas in the 
Mediterranean Sea. The main human activities are tourism, aquaculture, and 
agriculture, where 77% of the land is used for rice and orchard crops (Pignot-
ti et al., 2017). Meanwhile, the Mar Menor is a semi-enclosed lagoon of 135 
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interdisciplinarity collaboration between two research groups from IDAEA-
CSIC and one research group from Université Laval based on Canada, where 
I had the good fortune to engage in a sabbatical research stay, in order to 
harmonise sampling and sample pre-treatment protocols, as well as to tar-
get analysis strategies for the mass-quantitative assessment of MNPLs-pol-
ymers.

4.2 Results

Thus, this chapter includes four articles, three of which that are already pub-
lished, and one of which is ready to be submitted for its publication. The 
publications are:

• Publication nº1: Llorca, M., Vega-Herrera, A., Schirinzi, G., Savva, K., Abad, 
E., Farré, M., Screening of suspected micro(nano)plastics in the Ebro Del-
ta (Mediterranean Sea), 2021, Journal of Hazardous Materials, https://doi.
org/10.1016/j.jhazmat.2020.124022 

• Publication nº2: Vega-Herrera, A., Llorca, M., Savva, K., M. León, V., Abad, 
E., Farré, M., Screening and quantification of micro(nano)plastics and 
plastic additives in the seawater of Mar Menor lagoon, 2021, Frontiers in 
Marine Science, https://doi.org/10.3389/fmars.2021.697424
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Table S1 List of polymers (partially)soluble in toluene. Adapted from elsewhere 
[1-5].
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Screening and Quantification of
Micro(Nano)Plastics and Plastic
Additives in the Seawater of Mar
Menor Lagoon
Albert Vega-Herrera1, Marta Llorca1, Katerina Savva1, Víctor M. León2, Esteban Abad1

and Marinella Farré1*

1 Institute of Environmental Assessment and Water Research (IDAEA-CSIC), Barcelona, Spain, 2 Centro Oceanográfico

de Murcia, Instituto Español de Oceanografía (IEO), Murcia, Spain

In this work a suspect-screening approach was employed to assess the polymers

and plastic additives of micro(nano)plastics (NPL/MPLs) of size ranges from the nm

range to 20 μm present in seawater from the top 5 cm of the Mar Menor lagoon

during two sampling campaigns (summer and winter), as well of other potentially

adsorbed compounds onto the plastic particles surfaces and suspended material.

The identification of NPL/MPLs has been based on characteristic Kendrick Mass

Defect analysis for each polymer type in mass spectra. The applied methodology

allowed to identify NPLs/MPLs of polystyrene (PS), polyethylene (PE), polyisoprene

(PI), polybutadiene (PBD), polypropylene (PP), polyamides (PA), polyvinylchloride (PVC),

n-isopropylacrylamide (PNIPAm), and polydimethylsiloxanes. In addition, PS, PE,

PI, PBD, PP, PA, and PVC were confirmed with standards, and the equivalent

concentrations were quantified. The results of this study showed that most frequently

found compounds were PP, PE, PA and PNIPAm, while the compound found at higher

concentrations was by far PP reaching the 9,303 ± 366 ng/mL in one of the samples.

A total number of 135 chemical compounds were tentatively identified, 74 of them

plastic additives and compounds used in the polymers manufacture or coming from the

polymer’s decomposition. In relation to plastic additives, the more frequently tentatively

identified compounds were plasticizers such as phthalates group; stabilizers such as

antioxidants (e.g., distearyl 3,3′-thiodipropionate, 2,5-di-tert-butylhydroquinone), and

UV filters as benzotriazoles. Several flame retardants of the group of phosphates

were as well detected. The other compounds tentatively identified in the samples were

pharmaceuticals, pesticides, food additives, flavors and natural products that were

attached onto the plastic particles and particulate matter from surrounding waters. In

regards to the seasonal variation, during the summer a major number of compounds

were tentatively detected, while de concentrations of polymers were slightly higher in

winter. The spatial distribution showed higher contamination in the southern part of the

coastal lagoon.

Keywords: microplastics, nanoplastics, LC-HRMS, suspected screening, additives

Frontiers in Marine Science | www.frontiersin.org 1 September 2021 | Volume 8 | Article 697424



174

Occurrence of micro(nano)plastics in aquatic and atmospheric ecosystems

175

Vega-Herrera et al. MPLs/NPLs Seawater Mar Menor Lagoon

United States), polyvinyl chloride (PVC) was obtained from
Sigma-Aldrich (Steinheim, Germany), and polyamides were
based on ε-Caprolactam, and the analytical standard (analytical
grade) was obtained from Supelco.

Toluene HPLC solvent with >99.7% purity and HPLC-water
were acquired from J.T.Baker—VWR (Radnor, PA, United States)
and nitrogen used as drying gas with an assessed 99.995%
purity was supplied by Air Liquide (Barcelona, Catalonia,
Spain). Toluene and methanol CHROMASOLVR©Plus from
Sigma-Aldrich were used during the instrumental analysis.

Glass microfiber filters of 0.70 μmGF/F were purchased from
Whatman (Maidstone, United Kingdom).

Analytical Standards
The quantification of MPLs/NPLs was carried out with
polymer analytical standards (MW≈1,000 Da). Quantification
was undertaken by means of an external calibration curve. For
this purpose, an individual standard solution of each polymer
(PE, PS, PBD, PI, PP) was prepared in toluene (10 mg in
10 mL of toluene) and 5 min of ultrasonic assisted extraction
(USAE). In the specific case of PA (Nylon), their identification
was based on the presence of different polyamides including
caprolactam and its cyclic dimer, trimer, and tetramer. The
presence of all these polyamides indicates that their origin is from
Nylon. Finally, the identification and quantification were based
on comparison with the ε-caprolactam analytical standard by
means of LC-(+ ES)-HRMS.

The different dilutions in toluene were done ranging from
1 μg/L to 1 mg/L (5 calibration points). The calibration curves
were preserved at 4◦C before analysis (within 1 week).

Study Area and Sampling Campaigns
The Mar Menor is one the largest hypersaline coastal lagoons
in Europe, which is almost isolated from the Mediterranean Sea
by La Manga del Mar Menor, which is a sand bar interrupted
by a series of channels called golas, which allow a limited
water flow between the Mar Menor and the Mediterranean.
Consequently, this lagoon shows higher salinity and temperature
range than Mediterranean, being particularly relevant seasonal
variations. This geographical area is characterized by a dry
Mediterranean climate that makes mild winters and hot
summers with temperatures up to 40◦C. Mar Menor is
used for different water sports exploitations, tourism and
traditional fishing exploitation. In addition, Mar Menor has
other pressures including the clogging of the lagoon due to
mining activity and deforestation debris that ends up in its
waters, agricultural contamination, wastewater residues, human
pressure (coastal cities and villages), and contamination due
to fisheries and aquatic sports. It is also relevant the influence
of flash flood events in the input of nutrients, pesticides
(Moreno-González and León, 2017) and probably also for
plastics and MPLs.

Two litter of seawater was taken at each sampling point
from the upper water level (top 5 cm). Amber glass bottles,
pre-rinsed with methanol and acetone in the laboratory and with
seawater in each sampling point, were used for sampling. The
bottles were transported under cool conditions to IEO (Murcia,
Spain) laboratories and preserved at 4◦C before shipment to

IDAEA-CSIC (Barcelona, Spain) laboratories to perform the
analytical process.

Two sampling campaigns were carried out in Mar Menor
(Murcia, SE of Spain) during July 2018 (summer) in the middle
of the peak season of vacation and tourism, and March 2019
(winter). Nine sampling points distributed along the whole
lagoon in order to cover all of its extension were included in
this study (Figure 1). The main physicochemical parameters of
surface seawater (temperature, pH, conductivity, and dissolved
oxygen) were measured in situ using a portable multiparametric
meter (WTW, model Multi 340i/SET∗) during both campaigns
are summarized in Table 1.

Sample Pre-treatment and Extraction
Initially water samples were sieved though a stainless sieve of
20 μm mesh to separate the larger MPLs. Then, according to
Llorca et al. (2020c), 1.5 L of filtrate were passed through a
0.7 μm dry and tared fiber filter. The filter with particulate
material was then dried overnight at 60◦C until constant weight.
The filters were preserved at –20◦C before the extraction (within
1 week). The extraction of MPLs/NPLs from the filters was
carried out with 10 mL of toluene by means of USAE for
10 min. After this time the 10 mL was collected with a Pasteur
pipette and transferred to a 50 mL amber glass vial. This
procedure was repeated two more times and then combined
with the 10 mL used for the extraction, obtaining 30 mL of
toluene. Finally, extracts were evaporated under a nitrogen
stream to concentrate the samples near to 1.5 mL. The extracts
were then vortexed and transferred to LC-vials and evaporated
again to obtain 1.5 mL. This final extract was divided for: (i)
MPLs/NPLs polymer analysis and plastic additives in toluene
(1 mL) which was preserved at –20◦C until chemical analysis;
and (ii) plastic additives analysis in methanol (0.5 mL). This last
extract was evaporated under a nitrogen stream until dryness
and reconstituted in 0.5 mL of methanol. All the samples were
analyzed in triplicates.

Analysis by Liquid Chromatography

Coupled to High Resolution Mass

Spectrometry (LC-HRMS)
Analytical Process of MPLs/NPLs’ Polymer Analyses
by Size Exclusion Chromatography Coupled to
High-Resolution Mass Spectrometry (SEC-HRMS)
The analysis was performed by LC-SEC-HRMS. The
chromatographic separation was carried out using an Acquity
LC (Waters, Milford, MA, United States) chromatographic
system equipped with an advanced polymer chromatography
column (Acquity APC XT45 1.7 μm) based on the work
of Schirinzi et al. (2019). Twenty microliter were injected
per sample with 100% toluene used as the mobile phase, in
isocratic conditions and at a flow rate of 0.5 mL/min. The
LC system was coupled to a Q-Exactive (Thermo Fisher
Scientific, San Jose, CA, United States) hybrid quadrupole-
Orbitrap mass spectrometer, equipped with an atmospheric
pressure photoionization (APPI) source working in negative
and positive conditions. Data acquisition was performed in full
scan mode (m/z 500–3,000) with a resolution of 17,500 FWHM
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INTRODUCTION

Coastal areas and oceans are essential for the provision of
food, green energy, economic growth, and coastal communities’
well-being. According to the EU blue economy Report 2020,
in 2018 the economic sectors related to oceans and the coastal
environment provided a turnover of €750 billion in the EU.
However, at the same time, population growth in coastline
areas increases the vulnerability of marine ecosystems. Of all
marine litter and pollution in general, 80% originates from land-
based sources that are primarily industrial, agricultural, and
urban. Among them, plastic wastes constitute 83% of the total
marine litter, and polymers that are the most widely identified
are polypropylene (PP), polyethylene (PE), polystyrene (PS),
polyethylene terephthalate (PET), and polyvinylchloride (PVC)
(Andrady, 2011). Plastic wastes are accumulated in oceanic gyres,
coastal areas, estuarine waters, semi-closed areas and marine
lagoons (Llorca et al., 2020b).

Coastal pollution is composed of complex mixtures of legacy
and emerging contaminants. Among the emerging groups of
pollutants, microplastics (MPLs) are defined as plastic pieces
smaller than 5 mm, including plastic particles at the nano
range, called nanoplastics (NPLs). MPLs can have their origin
in cosmetics, cleansing products, cloth fibers, tire wear (Fendall
and Sewell, 2009) (classified as primary MPLs), and in the
environmental fragmentation and erosion of plastic pieces and
debris (Cole et al., 2011) (classified as secondary MPLs). Primary
and secondary MPLs have become a global concern due to their
persistency and widespread occurrence in water and sediments,
and also as a consequence of their potential impact on the
environment and living organisms. MPLs have been found in
all environmental compartments (Shahul Hamid et al., 2018),
in particular in marine water (Cózar et al., 2015; Suaria et al.,
2016; Cincinelli et al., 2019; Llorca et al., 2021), sediments (Van
Cauwenberghe et al., 2013; Vianello et al., 2013; Waller et al.,
2017), and biota (Cole et al., 2013). The presence of MPLs in
marine organisms has been reported during the last decades.
Filter feeders such as mussels can consume small plastic particles
(Van Cauwenberghe and Janssen, 2014; Dehaut et al., 2016) and it
is hypothesized that the buoyancy, size (similar to plankton), and
colors can be factors that attract their ingestion by fish (Wright
et al., 2013; Pittura et al., 2018), including species at are used
for human consumption (Hantoro et al., 2019; Neto et al., 2020;
Schirinzi et al., 2020; Castelvetro et al., 2021). In this sense the
occurrence of MPLs can be specially relevant in semiconfined
areas, due to its limited dilution capacity such as Mar Menor
lagoon (SE Spain). In fact, the prevalence of PE in beaches
and sediment of this lagoon was confirmed in previous studies
(Moreno-González et al., 2015; León et al., 2018; Filgueiras et al.,
2021), however, no previous information is available about their
occurrence in the water column.

Moreover, plastic polymers can adsorb and accumulate other
contaminants from surrounding waters, facilitating their transfer
to biota (Koelmans et al., 2016; León et al., 2018, 2019; Llorca
et al., 2020a). On the other hand, plastics are composed of
polymers and plastic additives that are not chemically bonded
with the polymeric chains and for this reason they can easily

leach and be transferred to marine biota (Koelmans et al., 2014;
Schmidt et al., 2021; Zitouni et al., 2021).

Due to the higher active surface area of the smallest particles,
these effects of accumulation and additive leaching can be
hypothesized to be inversely proportional to the size of the
particles. As mentioned above, a great effort has been made to
assess pollution by MPLs in different compartments of coastal
and marine environments. However, due to the limited number
of analytical approaches that are able to assess the lowest
range of particles, there is an important gap of information
concerning the occurrence of MPLs with particles sizes inferior
to 20 μm and also NPLs. The main analytical techniques
that can be used to assess the low range of plastic particles
in complex environmental samples are μ-Fourier-transform
infrared spectroscopy (μ-FT-IR), μ-RAMAN, pyrolysis-gas
chromatography–mass spectrometry (Pyr-GC-MS), and liquid
chromatography coupled to high resolution mass spectrometry
(LC-HRMS). μ-FT-IR informs about shape and polymeric
composition of particles down to the limit of 20 μm, but it is
not suitable for NPLs (Klein et al., 2018). Similarly, μ-RAMAN
informs about shape and composition but can be within the
nanometer range (Cai et al., 2021), and even 100 nm using
RAMAN imaging (Sobhani et al., 2020). Another powerful
technique is Pyr-GC–MS, which is not affected by the size of
the plastic particles, and recently has been used for quantitative
analysis (Fischer and Scholz-Böttcher, 2017; David et al., 2018;
La Nasa et al., 2020). LC-HRMS has also been successfully
used for the quantitative analysis of NPLs and MPLs (Schirinzi
et al., 2019; Llorca et al., 2021), but the main limitation of this
approach is the need to solubilize plastic particles in solvents
that can be used in chromatography, such as toluene, but most
of the commonly used polymers (polyethylene, polypropylene,
polystyrene, polybutadiene, etc.) are toluene soluble.

In this work, we apply a double suspect screening based on
LC-HRMS that was developed in our group (Llorca et al., 2021),
in order to assess and quantify the main polymeric composition
of NPLs/MPLs and the plastic additives in theMarMenor lagoon.
Therefore, the main goals of this work were: (i) To assess the
main polymer composition of MPLs and NPLs ranging from
0.7 to 20 μm and plastic additives in surface waters (top 5 cm)
in the Mar Menor Lagoon during two sampling campaigns that
were carried out in summer and winter; (ii) to explore significant
variations during the two seasons while considering the main
anthropogenic factors.

EXPERIMENTAL SECTION

Chemicals and Reagents
Analytical standards for gel permeation chromatography/size
exclusion chromatography (GPC/SEC) analyses were
polyethylene (PE) and polystyrene (PS) (MW∼1,200 Da)
supplied by Polymer Standard Service GmbH (PSS, Mainz,
Germany), polybutadiene (PBD), polyisoprene (PI) STD
KIT from Waters Cromatografía (Cerdanyola del Vallès,
Barcelona, Spain) and polypropylene (PP) (MW∼1,200 Da)
supplied by American Polymer Standards Corporation (Ohio,
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Suspect profiles were tentatively identified using repetitive
mass losses with a mass error below 3 ppm (identification
confidence level 4) and they were subsequently filtered by
comparing with a polymers’ homemade library (level 3).
The tentative identification of polymers (level 2) was carried
out by using Kendrick Mass Defect (KMD) analysis. The
KMDs were calculated according to equations described
elsewhere (Schirinzi et al., 2019) with the base unit being
PolymerX/(round PolymerX-2) (Llorca et al., 2020c). Some
examples can be seen in Supplementary Figures 1–3. Among
the polymers that were tentatively identified, the confirmation
(identification confidence level 1-confirmation) and the
quantification of polymers was achieved by comparison with
external curves of polymer standards based on equivalent
concentration (Schirinzi et al., 2019).

Tentative Identification of Plastic Additives
Raw data from plastic additives analysis was processed using
an automated screening with Compound Discoverer software
version 3.1 (Thermo Fisher Scientific) as described elsewhere
(Llorca et al., 2020c). This first list of suspected compounds
was filtered by comparison with ChemSpider and mzCloud
databases as well as the homemade database. Further filtering
steps were the comparison of isotopic patterns, ionization
efficiency, fragmentation patterns, and finally, the comparison
of the product-ions obtained from the MS/MS spectrum of a
suspected compound with the spectrum of a standard or a
predicted fragmentation pattern using the information contained
in the online databases. Unequivocal confirmation was only
possible when a reference standard was available (identification
at level 1) (Llorca et al., 2020c).

Quality Assurance and Quality Control
1.5 L of water for LC analysis was used as a blank and this was
carried out during both sampling campaigns and extracted and
analyzed together with the rest of the samples. On the other hand,
the possible cross contamination coming from the instrumental
analysis was monitored by injecting solvent blanks of toluene
randomly with each injection samples list in the polymeric
analysis or plastic additives in toluene as well as methanol for the
methanolic fraction analysis.

Quality parameters including method limits of detection
and quantification (MLOD and MLOQ, respectively), precision
and recoveries were calculated by means of fortified seawater,
previously filtrated by 0.2 μm fibber filters, with polymers of c.a.
1,000 Da of PP, PS, PE, PBD, PI, and PVC at three spiking levels
(100, 500, and 1,000 ng/ mL) according to Schirinzi et al. (2019).
The values for MLOD were ranging from 2 to 11 pg/mL and
MLOQ from 7 to 33 pg/mL. Intraday precision was calculated
with 1,000 ng/mL spiked samples and was below 25% for all the
polymers. Finally, recoveries ranged from 39% (PI) to 75% (PS).

Multivariate Analysis
Multivariate analyses using Principal Component Analysis
(PCA) was carried out in order to further understand the
variation among samples and the contribution of the several
tentatively identified chemical compounds (Sanchís et al., 2020).

PCA was performed by means of XLSTAT Excel data analysis
add-on (Addinsoft, 2020). Correlation among variables and
principal components (F) was quantified as the square cosine of
their angle in the loading graph, whichmay range from 0 (α = 90◦:
Orthogonal, totally uncorrelated) to 1 (α = 0◦: Parallel, perfectly
correlated) (Sanchís et al., 2020).

RESULTS AND DISCUSSION

Occurrence of MPLs/NPLs in the

Seawater of the Mar Menor Lagoon
Two sampling campaigns were performed in Mar Menor lagoon
during the summer and winter to identify seasonal differences.
PE, PP, PA, and n-isopropylacrylamide (PNIPAm) were the more
frequently found compounds in surface seawater, with PP being
the polymer that was detected at higher concentrations, as shown
in Supplementary Table 2 and Figure 2. The prevalence of PP
instead of the most commonly used PE in surface seawaters
can be consequence of its lower density which can favor their
floatability and limit its deposition in sediments. Concerning
PNIPAm and polydiemthylsiloxanes, they were only identified at
confidence level 2, while the other polymers were confirmed by
standards and the equivalent concentrations that were quantified.
Polydiemethylsiloxanes were identified at level 2 based on their
common repeating unit of (C2H6OSi)n (74.15394 uma), which
was confirmed by Kendrick Mass Defect analysis. Regarding PA,
which is commonly used in fishing nets, four different polymers
were found: caprolactam, and the caprolactam cyclic dimer,
trimer and tetramer, with the caprolactam being the polymer at
the highest concentrations.

The main seasonal differences were observed in terms
of polymer variety and concentrations. During the summer
campaign, a wider variety of polymers was detected. Nine
different groups were identified (PE, PI, PP, PS, PBS, PA, PVC,
PNIPAm, and polysiloxanes), while only four of them (PE, PP,
PA, and PNIPAm) were detected in winter. However, these four
compounds were present in all of the samples that were collected
in winter, showing more homogeneity along the lagoon. The
total polymers were corresponding to MPLs/NPLs < 20 μm as
quantified in the top 5 cm during the summer and were ranging
between 0.13 and 9,303 ng/mL, while in the winter campaign the
concentrations were between 4,918 and 8,744 ng/mL. Therefore,
the maximum concentrations were similar, but in some sampling
sites, higher concentrations were detected in winter than in
summer. Nonetheless, it should be pointed out that these results
are corresponding to punctual samplings, are not integrated in a
period of time. Therefore, they are influenced by the hydrological
conditions and punctual discharges.

At sample sites 1 (Lo Pagan) and 5 (La Manga) PI, PA,
PNIPAm, and polysiloxanes were detected in summer, while
PP, PE, PA, and PNIPAm were found in winter, but due to
the concentrations of PP in the range of μg/mL the total
concentration in both areas was higher in winter samples
than in summer ones. In sampling site N◦3, Los Alcazares,
PP, PA, PE, and PNIPAm were found in both seasons but
only polysiloxanes and PVC were present during the summer.
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FIGURE 1 | Occurrence of polymer micro(nano)plastics in Mar Menor during the 1st (A, Summer) and the 2nd (B, Winter) sampling periods of this study.

TABLE 1 | Physicochemical parameters of sampling locations during 1st and 2nd sampling periods.

Summer period Winter period

Code Area Coordinates Date Seawater

T (◦C)

Daily T

(◦C)*

pH Salinity

(ppt)

O2

(mg/L)

Date Seawater

T (◦C)

Daily

T (◦C)*

pH Salinity

(ppt)

O2

(mg/L)

1 Lo Pagán 37.81214, –0.77692 07/03/2018 26.7 18.6–27.2 8.15 43.6 6.55 02/12/2019 13.7 7.0–16.5 8.18 41.6 7.86

2 Las Encañizadas 37.78137, –0.78288 07/03/2018 28.0 18.6–27.2 8.08 44.7 6.92 02/12/2019 12.6 7.0–16.5 7.99 41.9 8.18

3 Los Alcázares 37.74318, –0.84474 07/03/2018 27.7 18.6–27.2 8.12 45.0 7.37 02/12/2019 12.9 7.0–16.5 7.87 42.2 7.23

4 Canal del Estacio 37.75337, –0.75878 07/03/2018 27.9 18.6–27.2 7.86 43.7 6.85 02/12/2019 13.0 7.0–16.5 7.96 41.9 8.02

5 La Manga 37.72759, –0.75137 07/03/2018 27.9 18.6–27.2 8.02 44.2 6.90 02/12/2019 12.8 7.0–16.5 8.06 41.9 8.30

6 Rambla del Abujón 37.71499, –0.85229 07/04/2018 27.5 20.5–31.5 8.34 45.0 8.00 02/13/2019 12.7 3.0–15.1 7.81 42.2 8.00

7 Los Urrutias 37.7019, –0.83382 07/04/2018 27.6 20.5–31.5 8.17 45.3 7.70 02/13/2019 12.4 3.0–15.1 8.20 42.2 8.23

8 Los Nietos 37.65878, –0.79364 07/04/2018 27.7 20.5–31.5 8.29 45.8 8.30 02/13/2019 13.0 3.0–15.1 7.86 42.2 8.43

9 Isla del Barón 37.68303, –0.76357 07/04/2018 27.6 20.5–31.5 8.04 45.6 7.60 02/13/2019 12.8 3.0–15.1 7.96 42.0 8.04

*https://datosclima.es/index.htm (AEMET).

(Llorca et al., 2020c). The optimal parameters of the instrument
can be seen elsewhere (Schirinzi et al., 2019).

Analysis of Plastic Additives and Potential
Co-contaminants Adsorb to Plastic Particles
Surfaces by LC-HRMS
The Acquity LC (Waters, Milford, MA, United States)
chromatographic system was equipped with Purospher R©

STAR RP-18 endcapped column (5 μm, 2 × 125 mm; from
Merck), one for the toluene mobile phase and the other for
the methanol/water mobile phase. The extracts of toluene
were separated by working with toluene under isocratic
mode at 0.5 mL/min for 10 min, with 20 μL of sample. The
extracts of methanol were separated working under gradient
conditions with (A) methanol and (B) water. In this last case,
the gradient started with 10% of (A) for 30 s and increased
up to 90% (A) in 18 min. This percentage was maintained
for 5 min and decreased again until 10% (A) in 1 min, and
maintained for 30 s. The total run time was 25 min for the
injection of 20 μL of sample. The chromatographic system
was coupled to a QExactive (Thermo Fisher Scientific, San
Jose, CA), equipped with an APPI source operating in negative

and positive ionization modes for toluene extracts, while the
ionization of methanolic extracts was done with an electrospray
(ESI) operating in negative and positive ionization modes, in
separate injections.

The instrumental process was controlled with Xcalibur 3.1
software for all LC-HRMS analysis.

Data Processing
Identification and quantification of polymers was carried out
according to the methodology that was previously developed
within our research group (Schirinzi et al., 2019; Llorca et al.,
2020c). Very briefly, data processing was performed using
the Xcalibur Qual Browser software (Thermo Fisher Scientific,
San Jose, CA, United States) and Compound Discoverer 3.1
software (Thermo Fisher Scientific, San Jose, CA, United States),
respectively. The total ion chromatograms (TIC) that were
obtained by full-scan (FS) acquisition were processed in
accordance the work of Llorca et al. (2020c). The first screening
steps included peak picking and grouping. For each sample, the
TIC chromatogram was interrogated every 30 s by intervals of
500 Da and peaks on which mass spectra showed repetitive mass
losses were marked as suspected polymers.
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TABLE 2 | Concentration of MPLs/NPLs polymers from suspended material samples expressed in equivalent concentration in μg/L (± SD).

Sample code

(place)

Equivalent concentration (μg/L) ± SD Detected at confidence level 2

[PE]eq [PS]eq [PI]eq [PBD]eq [PP]eq [PVC]eq [PA]* PNIPAm Polysiloxanes

1st sampling period (Summer)

1

(Lo Pagán)

n.d. n.d. 0.13 ± 0.01 n.d. n.d. n.d. 0.0038 ± 0.0005 YES YES

2

(Las

encañizadas)

n.d. 0.19 ± 0.07 n.d. <LOQ n.d. n.d. 0.0038 ± 0.0008 YES YES

3

(Los Alcázares)

1.08 ± 0.09 n.d. n.d. n.d. 5,153 ± 20 2.3 ± 0.1 0.0041 ± 0.0010 YES YES

4

(Canal del

Estacio)

2 ± 1 n.d. n.d. n.d. n.d. n.d. 0.0043 ± 0.0015 YES YES

5

(La Manga)

n.d. n.d. < LOQ n.d. n.d. n.d. 0.0047 ± 0.0007 YES YES

6

(Rambla del

Abujón)

< LOQ n.d. n.d. n.d. 61 ± 19 1.8 ± 0.1 0.0046 ± 0.0013 YES YES

7

(Los Urrutias)

< LOQ n.d. n.d. n.d. 9,303 ± 366 0.7 ± 0.1 0.0044 ± 0.0009 YES YES

8

(Los Nietos)

0.63 ± 0.03 n.d. n.d. n.d. 7,414 ± 1,051 n.d. 0.0043 ± 0.0010 YES YES

9

(Isla del Barón)

0.24 ± 0.06 n.d. n.d. n.d. 6,386 ± 408 n.d. 0.0040 ± 0.0010 YES YES

2nd sampling period (Winter)

1

(Lo Pagán)

0.97 ± 0.03 n.d. n.d. n.d. 6,276 ± 649 n.d. 0.0041 ± 0.0006 YES YES

2

(Las

encañizadas)

1.10 ± 0.08 n.d. n.d. n.d. 5,153 ± 948 n.d. 0.0039 ± 0.0005 YES YES

3

(Los Alcázares)

2.0 ± 0.1 n.d. n.d. n.d. 5,964 ± 729 n.d. 0.0041 ± 0.0014 YES YES

4

(Canal del

Estacio)

2 ± 1 n.d. n.d. n.d. 7,591 ± 202 n.d. 0.0041 ± 0.0009 YES YES

5

(La Manga)

1.04 ± 0.04 n.d. n.d. n.d. 6,009 ± 174 n.d. 0.0043 ± 0.0012 YES YES

6

(Rambla del

Abujón)

< LOQ n.d. n.d. n.d. 4,918 ± 923 n.d. 0.0053 ± 0.0018 YES YES

7

(Los Urrutias)

0.11 ± 0.01 n.d. n.d. n.d. 5,734 ± 689 n.d. 0.0040 ± 0.0010 YES YES

8

(Los Nietos)

< LOQ n.d. n.d. n.d. 6,309 ± 397 n.d. 0.0043 ± 0.0008 YES YES

9

(Isla del Barón)

0.121 ± 0.02 n.d. n.d. n.d. 8,744 ± 433 n.d. 0.0042 ± 0.0016 YES YES

*[PA] expressed in concentration of ε-caprolactam, analyzed by LC-(+ESI)-HRMS.

12.4%) among others (León et al., 2018), or in waters taken in
2016 in La Llana beach (near to sampling point 1 in our study).
In another example, the PE was identified in MPLs up to 18%,
PP 19.5%, PS 13%, and PA 45.5% (León et al., 2019). In another
work carried out in waters from the Cartagena transect (outside
Mar Menor lagoon), the proportion of polymer types identified
in MPLs, as well as mesoplastics, was 47% of PE, 21% of PP, 5% of

PS, 8% of paint chips (pure pigmented particles), among others,
in all samples (de Haan et al., 2019).

In general trends, our results agree with the main classes
of polymers identified in marine MPLs in other studies in
the Mediterranean Sea, in which the most commonly found
polymers were PE, PP, PS, PET, PVC, and PA (Gajšt et al., 2016;
Munari et al., 2017; de Haan et al., 2019; Llorca et al., 2020b),
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FIGURE 2 | Concentration of PE (top graph) and PP (down graph) in samples during summer period (green color) and winter period (red color) of this study.

As can be seen in these samples, the peak population in
summer can influence the occurrence of some polymers through
higher residues of personal care products, as is the case of
polysiloxanes used in PCPs, water-repellent coatings (i.e., paints)
and for inhibiting fouling on surfaces in contact with water,
in cookware, electronics, among other uses (Llorca et al.,
2020c), and it was identified in 77.8% of the samples of the
first sampling campaign that was carried out in the summer.
Furthermore, a similar situation was described for polysiloxanes
in the Ebro River Delta on the east coast of Spain (Western
Mediterranean Region) (Llorca et al., 2020c). In contrast, the
continuous runoff from mulching, low tunnel or greenhouse
films used in agricultural lands (mainly composed by PE; Loisi
et al., 2017), fishing activities (harbor ropes, fishing nets made
of PP and PE), and PA from fishing nets and wastewater
textile fibers can influence the concentrations of these polymers
throughout the year.

The central area of this lagoon (sampling points 3, 6, and
7), presented a wide variety of polymers in summer and is
the most contaminated site of the northern part of the lagoon,

probably as consequence of the influence of urban nuclei and
El Albujón watercourse which covers the drainage of 83.4%
of water-courses from land-use runoff and human activities
including urbanization, tourism and fishing (Bayo et al., 2020).

The southern part of the lagoon presented the most
contaminated sites and a large number of polymers in summer,
in particular sites 7, 8, and 9 corresponding to Los Urritias,
Los Nietos, and Isla del Baron, respectively. These results agree
with previous works carried out in the same area in which the
occurrence of larger-sized MPLs (León et al., 2018, 2019; de
Haan et al., 2019; Bayo et al., 2020) was explored. For example,
a previous study carried out by Bayo et al. (2020) investigating
the presence of MPLs in the sand of natural and urban beaches of
the lagoon, Los Urrutias and Los Narejos (near to the sampling
point 3, Los Alcázares, in the present study) were the more
contaminated sites, which is in agreement with our findings (see
Figure 2 and Table 2). PE and PP were also identified in the sand
of natural and urban beaches (Bayo et al., 2019, 2020), or in waters
from the same lagoon. In these works, the presence of the same
polymers was confirmed showing PE (up to 37%) and PP (up to
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FIGURE 3 | Number of compounds tentatively identified in both sampling periods of this study, distributed in families.

the first sampling period (summer), while 2-EHA, azelaic acid,
indene and tripropylene glycol have been the most ubiquitous
during the second sampling period (winter). The high ubiquity
of 2-EHA could be explained because this compound and also
butyl acrylate are the major base monomers for the preparation
of acrylate adhesives, or are used in the copolymerization of vinyl
acetate, methyl acrylate, and styrene to modify the properties of
the resulting polymers. On the other hand, the presence of azelaic
acid could be linked to the decomposition of nylon since this is
one of the main monomers that are used during the synthesis of
Nylon 6/9, which can be present in woven fabric and some fishing
devices, among others. In the case of indene, this compound is
used during the production of thermoplastic resins.

Other Compounds
Other compounds that were detected in this fraction of the
samples are those that are potentially adsorbed onto plastic
particles and the natural suspended material. These compounds

were identified at confidence level 2 and most of them
are medium to low polarity compounds, which tend to be
accumulated from the surrounding waters onto the surfaces
of buoyant plastic particles. The main groups of identified
compounds were pharmaceuticals, PCPs and pesticides as
can be seen in Supplementary Table 2 of the Supporting
Information section. These results agree with previously reported
studies of the same area (Moreno-González et al., 2014, 2015;
Jiménez-Martínez et al., 2016; León et al., 2017), in which the
same groups and contaminants were found. Moreover, León et al.
(2018) confirmed the presence of some of the same group of
contaminants adsorbed onto plastic debris sampled in beaches
from the Mar Menor lagoon (León et al., 2018) as a consequence
of their accumulation from air (Carratalá et al., 2017), freshwater,
soil, etc. In Figure 3, the main results of the tentatively identified
contaminants, grouped by families, are presented. As can be seen,
a similar number of compounds were identified during both
sampling campaigns, but only slightly higher in winter, probably
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and also in other regions (Cincinelli et al., 2017; Li et al.,
2020; Ramírez-Álvarez et al., 2020). However, PE is the dominant
compound in most of these studies, while the polymer found
at much higher concentrations in the present work was
PP. A possible explanation for this difference is the size of
particles studied here (nm-20 μm), and the fact of high-density
polyethylene is the dominant PE use in the applications in this
area, being the buoyancy of PE particles lower than for PP, and
this is shown especially notorious in the top 5 cm of the surface
water in this hypersaline lagoon.

The suspect screening approach that was used here
allowed identify the polymers that were solubilized
in toluene and other related polymers which are
inorganic (siloxanes) or others that are not considered
to be plastics in the strict sense, but are a hybrid
between synthetic plastic polymer and synthetic rubbers
(Jubilant Performance Materials, 2020).

The detection of MNPLs in these samples is of special interest
due to their small size but also because they can be another source
of pollutants through the release of additives and plasticizers
(Llorca et al., 2020b). In addition, MNPLs can accumulate
organic and inorganic contaminants as well as pathogens from
the environment (air, water or particulate matter), being an
important vector for transport of those co-contaminants to
aquatic organisms (Rios et al., 2007; Ashton et al., 2010; Cole
et al., 2011; Llorca et al., 2014; Pittura et al., 2018). Due to their
small size, similar to plankton, benthic protozoa and bacteria,
MNPLs can enter into marine food web by their ingestion by
aquatic organisms (Wright et al., 2013; Cole et al., 2014; Pittura
et al., 2018; Llorca et al., 2020b). Therefore, it is necessary to
consider the analysis of other integrative matrices (biota and/or
sediments) and to evaluate the high spatial and temporary
variability of concentrations.

Tentative Identification of Plastic

Additives in Mar Menor Lagoon
According to the previously described process, the first screening
step consisted of peak-picking, RT alignment and grouping of
compounds, isotopes and adducts along with the samples. Signals
below 1,000,000 were considered to be background and were
discarded. The first list of suspected compounds with an error
mass below 2 ppm was then filtered and compared with the
ChemSpider and mzCloud databases, and 94,365 substances
were included in this filtering. The next filtering steps, by
limiting peak area (>750,000,000), generated a list of 11,673
potential compounds. This list was subsequently reduced, while
considering the chromatographic peak factor resolution > 0.75.
This process selected 3,876 candidates. Then, each compound
was evaluated, and the final list included 135 chemicals among all
of the samples. Of this list of chemical compounds, 43 were plastic
additives and 31 more compounds are used in the production
of polymers or are monomers coming from the decomposition
of plastics. Other chemical compounds have diverse origins and
were probably adsorbed to the outside of these particles and
the particulate matter and are discussed in the next section (see
Supplementary Tables 1, 2).

Themajor group of plastic additives detected (Supplementary
Table 1) were plasticizers corresponding to the 56% of identified
additives (level 2), and they were also the most frequently
detected in the samples. Among them, seven different phthalates
(dibutyl phthalate, diethyl phthalate, dimethyl phthalate, dioctyl
phthalate (DNOP), dipropyl phthalate, mono (2-ethylhexyl)
phthalate (MEHP), and monobutyl phthalate) were identified.
This group was the most frequently detected in the samples
in both sampling campaigns in 90 and 100% of the sampled
sites in winter and summer, respectively. A recent study
also evidenced the relevance of this group of contaminants
because the occurrence of phthalates was confirmed in
seawater from Mar Menor lagoon for 11–17% of samples,
showing maximum concentrations of 560 and 1,270 ng/l in
spring and autumn, respectively (Concha-Graña et al., 2021).
Other examples of plasticizers detected in the samples were
N-butylbenzenesulfonamide, tributyl citrate acetate (ATBC),
the polyvinyl acetate, dimethyl sebacate (DMS), and the
diethyl sebacate (DES), and these last two are very much used
in thermoplastics as polyurethanes, and they are also used
as UV stabilizers.

The second group of plastic additives identified were
stabilizers that are used as antioxidants, such as distearyl
3, 3’-thiodipropionate, 2, 5-di-tert-butylhydroquinone and
IRGANOX 3114, and the UV-filters such as the group of
benzotriazoles and malonic acid used as UV filter, antioxidant,
and corrosion inhibitor. Another relevant group of plastic
additives present in the samples were flame retardants as dibutyl
phosphate, diethylethyl phosphonate, triethylphosphonoacetate,
and triethylphospate although this last example also has an
application as plasticizer. Finally, other additives used, for
example, for viscosity control, such as palmitamide were also
found in some samples. Some of these plastic additives were
previously found in the desorbed fraction to seawater (24 h)
from plastic debris sampled in several Mar Menor beaches, being
particularly relevant for tributyl acetyl citrate, tris-2chloropropyl
phosphate and the UV filters (ethylhexhyl salicylate and
benzophenone) (León et al., 2018).

Sites 3, 4, 5, 6, and 7 were those showing higher pollution of
plastic additives in summer while 4, 5, 6, and 7 were those with
the most compounds in winter, probably due to the influence
of El Albujón watercourse discharges (groundwater, agriculture
water irrigation excess, treated urban wastewaters, etc.). In the
case of site 3, Los Alcázares is an urban area with important
touristic activity and, as aforementioned, the higher level of
contamination during summer can be attributed to the increase
in population during the warmer period. Furthermore, it was one
of the most contaminated sites with MPLs/NPLs (Figure 1). In
the case of sampling point 4, Canal del Estacio, the contamination
is related to harbor activities such as fishing, aquatic sports, and
boat preservation materials. This point did not present a large
variety of polymers but rather higher concentrations of PE in
both sampling campaigns and PP during the winter.

In the case of monomers or other related compounds
that are used during the synthesis of polymers, 2-ethylhexyl
acrylate (2-EHA), indene, 10-hydroxy-2-decenoic acid and
dibutyl sebacate have been the most detected examples during
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not have a clear interpretation but is related to some phthalates
(benzyl butyl phthalate, dibutyl phthalate, diethyl phthalate) and
tributyl citrate acetate plastic additives; 2-ethylhexanoic acid,
azelaic acid, and N-methylpyrrolidone compounds are related
to the synthesis of polymers; benzaldehyde is used as PCPs
and pesticide; N-isopropylacrylamide and valpromide are from
pharmaceutical use.

CONCLUSION

This work reports on the presence of micro(nano)plastics
in the top 5 cm of seawater from the Mar Menor lagoon
through suspect-screening analysis. The methodology, based on
a previously published work (Llorca et al., 2020c), consisted of
USAE followed by SEC-(–/+)APPI-HRMS for the analysis of
polymers and allowed the characterization of toluene soluble
polymers, and LC-APPI-HRMS for the tentative identification
of plastic additives and other contaminants that are potentially
adsorbed to the surfaces of plastic particles.

The results confirmed the presence of nine polymers including
PS, PE, PI, PBD, PP, PA, PVC, PNIPAm, and polysiloxanes.
The more frequently detected polymers were PP, PE, PA, and
PNIPAm, while the compound found at higher concentrations
was PP probably due its lower density than other polymers.
The presence of these plastic particles, in particular those in the
nano-sized particle range, induces not only an environmental
problem itself due to their low degradability but also the potential
impact on biota that can bioaccumulate micro(nano)plastics in
their organism and their potential transfer to the food webs.
In this sense it is necessary to consider that additional studies
are required for the determination of MPLs and NPLs using
integrative matrices (biota and/or sediments) because water
samples analysis only offer a snapshot for these contaminants
occurrence with a high spatial and temporary variability
of concentrations.

On the other hand, 74 of organic contaminants detected in
these samples were plastic additives and compounds which are
used in the manufacture of polymers or are coming from the
decomposition of polymers, being plasticizers, the wider group of
tentatively identified compounds. Finally, other pharmaceuticals,
pesticides, food additives and flavors, and natural products

were also identified in the samples. We hypothesize that these
compounds are coming from the accumulation of surrounding
waters their contribution to bioaccumulation as Trojan horse
effect should be considered.
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FIGURE 4 | Score plot of PCA with scaled data, representing samples in F1 and F2 axes. Samples corresponding to 1st period (summer) of the study are presented

in blue while the samples corresponding to the 2nd campaign (winter) are in green. The two ellipses were generated automatically thus highlighting an area with a

98% probability of containing samples of the same type.

due to the slower sun degradation of some compounds during
the winter season.

The main groups of compounds were those that were
included in PCPs such as ethylhexyl ethylhexanoate which is
used as a UV filter in sunscreens, as lauramide that is used
in liquid shampoos, bubble bath preparations, dishwashing
products and light-duty liquid detergents as a foam stabilizer, and
organic acids such as myristic and steric which are very much
used and incorporated into formulations such as lubricants,
emollients, and emulsifiers. Another group of frequently detected
compounds were pharmaceuticals, among which the most
detected compounds were 1-hydroxy-4-methoxybenzene which
is used in the treatment of solar lentigines and related
hyperpigmented lesions resulting from chronic sun exposure;
aceclidine which is used for glaucoma disease, and valpromide
which is a carboxamide derivative of valproic acid that is used in
the treatment of epilepsy and some affective disorders.

Another relevant group of compounds that is found attached
to plastic particulates < 20 μm were food additives. Sixteen
compounds were identified at level 2, being the flavoring agent
2-methylpropyl-3-o1obutanoate (isobutyl acetoacetate) which is
the most frequently found in 100% of the samples in both
sampling periods. Other food frequently found additives were
pyruvic and hexanoic acids.

With regards to the geographical distribution, a higher
number of compounds were found in the southern part of
the lagoon (from 4 to 9) in both sampling periods. Sampling
points 4 and 5, corresponding to Canal del Estacio and La
Manga, respectively, are highly impacted by summer harbor

activities and tourism, respectively, and this is reflected in
the total chemical contamination in both sampling periods
but particularly during summer. Sampling point 5 has been
previously confirmed as depositional area subject to the
influence el El Albujón watercourse discharges, particularly
during flash flood events, showing higher concentrations for
some contaminants in sediments than other surrounding
points (Moreno-González and León, 2017).

Multivariate Analysis by PCA
To elucidate any trend among sampling sites and/or campaigns,
PCA modeling has been performed. The first two principal
components, F1 and F2, explain 29.64% of the data variance, thus
indicating the high dimensionality and complexity of the data.
Focusing on F1 and F2, the former is related to season changes
among samples as observations that are effectively clustered
in two separated groups (see Figure 4) with just 16.12% of
total explained variance. F1 is mainly correlated to the variables
1,3-benzenediol, 2,6-Di-tert-butyl-4-methoxyphenol, 3-(3,5-di-
tert-butyl-4-hydroxyphenyl) propanoic acid, 4-Tert-butylphenol,
dipropyl phthalate and tetrahydrofurfuryl acrylate, all of
them being plastic additives; 10-hydroxy-2-decenoic acid,
2-EHA and EDOT are products related to the synthesis of
polymers that have been released to the media because of
the weathering effects on bigger plastics; vanillin and non-
ivamide can be used as food additive, flavoring agent, PCPs
or pharmaceuticals; 1-benzosuberone and 2-(3H)-furanone are
both from pharmaceutical usage; and 2-isobutoxynaphthalene is
used as a food additive and flavoring agent. The latter, F2, does
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Tables S1, S2, S3, S4, S5
Figures S1, S2, S3, S4
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Polymer Acronym 
Epoxy resins EP 
Ethyl cellulose EC 
Polyacrylamide PAM 
Polyamides PA 
Polybutadiene PBD 
Polyethylene PE 
Polyethylene terephthalate PET 
Polyisoprene PI 
Polypropylene PP 
Polydimethyl siloxanes PMDS 
Polystyrene PS 

 

Table S1 Extractable polymers classes in hot toluene (60 ºC) by ultrasonic-assist-
ed extraction for 30 min.
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Table S5 Atmospheric dry deposition fluxes (FDD) of MNPLs-polymers expressed 
as ng·m-2·d-1.

Sample PE PP PS PBD PI 

R1934 0 0 0 0 3,345 

R1933 0 0 0 0 13,412 

R1930 0 501 0 0 0 

R1923 386 0 0 0 0 

R1929 149 0 0 0 0 

R1901 0 0 0 0 0 

R1911 0 0 0 0 0 

R1902 0 0 0 0 0 

R1903 0 0 0 0 0 

R1904 0 0 0 0 0 

R1905 0 0 0 0 0 

R1906 0 0 0 0 0 

R1907 0 0 0 0 0 

R1908 0 0 0 0 3,411 

R1910 0 0 4 0 0 

R1909 0 0 0 0 0 

R1912 0 0 0 0 0 

R1928 833 0 0 0 0 

R1927 267 0 0 0 0 

R1926 0 0 0 0 2,035 
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Figure S2 MNPLs-polymer concentrations in the sea-spray aerosol estimated 
from sodium concentration in PM10 samples and expressed in log10-base.

(log10-based)

Map generated by ArcGIS software from Esri Corp. (Redlands, CA, United States).
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Introduction 

We are entering in a new dimension of the Anthropocene age affecting Earth and its vital 

biogeochemical cycles in unprecedented ways. In 2020, Elhacham, E. et al. estimated that 

the planet had passed a crossover point where anthropogenically-produced mass, 

including plastics, had surpassed all global living biomass with annual fluxes released to 

the environment estimated at millions of tons1.  

Once in the environment, primary plastics debris, those incidentally released from their 

intended use (e.g. paint coatings, clothing, personal care products, air blasting, etc.), 

undergo different physical (e.g. fractionation, abrasion or erosion), bio (e.g. interactions 

with microorganisms communities2) and chemical (e.g. solar light-ultraviolet irradiation) 

degradation mechanisms breaking them down into secondary plastic debris, becoming 

thus, in smaller plastic particles of random sizes and shapes called microplastics (MPLs, 

1 μm - 5 mm) and nanoplastics (NPLs, 1 nm - 1 μm)3 being able to interact more 

efficiently with the marine biogeochemical cycles once they achieve the micro- and 

nanoscales4 and to reach remote regions such as Southern and Arctic oceans due to their 

interactions with adjacent abiotic compartments, including fluxes from the atmosphere 

and hydrosphere5, 6. 

NPLs may present unique characteristics that distinguish them from MPLs at small sizes7. 

For example, they are governed by Brownian motion or colloidal nature over buoyancy 

and sedimentation processes, the particle size is comparable according other 

environmental macromolecules present in same compartments (natural organic matter, 

iron oxides, clay and/or anthropogenic material) favouring hetero-aggregation, whereas 

it is small in relation to the size of microorganisms. 

From the various ecosystems where MNPLs are formed and accumulated, oceanic 

systems present all the natural features and thermodynamic conditions to catalise their 

presence. The imperative to address the presence of MNPLs between 1 nm and 10 μm in 

the oceanic systems stems from a growing recognition of their pervasive impact on marine 

ecosystems and human health. Their small size allows them to be incorporated (bio-

uptake, translocation, and transport mechanisms across biological membranes) by a wide 

range of organisms, from plankton to apex predators, leading to bioaccumulation and 

biomagnification along the food chain8, 9, 10. Furthermore, MNPLs have the potential to 

adsorb and transport harmful chemicals, such as persistent organic pollutants and heavy 

2 
 

Abstract 

Recent attention and investigation into plastic pollution have spurred the scientific 

community to focus on understanding the distribution of micro- and nanoplastics 

(MNPLs) in the environment. While existing methodologies usually prioritise qualitative 

characterisation, there is a pressing need for the developing and harmonisation of 

quantitative approaches. Here, we present two mass-quantitative analytical 

methodologies employing liquid and pyrolysis-gas chromatography coupled with mass 

spectrometry. These methodologies have enabled the identification and quantification of 

polymer mass concentrations from MNPLs across various marine surface water 

compartments in the Atlantic and Southern oceans. Through these approaches, we have 

achieved a groundbreaking examination of the true ubiquity and impact of MNPLs along 

a significant transect of the Earth's oceans, bypassing the need for spectroscopic and 

nanometric techniques primarily suited for particle characterisation.  

Chapter 4



236

Occurrence of micro(nano)plastics in aquatic and atmospheric ecosystems

237

5 
 

Thus, some studies have already been launched assessing plastic pollution in marine 

surface water compartments from North19 and South20 Atlantic, Pacific21, Artic6 oceans 

or in the Antarctica22, 23, but only by means of particle characterisation until its 

identification or providing qualitative extrapolations for quantitative purposes based on 

particle-counting approaches expressed normally in items·m-3 which does not allow to 

estimate the real abundance of plastic pollution in our oceans and remote regions by 

accurately mass concentrations. 

In this sense, in this study, our main objectives were to identify and quantify polymers of 

MNPLs in marine surface waters, encompassing the sea surface microlayer (SML) and 

the underlying water at a depth of 5 meters (ULW), as well as in marine organisms 

collected across a broad transect from the North Atlantic ocean to the Bellingshausen sea 

(Antarctica). We employed two validated mass-quantitative approaches based on 

LC(SEC)-HRMS and Py-GC-MS. Additionally, we aimed to evaluate the fate and 

behaviour of MNPLs in oceanic water-air interactions by assessing plastic pollution 

across various environmental compartments analysed in this study, building upon our 

previous findings reported in Caracci et al.24, where the same quantitative analytical 

techniques were utilised to investigate plastic contamination in the marine atmosphere 

boundary layer. 

 

Results 

Presence of MNPLs-polymers in marine waters from Atlantic and Southern oceans 

Thirty seven marine sampling stations were established covering approximately 15,000 

Km from the North Atlantic ocean (Vigo, Spain) to the Southern Antarctic peninsula in 

order to assess MNPLs-polymer pollution in marine surface waters including the SML 

and ULW at 5 m depth.  

Polyethylene (PE), polypropylene (PP), polystyrene (PS), polyisoprene (PI), 

polybutadiene (PBD), and polyehtylene terephthalate (PET) were the polymers targeted 

as they are the most commonly reported in marine waters25, 26. At least one of them was 

identified at the 89 and 57 % in SML and ULW samples, respectively. This difference 

might be attributed due to the different amounts of seawater filtered in each type of 

sampling and also because of sea surface microlayer is an ubiquitous and gelatinous 

4 
 

metals, exacerbating their toxic effects11, 12, 13. Given the interconnectedness of oceanic 

systems and the crucial role of these ecosystems in regulating global climate and 

supporting biodiversity, addressing the presence of MNPLs in the oceans is paramount. 

Focusing on the Atlantic and Southern oceans is particularly significant due to their 

unique oceanographic and ecological characteristics. These oceans are vast and relatively 

less explored compared to other marine regions, making them potential hotspots for 

MNPLs accumulation and distribution. Additionally, the Atlantic and Southern oceans 

serve as major transport pathways for ocean currents, which can facilitate the dispersal of 

MNPLs over long distances and into remote marine environments. Understanding 

MNPLs dynamics in these regions is therefore crucial for comprehensively assessing their 

global distribution and impact on marine ecosystems. 

Mitigating this threat in marine systems requires a comprehensive understanding of 

MNPLs distribution, sources, and impacts, as well as concerted international efforts to 

reduce plastic pollution at its source and develop effective mitigation strategies. 

Analytical methods are essential for accurately quantifying MNPLs concentrations in the 

oceans, providing crucial data to assess the extent of contamination and guide effective 

mitigation efforts. These methodologies enable scientists to understand MNPLs 

distribution patterns, identify potential sources, and evaluate the associated 

environmental and health risks, thus informing targeted interventions to safeguard marine 

ecosystems and human well-being. 

Up until now, various analytical techniques have been established able to identify and 

characterise polymers of MNPLs in different environmental and biota matrices, but 

despite this there is still a lack of harmonised mass-quantitative approaches14, 15. The main 

methodologies developed are based on UV-Vis spectrophotometry, optical microscopy, 

fourier transform infrared, and raman or fluorescence spectroscopy in case of MPLs. 

Whereas for NPLs, techniques such as dynamic light scattering (DLS), scanning electron 

microscopy with energy dispersive X-ray spectroscopy (SEM-EDS), X-ray photoelectron 

spectroscopy (XPS), flow cytometry, inductively coupled plasma mass spectrometry 

(ICP-MS)16 or asymmetric-flow field flow fractionation (AF4)17 have been already 

successfuly employed. Mass-quantitative analytical strategies based on pyrolysis-gas 

chromatography coupled with mass spectrometry (Py-GC-MS) have been recently 

developed, but it is still in its infancy needing further examining and consensus between 

the scientific community18. 
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surface drifter velocities are faster than in subtropical gyres ( 0.3 m·s-1) discouraging 

MNPLs accumulation in accordance with our results where MNPLs-polymers were not 

also found at quantifiable concentrations (Eq-AtOc-SS 12, S-AtOc-SS 13 and 14). 

In the Southern ocean, Ant-SS 1, 2, 11, 12, and 13 ULW samples were collected near 

South Shetland Islands, where specifically for Ant-SS 1 (Livingston Is.) and 12 (near 

Deception Is.) presented MNPLs-polymers contamination at 1 and 3 μg PE·L-1, 

respectively. Furthermore, Ant-SS-5 sample taken near Adelaide Is. after pass the 

antarctic polar circle (66°34’S) showed the highest MNPLs-polymers pollution reaching 

a concentration of 7 μg·L-1. In this context, the MNPLs worldwide ubiquity is confirmed, 

being able to reach Antarctica mainly by air masses and winds from long-range 

atmospheric transport processes (LRAT)31 or through the marine water body crossing the 

Antarctic circumpolar currents that surround the Antarctic continent within an annulus of 

cold water which does not act as a barrier for the anthropogenic matter released into the 

environment as previously thought, and it is today almost the only means of exchange of 

water between the major oceans and this apparently pristine area32, 33. Furthermore, an 

important contribution to MNPLs pollution is likely to come from local human activities 

carried out such as tourism, fisheries, and research, putting special enphasis in South 

Shetland islands and Antarctic peninsula region where human presence is more 

pronounced than in other Antarctic areas34. 

Overall, PE, PP, and PS were the most frequently detected MNPLs-polymers in both 

marine surface water compartments assessed in this study (SML and ULW at a depth of 

5 meters) during the 15,000 Km oceanic transect covered, whereas PE was the polymer 

found at highest concentrations. 

Impact of MNPLs in marine biota 

In ten from thirty seven sampling stations, some aquatic living organisms including algae 

(Sargassum or Durvillaea), jellyfish (Physalia), fish (Cheilopogon), and planktonic 

species such as antarctic krill (Euphausia) were fished by a Manta Trawl sampler and the 

accumulation of the above mentioned targeted MNPLs-polymers was evaluated. In Table 

3, the MNPLs levels found in the different marine biota captured are shown. 

Concentrations ranged between 1-27 μg·g-1, where the highest concentration was found 

in S-AtOc-SS 18 for Cheilopogon melanurus (1 μg PI·g-1, and 26 μg PE·g-1). For filter 

feeders such as Physalia physalis, MNPLs were found from 3 to 18 μg·g-1, while in case 
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enriched organic matter biofilm up to 1 mm thickness more suitable for the rentention of 

organic compounds made of complex structures of polysaccharides, proteins, lipids, and 

a large variety of microorganisms that plays a key role in photo- and biochemical 

processes, as well as controlling atmosphere-ocean exchanges of bio-, geo- and 

anthropogenic particles27. In Table 1, the polymers from MNPLs unequivocally 

identified in SML marine compartment are shown. 

In the other hand, in Table 2, the polymer mass-concentrations found in the ULW marine 

compartment across the North and South Atlantic ocean as well as the Bellingshausen sea 

are summarised, while in Figure 1, the spatial distribution of the plastic pollution found 

is represented together with the driven major oceanic surface currents. Concentrations 

above limits of quantification (LoQ) were found in 19 % of samples assessed. In addition, 

in Figure S1, the individual contribution of each targeted MNPLs-polymers for the 

oceanic transect covered are shown. 

Thereby, MNPLs pollution was ranged from 1-8 μg·L-1, while highest concentrations 

belonged to PE and PP, reaching 8 and 6 μg·L-1 at 18° and 10° N, respectively. 

Specifically for PET, it should be noted that any concentration was reported during both 

expeditions in ULW samples even at levels lower than the limit of quantification.  

According to a study led by Dorin Stanica-Ezeanu & Danuta Matei28, the natural 

depolymerisation of wasted PET in marine environments is prone owing to the ubiquitous 

presence of metallic ions (Na+, Mg2+, Ca2+,K+), carbonic salts like NaHCO3 and KHCO3, 

as well as NaCl and CaCl2 that can destabilise the ester bonds in the polymeric chains and 

catalyse the conversion of PET in sodium terephthalate, terephthalic acid, and ethylene 

glycol that are soluble in seawater.  

Regarding the spatial distribution in the oceanic transect covered, MNPLs were detected 

and found at quantifiable concentrations mainly in nearby areas to the North Atlantic 

ocean subtropical gyre at 30° latitude (Figure S1), where absolute surface drifter 

velocities are slow (  0.05 m·s-1) and the temporal accumulation of MNPLs is prone 

according to Van Sebille, E.29 et al. and Law, K. L. et al.30. Meanwhile, although 

considerable plastic pollution levels by MNPLs were expected in the oceanic transect 

assessed nearby to the South American coasts due to their relatively proximity to 

anthropogenic activities, no quantifiable concentrations were found. Nevertheless, 

MNPLs pollution was found in the 58 % of the samples evaluated regarding this transect 

below the LoQs (S-AtOc sampling stations).  In convergence zones (between 0-10°S), 
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which are neither stationary and static in space and time. Thereby, these kinds of physical 

processes governed mainly by surface winds, are in constant change of shape and moving 

over time, favouring thus, that the bio-, geogenic materials, and contaminants 

accumulated (including MNPLs) are not trapped indefinitely and allowing them to reach 

pristine and remote regions from their origin sources which were released initially. 

Vertical and mixing processes by turbulence or orbital motion are also present where 

properties like buoyancy and dynamic pressure are relevant a priori, promoting hetero-

aggregation or degradation mechanisms and causing changes in the MNPLs 

environmental fate and behaviour that might promote its suspension as colloids in 

underlying marine water compartments once they have reached nanoscale or estabilised 

by interactions with other bio- or anthropogenic material as well as sediment, clay or 

living organisms from same ecosystems. 

Specifically in polar regions, MNPLs can take part in the cycle of formation and melting 

of the sea ice where freezing ice captures and entrains plastic particles by scavenging 

processes that migh concentrate plastic particles 1-2 orders of magnitude than in ambient 

water columns. Freezing ice capture can be carried out in marine surface as well as several 

meters depth through wave-induced turbulence, while melting of sea ice always takes 

place at the atmosphere-marine interface41. 

Moreover, MNPLs can be easily accessible by a broad range of biota, specially in a first 

instance by planktonic species, because of their small sizes and widespread occurrence. 

That agrees with our results reported particularly for PET (Table 3), where it was not 

detected  in the ULW surface water body as expected due to its higher density ( 1.38 

g·mL-1) than seawater (  1-1.04 g·mL-1), whereas captured jellyfish (N-AtOc-SS 7, 9 

μg·g-1) and krill (Ant-SS 2, 21 μg·g-1) presented quantifable concentrations.  

Thus, aquatic biota have a key role in the MNPLs oceanic vertical transport, beign able 

to accumulate (concentrate) and break the uptaken MNPLs down into smaller plastic 

particles through biting-grinding to be finally released again into the marine ecosystem. 

A recent exposure experiment from E. Bergami et al.42 has proven that Antarctic krill is 

able to uptake MPLs and break them down into NPLs by digestive fragmentation. 

Moreover, this endemic invertebrate is concentrated in areas of rich primary production 

and plays a key role in Antarctic ecosystems providing high-energy transfer between 

primary producers and many higher predators (e.g. penguins, whales, etc.) from pelagic 

to benthic compartments and being also fundamental for biogeochemical processes that 
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of Antarctic krill were between 4-21 μg·g-1. Specifically, for Sargassum algae captured 

in N-AtOc-SS 9 through a Langmuir circulation, 2 μg PE·g-1 was found. 

As for the marine water compartments assessed, PE was also the polymer found at highest 

concentrations in the aquatic living organisms, while PP, PS, PI, and PET were also 

detected at quantifiable concentrations. Some evidences regarding the accumulation of 

MNPLs in aquatic organisms have been already published, such as in salps (Salpa 

thompsoni), krill35, 36, and predators such as penguins37, but usually through qualitative 

extrapolations based on microscopic and spectroscopic approaches. 

 

Discussion  

The plastic pollution reported in this study (1-8 μg·L-1) across the oceanic transect 

assessed were lower compared to our previous studies reported in the Ebro Delta38 and 

Mar Menor lagoon 39, respectively. Both Spanish Mediterranean estuarine areas presented 

MNPLs-polymers concentrations which reached the 7 and 9,000 μg·L-1, respectively, 

confirming that MNPLs abundances found in riverine and coastal areas tend to be higher 

than in oceanic environments due to these regions are usually located near populated 

zones with high levels of anthropogenic matter accompanied by elevated deposition rates 

and long water-retention times. These findings also point out the importance to include 

rivers, lakes, and reservoirs regarding plastic pollution in the global context of pollution 

management and for the continued provision of lake ecosystem services and not only 

marine environments as is mentioned in a recent study led by Nava, V. et al.40. 

Furthermore, in this study we have assessed simultaneously the occurrence of plastic 

polymers from different size ranges: 0.7-20 μm, MNPLs that may be governed by 

advection and diffusion processes across the marine water body; and 335-1,000 μm, 

MPLs led by advection processes in the marine surface compartments. In this context, 

our findings also support a better understanding about the physics and dynamics of 

MNPLs in our oceans, being the horitzontal (advection) and vertical (diffusion) large-

scale open ocean processes the most efficient ways of MNPLs to be transported over large 

distances29. 

Paying attention to the horitzontal large-scale open ocean processes, it can distinguish 

between surface divergence (subtropical gyres) and convergence zones in marine waters 
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contribute to impact the Earth’s biogeochemical cycles under a global climate change 

scenario. 

 

Methods 

Sampling 

Two expeditions were performed on board the Spanish research vessels ‘Sarmiento de 

Gamboa’ and ‘Hespérides’ from Vigo (Spain, 15th December 2020) to Punta Arenas 

(Chile, 14th January 2021) and from Ushuaia (Argentina, 18th January 2022) to Punta 

Arenas (7th February 2022) respectively, covering the North and South Atlantic ocean 

and the Bellingshausen sea (Southern ocean). In Table S1 and S2, the location of the 

different sampling stations where marine water samplings were carried out as well as the 

raw data obtained by meteorological stations from both vessels are shown. 

First marine sampling consisted to take 10 L from underlying seawater at 5 m depth 

(ULW) throught a SBE911 plus Conductivity-Temperature-Depth sensor (CTD) -

poly(vynil) chloride (PVC) niskins rosette sampler supplied by Sea-Bird Scientific Inc. 

(Seattle, WA, United States). Water volumes collected in every sampling station are also 

shown in Tables S1-S2. A second sampling was performed, where marine water surface 

including sea-surface microlayer (SML) was filtered employing a Manta Trawl sampler 

purchased from Oceomic, Marine Bio and Technology S.L. (Las Palmas, Spain) with a 

net opening of  60 x 16 cm, a mesh size of 335 μm and 360 cm long equipped with a 

mechanical flowmeter and collector bag attached to the end of the net by a PVC sleeve. 

During the sampling, Manta Traw was attached in the vessels at 1-4 knots depending 

daily weather conditions. Samplings performed by Manta Trawl are shown in Table S3, 

as well as the corresponding water volume filtered and biota captured. 

Sample pre-treatment 

ULW samples were filtered using Whatman® glass fiber filters (GF/F) 700 nm ø 47 mm 

previously dried at 60 °C for 4 h and tared. Once filtered, they were kept at -20 °C in glass 

petri dishes until arrived to IDAEA-CSIC and U. Laval facilities.  

In IDAEA-CSIC, filters were extracted by an ultrasonic-assisted extraction (UAE) using 

10 mL toluene for 10 min. The extract was transferred to a 50 mL glass vial and each 
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include nutrient recycling or carbon sequestration43. In other studies, biomagnification 

across the trophic chain have been also highlighted as a pathway for the MNPLs oceanic 

vertical transport, where scat samples analysed from 3 different Antarctic penguins 

(Adélie, Chinstrap, and Gentoo) presented MNPLs where krill (4-21 μg·g-1, Table 3) 

contributed at 85, 54, and 66 % of their diet, respectively37. 

In the other hand, until now, the oceanic MNPLs air-water mass exchanges have been 

poorly studied althought they have a crucial role in the entry of this kind of contaminants 

in the marine water column and the atmosphere boundary layer simultaneously through 

the sea-spray aerosols44. In our previous work24, we assessed the airborne MNPLs 

polymeric composition in PM10 from the marine atmosphere boundary layer at 10 m 

above sea level as well as in the sea-spray aerosol covering the oceanic transect shown in 

this study (Figure 1A). The highest airborne MNPLs levels were also found in areas 

nearby to the North Atlantic ocean subtropical gyre as in case of the surface ULW, which 

both environmental compartments contribute to a MNPLs enrichment of the sea-spray 

aerosol by re-suspension and deposition processes. Thereby, the mass exchange of 

MNPLs-polymers between the marine surface water and the marine low atmosphere from 

an oceanic transect that covers the North and South Atlantic ocean has been assessed for 

first time through quantitative measurements. 

Overall, findings suggest that optical, spectroscopic, and related techniques widely 

employed for a suitable MNPLs particles characterisation are not able to estimate the real 

abundaces of MNPLs-polymers due to the micro-, and specially the nanofraction are sub-

estimated. Thus, the limits of detection (LoDs) and quantification (LoQs) provided by 

these kinds of techniques are usually limited due to their worst sensitivity achieved in 

relation to chromatographic and mass spectrometry techniques. In this context, large 

amounts of seawater are normally necessary (100-1,000 L), while in this study, through 

chromatographic and mass spectrometry techniques,  10 L was enough to obtain 

polymers of MNPLs at quantifiable concentrations. However, the need of new sampling 

strategies are also necessary to collect more representatitve data regarding MNPLs 

pollution in our oceans. The development of automated and in-situ oceanographic 

samplers during this next decade will be crucial, paying attention to microfluidic devices 

and mass spectrometers able to provide measurements in continuous, enhancing thus, the 

current environmental assessment and monitoring tools which are able to estimate the 

antrophogenic fingerprint at worldwide-scale and elucidate its key mechanisms that 
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A quantitative analytical methodology based on size exclusion liquid chromatography 

coupled to high resolution mass spectrometry (LC(SEC)-HRMS) was carried out. 

Chromatographic separation was performed using an Acquity LC instrument provided by 

Waters (Milford, MA, United States) and an advanced polymer chromatography column 

for 5 min in isocratic conditions, a flow rate of 0.5 mL·min-1 and establishing 10 μL as 

sample injection volume. To avoid toluene evaporation during LC-HRMS analysis, auto 

sampler was kept at 10 °C, while column worked at 30 °C. The chromatographic system 

was coupled to a QExactive mass spectrometer from Thermo Fisher Scientific (San José, 

CA, United States), employing an atmospheric pressure photoionisation source (APPI) 

operating in negative ionisation mode. For APPI source, optimal parameters were the 

following: sheath gas at 60 a.u., auxiliary gas at 20 a.u., capillary temperature at 400 °C 

and S-lens RF at 100 a.u. Data acquisition was performed using a full scan (FS) mode 

from 500 to 3,000 m/z and 17,500 FWHM. 

Raw data was processed by Xcalibur v4.2 (Thermo Fisher Scientific) software for the 

unequivocal identification and subsequent quantification in mass units. Briefly, the total 

ion chromatogram of each sample was interrogated ever 30 s observing the corresponding 

MS spectra simultaneously in intervals of 500 Da. Peaks that show homologous patterns 

in the MS spectra were considered as suspected polymer. Different peaks in the same 

pattern correspond to the same polymeric chain, differing in the main products formed by 

APPI ionisation source employed. The signal with the most intense relative abundance 

from the pattern was selected, and the area integrated subtracted when field blanks 

presented contamination (5th level of confidene). Then, polymeric patterns were identified 

using the intrinsic polymer repetitive mass losses between peaks in a same pattern 

according to its exact mass with a mass tolerance error below than 3 ppm. Common losses 

are: polyethylene (PE, [C2H4]n), 28.0313 Da; polypropylene (PP, [C3H6]n), 42.0470 Da; 

polyisoprene (PI, [C5H8]n), 68.0626 Da; polybutadiene (PBD, [C4H6]n), 54.0470 Da; 

polystyrene (PS, [C8H8]n), 104.0626 Da; and polyethylene terephthalate (PET, 

[C10H8O4]n ), 192.0423 Da (4th level). The subsequent filtration step was conducted 

through comparison with a library of home-made polymers (3rd level). Afterwards, the 

Kendrick mass defect (KMD) analysis was applied for the tentative identification (2nd 

level), while the unequivocal confirmation was only achieved from comparison with 

standards (1st level). An example regarding the target analysis procedure to identify 
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filter was extracted 3 times and the combined final extract was evaporated under nitrogen 

steam at 40 °C up to 1 mL. Concentrated extract was divided into 2 aliquots of 500 μL in 

LC vials. First one was reserved for PE, PP, PS, PI, and PBD polymers analysis, while 

the second for PET. Specifically, for PET analysis, final aliquot was evaporated up to 250 

μL and reconstituted 1:1 toluene:dichloromethane with 1 % trifluoroacetic acid. Final 

extracts were kept at -20 °C until LC(SEC)-HRMS instrumental analysis. 

In U. Laval, ULW samples were solubilised in 10 mL KOH 100 mM and heated at 60 °C 

during 2 h for the dissolution of MNPLs-polymers from organic matter. Extracts were 

subsequently centrifugated at 4,000 rpm for 5 min. Then, an aliquot of 1 mL from 

supernatant was mixed with 2 mL toluene, vortexed for 20 s and heated at 60 °C during 

10 min. Toluene-KOH 100 mM extracts were vortexed 20 s every 10 min for 6 times in 

order to ensure that polymers of MNPLs cross the aqueous phase to the organic phase. 

Final organic extracts were analysed by means of Py-GC-MS. 

In case of marine water surface samples including SML, they were also filtered using 

Whatman® glass fiber filters (GF/F) 700 nm ø 47 mm previously dried and tared. Once 

filtered, they were kept at -20 °C in glass petri dishes until arrived to IDAEA-CSIC 

laboratories. A double lixiviation process was performed employing 20 mL KOH 10 % 

(v/v) at 60 °C for 6 h and 20 mL HNO3 20 % (v/v) at room temperature for 0.5 h to 

remove organic and inorganic matter present in the sample collected, respectively. Then, 

a refloating process using 30 mL NaCl aqueous saturated solution was used during 24 h. 

Supernatants were filtered and subsequent extracted through the UAE protocol above 

mentioned. Final extracts were kept at -20 °C until Py-GC-HRMS analysis.  

Moreover, different biota such as jellyfish (Physalia), algae (Sargassum, Durvillaea), fish 

(Cheilopogon),  and krill (Euphausia)  were fished. Biota was grinded by cryogenisation 

with liquid nitrogen employing an agate mortar followed by a Freezer/Mill 6875® grinder 

provided by ATS Scientific Inc. (Burlington, Canada). Cryogenic grinder proces 

consisted in 3 cycles of 4 min each one followed by 2 min for precool and cool and using 

a rate of 10 cps. An aliquote of 0.5 g was collected and the above mentioned double 

lixiviation process employing KOH-HNO3 and the MNPLs-polymers’ extraction for the 

subsequent LC(SEC)-HRMS analysis were applied. Final extracts were kept at -20 °C. 

Polymers of MNPLs analysis by LC(SEC)-HRMS 
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PE, PP, PS, PI, PBD, and PET were employed, whereas the data obtained was processed 

through the qualitative and quantitative MassHunter (Agilent Technologies) softwares. 

Quality assurance and quality control (QA/QC) 

Sampling was always performed wearing gloves, cotton lab coats, and using clean 

material made of stainless steel or glass whenever possible. Five field-procedure blanks 

were assessed in each type of marine water samplings in order to control possible external 

contamination sources from vessels, IDAEA-CSIC, and U. Laval laboratories, while 

sample pre-treatment protocols were executed in laminar flow cabinets. Moreover, 

regarding the intrumental analyses, solvent blanks were run every 5 samples in case of 

LC(SEC)-HRMS and every 3 for Py-GC-HRMS and Py-GC-LRMS. Specifically, for Py-

GC-MS, samples from different campaigns were placed randomly trying to avoid 

memory effect during the chromatographic analyses and backup was carried out every 4 

weeks or if GC systems started to lose efficiency or resolution in terms of separation 

quality. 

For LC(SEC)-HRMS, PE, PP, PS, PI, and PBD polymer calibrate curves (cc) of 10 points 

were prepared in toluene obtaining 2 linearity ranges from 0.01 to 0.50 and 0.50 to 50 

mg·L-1 with R2 > 0.98. For PET, an individual stock standard solution (1,000 mg·L-1) was 

prepared in dichloromethane-trifluoroacetic acid 99:1 and the same procedure described 

for the other polymers was followed to prepare the corresponding calibrate curve working 

at 1:1 toluene:dichloromethane with 1 % trifluoroacetic acid.  

In order to guarantee QA/QC during LC(SEC)-HRMS instrumental analyses, different 

parameters were evaluated following protocols described by Kruve, A. et al.45, 46. In this 

sense, recovery tests at 5 and 0.50 mg·L-1, matrix effect ionisation by recoveries at same 

concentrations in solvent (Rsolvent) and matrix samples (RULW) by spiking experiments, 

accuracy in terms of inter- and intra-day repeatability in triplicate, and method limits of 

detection (MLoDs) and quantification (MLoQs) were evaluated. In Table S5, QA/QC 

validation parameters obtained for each polymer in ULW matrix are summarised. 

MLoDs and MLoQs were calculated according to the equations: 
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MNPLs-polymers is shown in Figure S2. Finally, mass-quantification was carried out by 

external calibrate curves through the corresponding analytical standards. 

Polymers of MNPLs by Py-GC-MS 

For all cases, a manual pyrolyser EGA/PY-3030D and py-cups from Frontier 

Laboratories (Fukushima, Japan) were used. Interface and pyrolyser work temperatures 

were set at 300 and 600 °C respectively and all sample extracts, blanks, and standards 

spiked in py-cups were dried until dryness conditions in a stainless steel plake at 60 °C 

before to be analysed in the Py-GC-MS systems in order to avoid toluene interferences 

during the confirmation and quantification of MNPLs-polymers. 

For marine water surface samples including SML, 10 μL of extract was transferred in a 

py-cup and analysed in a Trace 1310 GC system acquired by Thermo Fisher Scientific 

equipped with a DB-5-MS (30 m x 0.25 mm x 0.25 μm) column. The chromatographic 

separation was achieved using helium as mobile phase with a flow rate of 1.049 mL·min-

1. Starting temperature was 60 °C in isocratic conditions during 2 min, then a first gradient 

of 10 °C·min-1 was employed reaching 180 °C. A second gradient of 5 °C·min-1 was used 

until 310 °C and temperature was maintained for 13 min in insocratic conditions. Finally, 

1 min for re-equilibration time was employed followed by a post run at 70 °C. A 

QExactive Orbitrap mass spectrometer supplied by Thermo Fisher Scientific equipped 

with a electron ionisation source working in positive mode (EI+) was coupled to the GC 

system (Py-GC-HRMS). Optimal ionisation and MS parameters employed were the 

following: 70 eV as ionisation energy, MS source and quadrupole temperatures of 280 

and 150 °C respectively. Data acquisition was performed using a FS mode from 40 to 350 

m/z. Raw data was processed by Xcalibur v4.2 (Thermo Fisher Scientific) software. 

In case of ULW samples, 320 μL of extract was added in py-cups and analysed in a GC 

system acquired from Agilent Technologies (Santa Clara, CA, United States) equipped 

with DB 5MS UI (60 m x 250 μm x 0.25 μm) column and using helium as mobile phase 

at 1.049 mL·min-1. GC system was coupled to a mass spectrometer provided also by 

Agilent Technologies (5977C model) with EI+ and a single quadrupole (Q) as analyser 

(Py-GC-LRMS). Chromatographic and ionisation conditions were the same above 

described for Py-GC-HRMS, while MS source and quadrupole temperatures were 230 

and 150 °C, respectively. For the MNPLs-polymer quantification, internal standards of 
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Where ‘b’ is the slope, and ‘s’ the standard deviation of the signal determined as the 

standard deviation of the intercept from the parameters obtained by the polymers calibrate 

curves linear regression models. 

Recovery (R), matrix effect ionisation (MEionisation), and method efficiency (Mefficiency) 

were estimed as follow: 

 

 

 

 

In case of Py-GC-HRMS, individual PE, PP, PS, PI, PBD and PET standard solutions at 

1 mg·L-1 were injected at dryness conditions to identify the specific exact masses (m/z 

values until the 4th decimal) and the corresponding relative abundances of the different 

pyrolysates formed from each targeted polymer (Table S4). Then, exact masses obtained 

by HRMS were assigned to the pyrolysates nominal masses (m/z values without decimals) 

obtained during Py-GC-LRMS analyses in order to avoid structural elucidation errors. 

Finally, 2 transitions (1st for quantification + 2nd for confirmation) were established for 

each targeted polymer using different precursor ions due to we worked with a strong 

ionisation source (EI+). Transitions used for the mass-quantification and confirmation of 

each kind of polymer are also summarised in Table S4. 
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Table 2: Target analysis of MNPLs-polymers (> 700 nm) in samples taken from 

underlying  marine water at 5 m depth (ULW) across the North and South Atlantic ocean 

and the Bellingshausen sea expressed in μg·L-1. 

Sampling Station (SS) [PE] [PP] [PS] [PI] [PBD] [PET] Ls] Analysed by 

N-AtOc-SS 1 1 < LOD < LOQ < LOD 1 < LOD 2 LC(SEC)-HRMS 

N-AtOc-SS 2 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS 

N-AtOc-SS 3 < LOD < LOD < LOD < LOD < LOQ < LOD < LOQ LC(SEC)-HRMS 

N-AtOc-SS 4 < LOQ < LOQ < LOD < LOD < LOD < LOD < LOQ Py-GC-MS 

N-AtOc-SS 5 4 1 < LOD < LOD < LOD < LOD 5 LC(SEC)-HRMS 

N-AtOc-SS 6 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS 

N-AtOc-SS 7 8 < LOD < LOD < LOD < LOD < LOD 8 LC(SEC)-HRMS 

N-AtOc-SS 8 < LOQ < LOQ < LOQ < LOD < LOD < LOD < LOQ Py-GC-MS 

N-AtOc-SS 9 < LOD 6 < LOQ < LOD < LOD < LOD 6 LC(SEC)-HRMS 

N-AtOc-SS 10 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS 

N-AtOc-SS 11 < LOD < LOD < LOQ < LOD < LOD < LOD < LOQ LC(SEC)-HRMS 

Eq-AtOc-SS 12 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS 

S-AtOc-SS 13 < LOD < LOD < LOQ < LOD < LOD < LOD < LOQ LC(SEC)-HRMS 

S-AtOc-SS 14 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS 

S-AtOc-SS 15 < LOQ < LOD < LOD < LOQ < LOD < LOD < LOQ LC(SEC)-HRMS 

S-AtOc-SS 16 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS 

S-AtOc-SS 17 < LOQ < LOD < LOD < LOQ < LOD < LOD < LOQ LC(SEC)-HRMS 

S-AtOc-SS 18 < LOQ < LOQ < LOD < LOD < LOD < LOD < LOQ Py-GC-MS 

S-AtOc-SS 19 < LOQ < LOD < LOD < LOD < LOD < LOD < LOQ LC(SEC)-HRMS 

S-AtOc-SS 20 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS 

S-AtOc-SS 21 < LOQ < LOD < LOD < LOD < LOD < LOD < LOQ LC(SEC)-HRMS 

S-AtOc-SS 22 < LOQ < LOQ < LOD < LOD < LOD < LOD < LOQ Py-GC-MS 

S-AtOc-SS 23 < LOD < LOD < LOD < LOD < LOD < LOD < LOD LC(SEC)-HRMS 

S-AtOc-SS 24 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS 

Ant-SS 1 1 < LOQ < LOD < LOD < LOD < LOD 1 LC(SEC)-HRMS 

Ant-SS 2 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS 

Ant-SS 3 < LOD < LOD < LOD < LOD < LOQ < LOD < LOQ LC(SEC)-HRMS 

Ant-SS 4 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS 

Ant-SS 5 7 < LOD < LOD < LOD < LOD < LOD 7 LC(SEC)-HRMS 

Ant-SS 6 < LOQ < LOQ < LOQ < LOD < LOD < LOD < LOQ Py-GC-MS 

Ant-SS 7 < LOQ < LOQ < LOQ < LOD < LOD < LOD < LOQ Py-GC-MS 

Ant-SS 8 < LOQ < LOD < LOD < LOD < LOD < LOD < LOQ LC(SEC)-HRMS 

Ant-SS 9 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS 

24 
 

Table 1: MPLs-polymers (335-1,000 μm) target analysis until the unequivocal 

identification through analytical standards in the SML from North (‘N’), Equator (‘Eq’), 

and South (‘S’) Atlantic ocean (‘AtOc’), and Bellingshausen sea (Antarctica, ‘Ant’) by 

means of Py-GC-HRMS. 

Sampling Station (SS) PE PP PS PI PBD PET 

N-AtOc-SS 3 Detected n.d. Detected n.d. n.d. n.d. 

N-AtOc-SS 4 n.d. n.d. Detected n.d. n.d. n.d. 

N-AtOc-SS 5 n.d. n.d. Detected n.d. n.d. n.d. 

N-AtOc-SS 6 Detected n.d. Detected n.d. Detected n.d. 

N-AtOc-SS 7 n.d. n.d. Detected n.d. n.d. n.d. 

N-AtOc-SS 8 n.d. n.d. Detected n.d. Detected n.d. 

N-AtOc-SS 9 n.d. n.d. Detected n.d. n.d. n.d. 

N-AtOc-SS 10 n.d. n.d. Detected n.d. Detected n.d. 

N-AtOc-SS 11 Detected n.d. Detected Detected n.d. n.d. 

Eq-AtOc-SS 12 Detected n.d. n.d. Detected n.d. n.d. 

S-AtOc-SS 13 n.d. n.d. n.d. Detected n.d. n.d. 

S-AtOc-SS 14 n.d. n.d. n.d. n.d. n.d. n.d. 

S-AtOc-SS 15 Detected n.d. n.d. Detected n.d. n.d. 

S-AtOc-SS 16 Detected n.d. n.d. n.d. n.d. n.d. 

S-AtOc-SS 17 n.d. n.d. Detected n.d. n.d. n.d. 

S-AtOc-SS 18 n.d. n.d. n.d. n.d. Detected n.d. 

S-AtOc-SS 19 Detected Detected Detected n.d. Detected n.d. 

S-AtOc-SS 20 n.d. Detected n.d. n.d. n.d. n.d. 

S-AtOc-SS 21 n.d. Detected Detected n.d. Detected n.d. 

S-AtOc-SS 22 Detected n.d. n.d. Detected Detected n.d. 

Ant-SS 1 n.d. n.d. n.d. n.d. n.d. Detected 

Ant-SS 2 n.d. n.d. n.d. n.d. n.d. Detected 

Ant-SS 3 n.d. n.d. Detected Detected n.d. n.d. 

Ant-SS 4 n.d. Detected Detected Detected Detected n.d. 

Ant-SS 6 n.d. n.d. n.d. n.d. n.d. n.d. 

Ant-SS 7 n.d. n.d. n.d. n.d. n.d. n.d. 

Ant-SS 9 n.d. Detected Detected n.d. n.d. Detected 

Ant-SS 11 Detected n.d. Detected n.d. n.d. n.d. 

Ant-SS 12 Detected n.d. n.d. n.d. n.d. n.d. 

Ant-SS 13 n.d. n.d. n.d. n.d. n.d. n.d. 

n.d.: not detected. 
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Ant-SS 10 < LOD < LOD < LOD < LOD < LOD < LOD < LOD LC(SEC)-HRMS

Ant-SS 11 < LOD < LOD < LOD < LOD < LOD < LOD < LOD Py-GC-MS

Ant-SS 12 3 < LOD < LOD < LOD < LOD < LOD 3 LC(SEC)-HRMS

Ant-SS 13 < LOD < LOD < LOD < LOD < LOD < LOD < LOD LC(SEC)-HRMS

LoD: Limit of Detection; LoQ: Limit of Quantification.

Table 3: Accumulated polymers from MNPLs (> 700 nm) in different aquatic biota 

expressed in μg·g-1 by means of LC(SEC)-HRMS.

Sampling Station (SS) Organism (gender) [PE] [PP] [PS] [PI] [PBD] [PET] Ls]

N-AtOc-SS 4 Physalia 1 < LOD < LOD < LOD 6 < LOD < LOD 6

Physalia 2 < LOD < LOD < LOD < LOD < LOD < LOD < LOD

Physalia 3 > LR < LOD < LOD 10 < LOD < LOD 10

N-AtOc-SS 7 Physalia < LOD < LOD < LOD < LOD < LOD 9 9

N-AtOc-SS 8 Sargassum 7 < LOD < LOD < LOD < LOD < LOD 7

N-AtOc-SS 9 Sargassum 2 < LOD < LOD < LOQ < LOD < LOD 2

S-AtOc-SS 18 Physalia < LOD < LOD < LOD < LOD < LOD < LOD < LOD

Cheilopogon 26 < LOD < LOD 1 > LR < LOD 27

S-AtOc-SS 19 Physalia < LOD 3 < LOD < LOD < LOD < LOD 3

S-AtOc-SS 21 Physalia < LOD 8 < LOD 10 < LOD < LOD 18

Ant-SS 2 Euphausia < LOD < LOD < LOD < LOD < LOD 21 21

Durvillaea > LR 1 < LOD < LOD < LOD < LOD 1

Ant-SS 7 Euphausia 1 < LOD < LOD < LOD < LOD < LOD < LOD < LOD

Euphausia 2 < LOD < LOD 4 < LOD < LOD < LOD 4

Durvillaea < LOD < LOD < LOD < LOD < LOD < LOD < LOD

Ant-SS 13 Euphausia < LOD < LOD < LOQ < LOD < LOD < LOD < LOQ

Durvillaea < LOD < LOD < LOD < LOD < LOD < LOD < LOD

LoD: Limit of Detection; LoQ: Limit of Quantification; LR: Linearity Range.
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Sampling Station (SS) N° Cycles Water filtered (L) Biota captured (Gender) 

N-AtOc-SS 3 3,524 101,491 - 

N-AtOc-SS 4 1,911 55,036 3 jellyfish (Physalia) 

N-AtOc-SS 5 2,670 76,896 - 

N-AtOc-SS 6 3,290 94,752 - 

N-AtOc-SS 7 3,524 101,491 1 jellyfish (Physalia) 

N-AtOc-SS 8 2,945 84,816 1 algae (Sargassum) 

N-AtOc-SS 9 2,613 75,254 1 algae (Sargassum) 

N-AtOc-SS 10 5,096 146,764 - 

N-AtOc-SS 11 2,592 74,649 - 

Eq-AtOc-SS 12 3,958 113,990 - 

S-AtOc-SS 13 3,904 112,435 - 

S-AtOc-SS 14 3,136 90,316 - 

S-AtOc-SS 15 3,439 99,043 - 

S-AtOc-SS 16 3,236 93,196 - 

S-AtOc-SS 17 3,743 107,798 - 

S-AtOc-SS 18 5,255 151,344 1 jellyfish (Physalia) 
1 fish (Cheilopogon) 

S-AtOc-SS 19 4,854 139,795 1 jellyfish (Physalia) 

S-AtOc-SS 20 4,502 129,657 - 

S-AtOc-SS 21 4,837 139,305 1 jellyfish (Physalia) 

S-AtOc-SS 22 4,926 141,868 - 

Ant-SS 1 6,643 191,318 - 

Ant-SS 2 6,595 189,936 1 krill (Euphausia) 
1 algae (Durvillaea) 

Ant-SS 3 4,572 131,673 - 

Ant-SS 4 3,661 105,436 - 

Ant-SS 6 3,687 106,185 - 

Ant-SS 7 4,523 130,262 2 krill (Euphausia) 
1 algae (Durvillaea) 

Ant-SS 9 3,923 112,982 - 

Ant-SS 11 4,141 119,260 - 

Ant-SS 12 4,460 128,448 - 

Ant-SS 13 6,155 177,264 1 krill (Euphausia) 
1 algae (Durvillaea)   Sa
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Table S3 Manta Trawl for MPLs (335-1,000 μm) sampling performed during the 
Atlantic ocean campaign and the Antarctic expedition together with the water 
volume filtered (expressed in L) and the aquatic biota captured. 
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Isoprene Dimer 
(Dipentene) 

136 136.1247 136.1247 0.646 C10H16 5.36 Qualitative 

Isoprene Dimer 
(1,4-dimethyl-4-

vinylcyclohex-1-ene) 

136 136.1248 136.1247 1.087 C10H16 4.52 Qualitative 

Isoprene Trimer 105 105.0700 105.0699 1.172 C8H9 11.69 Confirmation 
119 119.0857 119.0855 1.369 C9H11 
161 161.1326 161.1325 0.825 C12H17 
175 175.1483 175.1481 0.815 C13H19 
189 189.1639 189.1638 0.702 C14H21 
204 204.1874 204.1873 0.625 C15H24 

PBD 
Butadiene 53 53.0387 53.0386 1.570 C4H5 1.03 - 

Butadiene Dimer 
(4-vinylcyclohexene) 

67 67.0543 67.0542 0.793 C5H7 2.77 Quantification 
77 77.0386 77.0386 0.350 C6H5 
91 91.0542 91.0542 0.145 C7H7 
93 93.0699 93.0699 0.463 C7H9 
108 108.0934 108.0934 0.259 C8H12 

Butadiene Trimer 105 105.0700 105.0699 0.696 C8H9 8.09 Confirmation 
119 119.0857 119.0855 1.033 C9H11 
133 133.1013 133.1012 1.150 C10H13 
147 147.1169 147.1168 0.768 C11H15 
162 162.1403 162.1403 0.075 C12H18 

 

 
 

PS 
Py-product Nominal 

Molecular 
Mass 

HRMS Exact 
Mass 

Theoric 
Exact Mass 

Error (ppm) 
HRMS 

EI(+) Empirical 
Formula 

tR (min) Purpose 

Styrene 78 78.0464 78.0464 0.279 C6H6 3.54 - 
104 104.0619 104.0621 1.171 C8H8 

Styrene Dimer 91 91.0543 91.0542 0.255 C7H7 15.08 Quantification  
115 115.0543 115.0542 0.984 C9H7 
130 130.0779 130.0777 1.446 C10H10 
178 178.0778 178.0777 0.326 C14H10 
193 193.1013 193.1012 0.482 C15H13 
208 208.1248 208.1247 0.663 C16H16 

Styrene Trimer 91 91.0543 91.0542 0.255 C7H7 25.53 Confirmation 
208 208.1247 208.1247 0.352 C16H16 
312 312.1875 312.1873 0.633 C24H24 

PP 
2,4-dimethyl-1-heptene 81 81.0699 81.0698 0.285 C6H9 3.55 Quantification 

83 83.0855 83.0855 0.083 C6H11 
91 91.0542 91.0542 0.514 C7H7 
95 95.0855 95.0855 0.388 C7H11 
97 97.1012 97.1012 0.072 C7H13 
109 109.1012 109.1012 0.064 C8H13 
111 111.1168 111.1168 0.153 C8H15 
126 126.1404 126.1403 0.538 C9H18 

n-pentane 41 41.0385 41.0386 2.256 C3H5 1.12 Confirmation 
43 43.0542 43.0542 1.552 C3H7 
55 55.0542 55.0542 0.058 C4H7 
57 57.0699 57.0699 0.405 C4H9 
69 69.0699 69.0699 0.190 C5H9 
71 71.0855 71.0855 0.043 C5H11 

PE 
1-decene 41 41.0385 41.0386 2.546 C3H5 12.30 Quantification 

43 43.0542 43.0542 1.552 C3H7 
55 55.0542 55.0542 0.240 C4H7 
57 57.0700 57.0699 0.405 C4H9 
67 67.0542 67.0542 0.102 C5H7 
69 69.0699 69.0699 0.099 C5H9 
83 83.0855 83.0855 0.204 C6H11 
95 95.0856 95.0855 0.874 C7H11 
97 97.1012 97.1012 0.134 C7H13 
111 111.1169 111.1168 0.297 C8H15 
125 125.1326 125.1325 0.583 C9H17 
140 140.1560 140.1560 0.127 C10H20 

1-triacontene 111 111.1169 111.1168 0.747 C8H15 34.93 Confirmation 
125 125.1326 125.1325 1.142 C9H17 
153 153.1639 153.1638 0.867 C11H21 

n-C6 81 81.0699 81.0698 0.331 C6H9 - Qualitative 
85 85.1012 85.1012 0.035 C6H13 

PET 
Benzoic acid 77 77.0386 77.0386 0302 C6H5 8.39 - 

105 105.0335 105.0335 0.368 C7H5O 
122 122.0363 122.0362 0.648 C7H6O2 

4-(vinyloxycarbonyl) 
benzoic acid 

65 65.0386 65.0386 0.665 C5H5 13.89 Confirmation 
76 76.0308 76.0308 0.767 C6H4 
104 104.0257 104.0257 0.420 C7H4O 
121 121.0285 121.0284 0.777 C7H5O2 
149 149.0235 149.0233 1.473 C8H5O3 

Divinyl terephthalate 65 65.0386 65.0386 0.972 C5H5 13.15 Quantification 
76 76.0308 76.0308 0.898 C6H4 
91 91.0543 91.0542 0.914 C7H7 
104 104.0257 104.0257 0.228 C7H4O 
132 132.0208 132.0206 1.432 C8H4O2 
147 147.0442 147.0441 0.707 C9H7O2 
175 175.0390 175.0390 0.003 C10H7O3 

PI 
Isoprene 53 53.0387 53.0386 1.381 C4H5 1.11 - 

67 67.0542 67.0542 0.698 C5H7 
Isoprene Dimer 

(Diprene) 
67 67.0543 67.0542 0.793 C5H7 5.71 Quantification 
77 77.0386 77.0386 0.302 C6H5 
91 91.0543 91.0542 0.365 C7H7 
93 93.0699 93.0699 0.249 C7H9 
107 107.0856 107.0855 0.309 C8H11 
121 121.1013 121.1012 0.685 C9H13 
136 136.1248 136.1247 1.013 C10H16 

Chapter 4

Table S4 Pyrolysates exact masses obtained from each targeted MNPLs-polymer 
through analytical standards injected in the Py-GC-(EI+)HRMS. In red and blue, pyro-
lysates used for the polymers mass-quantification (1st transition) and confirmation 
(2nd transition) respectively by Py-GC-LRMS.
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Figure S2 PS-MNPL tentative identified in sample ‘N-AtOc-SS 1’ through the target 
analysis approach based on LC(SEC)-HRMS until the 2nd level of confidence by the Ken-
drick Mass Defect analysis.



4.3 Discussion

Results compiled from Publications nº1 and nº2 present novel insights about 
the presence, fate, and behaviour of MNPLs in two estuarine areas located 
along the eastern Mediterranean coast of Spain through a double suspect 
screening approach based on LC-HRMS. For the first time, to the best of our 
knowledge, both studies provide a report based on the abundance in the 
mass concentration of MNPLs-polymers found in the surface waters during 
2 seasons, corroborating the ubiquity and long persistence of these types 
of contaminants in those areas. Furthermore, the composition of the plastic 
additives associated with these MNPLs, and other co-contaminants has also 
been assessed. Considering that the overall conclusions are already detailed 
in the corresponding publications, a discussion and comparison of the main 
results obtained in both study cases are described here.

In addition to the work using LC(SEC)-HRMS, the use of targeted analysis 
of polymers such as PE, PP, PS, PI, PBD, and PET by employing Py-GC-MS 
is also presented and discussed, in particles of sizes in between 0.7 and 20 
μm in atmospheric PM10 and surface marine water samples taken along the 
Atlantic ocean and Southern ocean during 2 oceanographic expeditions. 
Publications nº3 and nº4 demonstrate the worldwide ubiquity of plastics, 
including those plastics that come simultaneously from the micro and na-
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areas, the 88 and 94% of the samples showed the presence of MNPLs, where 
higher concentrations were reported in sampling sites Nº 8 and Nº 7 from 
the Ebro Delta and the Mar Menor, respectively. Particularly, the presence of 
PP in the Mar Menor lagoon was extremely higher, obtaining concentrations 
during both sampling campaigns between 61 μg·L-1 (sample n. 6, ‘Rambla 
del Abujón’) and 9.3 mg·L-1 (sample n. 7, ‘Los Urrutias’), where the rest of 
the polymers detected were found from 100 ng·L-1 to 2 μg·L-1. Moreover, re-
sults presented by Bayo et al. (2019) showed a similar spatial distribution 
and variability tendency to MPLs, with respect to the results reported here. 
Their most contaminated sampling sites, expressed as MPLs item·Kg-1, were 
located near our sites Nº 6, Nº 7, and Nº 8, where more variability of polymer 
types and high concentrations of PE and PP were also observed. On the oth-
er hand, the presence of polymers from MNPLs in sediments and biota re-
mains poorly studied, to the best of our knowledge. Indeed, polymers in the 
water body present different occurrence patterns to those patterns in other 
matrices, since some that are not detected in water might better accumulate 
in sediments or biota. Theoretically, the concentrations of these pollutants 
in lipophilic matrices should be higher than in matrices with lower organic 
and lipidic content, such as water. According to a study that was undertaken 
by our research group (Garcia-Torné et al., 2023), concerning MNPLs-poly-
mer assessment in 40 gastrointestinal tracts (GITs) of several native fish spe-
cies of the Ebro River Delta from different trophic levels, MNPLs-polymers of 
PE, PP, PI, and PS were detected at concentration levels ranging from 0.5 to 
3,546 μg·g-1, where omnivorous fishes were those fishes with higher polymer 
concentrations in their GITs. The highest concentration found in surface wa-
ter in Publication nº1 was 4 orders lower than the peak reported in biota.

Regarding plastic additives composition and other co-contaminants, their 
identification in surface water samples was specially high in ‘Los Alcázares’ 
(Nº 3) and between ‘Rambla del Abujón’ (Nº 6) and ‘Los Nietos’ (Nº 8) in Publi-
cation nº2. These findings agree with the results reported by García-Piment-
el et al. (2023) in a quantitative study about plastic additives, PCPs, UV filters, 
and synthetic musk occurrence. In the case of the Ebro Delta, results from 
the study of those authors and the results that are presented in Publication 
nº1, when compared, show a similar pattern, where most of these contam-
inants were identified and reported at high concentrations in the bays or in 
open coastal sites near the Ebro Delta. Nevertheless, in a recent study by 
Castaño-Ortiz et al. (2024), the occurrence of pharmaceuticals was assessed, 
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noscale. Notwithstanding, they contribute to broadening the knowledge 
about the long-range atmospheric transport (LRAT) of MNPLs, as well as 
their atmosphere-marine surface water exchange dynamics by deposition 
and re-suspension mechanisms, through a full characterisation of the parti-
cles of diameter PM10, demonstrating that MNPLs can reach remote regions. 
The discussion section complements the published outcomes with a general 
analysis of, and comparison between Publications nº3 and nº4.

4.3.1 Occurrence and distribution of MNPLs

Rivers, coastal areas, and closed/semi-closed seas, such as the Mediterrane-
an Sea, have become vulnerable due to anthropogenic pressures and, some-
times, limited dilution capacities. Moreover, many pollutants to date are not 
regulated, but due to their occurrence and adverse effects, are considered 
to be contaminants of emerging concern (CECs), including polymers, certain 
groups of plastic additives, and pharmaceuticals, among others (Brumovský 
et al., 2017). In this chapter, two significant areas under anthropogenic pres-
sures were selected to be studied under the frame of the PLAS-MED and 
IMAGE projects: the Ebro Delta and the Mar Menor Lagoon.

Firstly, plastic pollution evidence in the Ebro Delta and Mar Menor lagoon 
was recently reported by Simon-Sánchez et al. (2019) and Bayo et al. (2019), 
respectively, and both studies are based on a qualitative particle character-
isation approach. Thus, in Publications nº1 and nº2, mass-concentrations 
of polymers and the presence of plastic additives from MNPLs pollution in 
surface waters have been reported from two Spanish coastal zones: the Ebro 
Delta (comprising the lower stretch of the river and the related wetlands ar-
eas such as the coastal bays), and the Mar Menor lagoon, respectively. Some 
of the contaminants that are included in both studies have not yet been in-
vestigated in these areas; thus, offering a broad view of the influence and 
impact of the main anthropogenic activities. Another advantage of the meth-
ods that are presented in this chapter is the high sensitivity that has permit-
ted provision of robust data with a limited sample size. This is an advantage 
for sampling campaigns that are undertaken over a long time period, such 
as oceanographic campaigns. No more than 2.5 L of surface water was need-
ed to perform the analysis at quantifiable concentrations ranging from low 
levels at ng·L-1 to 9 mg·L-1 for most common polymers such as PE, PS, PP, PI, 
PBD, and PVC. In Publications nº1 and nº2, as examples of highly impacted 
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including either river and delta areas in water, sediment, and biota matrices, 
where the highest concentrations were in freshwater samples from the river, 
which was unexpected due to the low anthropogenic pressure presented in 
previous scientific works until now.

Overall, comparing the polymer concentrations reported in Publication nº1 
and Publication nº2 together with plastic additives, CECs, and POPs con-
centrations reported in the abovementioned studies, polymer levels from 
MNPLs were detected between 150 ng·L-1 and 10 μg·L-1 except for PP val-
ues in the Mar Menor lagoon samplings, while almost all of the levels of the 
other anthropogenic substances were ranging from 1 to 100 ng·L-1. Despite 
their low concentrations, the great variability of thousands of plastic addi-
tives, CECs, and POPs identified make ‘this cocktail of chemicals’ a potential 
non-negligible threat to the environment, biota, and human health. 

It is noteworthy that the Mediterranean Sea is one of the areas that is most 
affected by the climatic fluctuations between seasons, with important chang-
es in hydrological conditions causing large variability pollutants concentra-
tions and compartmentalisation. In this sense, in order to evaluate these 
fluctuations, in the case of MNPLs, two sampling campaigns were carried 
out. In Table 4.1 and 4.2, the maximum, minimum, mean, and median con-
centrations (μg·L-1) are summarised, as well as the individual frequency of 
detection for each MNPLs-polymer found during the Ebro Delta and the Mar 
Menor samplings, respectively.

These results show the influence of tourism in the Ebro Delta and the Mar 
Menor during the summer campaign, and the decrease of polymer concen-
trations in winter in some sampling sites. However, a major distribution was 
shown in winter. A similar trend was observed for plastic additives, as ex-
pected. In Ebro Delta (Figure 4 from Publication nº1), it can be observed 
that in the summer campaign, only 3 sampling sites from 5 (riverine area) 
were exclusively contaminated by a lower number of contaminants than in 
the case of the delta’s sampling points (6-16, estuarine zone). From the win-
ter results, either riverine or estuarine sampling points presented pollution 
with no significant differences in spatial distribution. In the case of the Mar 
Menor study (Figure 3 from Publication nº2), it can be appreciated that the 
total number of pollutants tentatively detected a higher variability along the 
sampling sites in summer than in the winter season, where between 25 and 

Table 4.1 Mean concentrations (μg·L-1) of individual MNPLs-polymers and fre-
quency of detection in surface waters from the Ebro Delta in summer 2018 (S) 
and winter 2019 (W) through 16 sampling sites.

SD: Standard Deviation; < LoQ: below Limit of Quantification; < LoD: below Limit of Detection.

Table 4.2 Mean concentrations (μg·L-1) of individual MNPLs-polymers and fre-
quency of detection in surface waters from Mar Menor lagoon in summer 2018 
(S) and winter 2019 (W) through 9 sampling sites.

SD: Standard Deviation; < LoQ: below Limit of Quantification; < LoD: below Limit of Detection.
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peninsula, Publication nº4) with concentrations ranging from 1 (Ant-SS 1) to 
7 μg·L-1 (Ant-SS 5) obtaining thus, similar pollution levels as in the North At-
lantic ocean and confirming the global widespread of these types of contam-
inants, including remote regions that are considered to be relatively pristine, 
where the most detected and found at quantifiable concentrations were PE, 
PP, and PS, in accordance with other previous scientific studies (Isobe et al., 
2017; Lacerda et al., 2019). Nonetheless, the presence of MNPLs-polymers in 
the sea surface microlayer (SML) compartment was higher than in ULW, sug-
gesting a possible MNPLs enrichment due to SML characteristics led by the 
abundance of complex structures of polysaccharides, proteins, and lipids, as 
well as other varieties of organisms (Goßmann et al., 2023). Notwithstanding, 
further mass-quantitative studies are necessary in the SML compartment.

4.3.2 LRAT processes & marine atmosphere-surface seawater mass 
exchange of MNPLs

The long-range atmospheric transport of MNPLs have been studied in this 
chapter along the North Atlantic ocean (31.71°N) and the South Atlantic 
ocean (45.11°S) by a mass-quantitative assessment of the MNPLs-polymeric 
composition in the air phase, and the potential of regional sources and sea-
spray aerosols by a comprehensive characterisation of PM10 which allowed 
quantifying concentrations of crustal, carbonaceous, marine, and secondary 
inorganic compounds, as well as the evaluation of air mass back-trajectories 
generated by the HYSPLIT model.

Nonetheless, MNPLs are also able to reach remote regions such as the Ant-
arctic continent, mainly through LRAT processes consisting of successive 
atmospheric deposition and re-suspension mechanisms, as well as by the 
marine seawater body, where the Circumpolar current ‘barrier theory’ has 
been questioned recently, and thus ensuring that ocean surface currents 
can also contribute to the transport of MNPLs (Lozoya et al., 2022). More-
over, the  average low temperatures in Antarctica play an important role in 
the environmental fate and behaviour of MNPLs, repressing re-suspension 
mechanisms and favouring cold trapping, acting thus, as a net sink for many 
contaminants. Notwithstanding, in the context of rapid climate change ex-
perienced in polar regions, the remobilisation of these contaminants to the 
atmosphere, which were previously trapped in water, ice, and soil for centu-
ries is expected to again promote the environmental and human exposure of 
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30 compounds were identified in the main points assessed.

Compared with highly impacted areas, where the sources of MNPLs are quite 
clear, the fate and behaviour of MNPLs in the open seas and remote are-
as remain rather unknown even though it was in the early 1970s that the 
first evidence about the occurrence of plastic particles in the oceans was 
first presented (Carpenter and Smith Jr, 1972). The study assessed the wide-
spread of plastic pellets from 0.25 to 0.5 cm in the surface marine water com-
partments from samples taken in the Sargasso Sea (North Atlantic ocean), 
providing an average concentration of 3,500 items·Km-2 by spectroscopy. 
However, the approaches used then, with some improvements but with the 
drawbacks already mentioned, are the same and are mostly used nowadays, 
to the best of our knowledge. To tackle the global scope of plastic pollution 
through quantitative evidence, we have participated in two oceanographic 
expeditions under the framework of the ANTOM project. In these studies, 
we showed that the polymeric concentrations in the Atlantic ocean were in 
the range of 0.01-51.74 ng·m-3 in the marine low atmospheric compartments 
at 10 m above sea level (Publication nº3), while in the underlying seawater 
at 5 m depth (ULW) they were in the range of 2 to 8 μg·L-1 (Publication nº4), 
thus highlighting that the highest concentrations found simultaneously in 
both marine compartments were in sampling transects and stations located 
at latitudes similar to the latitudes of the North Atlantic ocean subtropical 
gyre (between N-AtOc-SS 3 and N-AtOc-SS 9). Near the tropical gyres, the re-
ported concentrations were similar in highly impacted areas such as the Mar 
Menor, with median concentrations of about 6 μg·L-1. In the South Atlantic 
ocean (from S-AtOc-SS 15 and S-AtOc-SS 24), the occurrence and abundance 
of MNPLs-polymers were slightly lower, reaching 13.16 ng·m-3 in the atmos-
phere, and concentrations below the limit of quantification in seawater at 
5 m depth. In the case of the sampling transects and stations assessed be-
tween N-AtOc-SS 10 and S-AtOc-SS 14, including the Equator, no quantifiable 
concentrations were reported, either in the marine atmosphere or in ULW. 
Moreover, according to the sampling performed in the sea surface microlay-
er by a Manta Trawl sampler, the number of polymers identified was higher 
than in the ULW. This agrees with previous scientific studies, which suggest 
that the marine zones covered for subtropical gyres are expected to trap 
MNPLs temporally and to present, thus, the highest concentrations either 
in air or seawater (Law, 2017; Ter Halle et al., 2017). The occurrence of MN-
PLs-polymers was also assessed in the Bellingshausen Sea (west Antarctic 
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these toxic substances (Bigot et al., 2016).

Thereby, in order to complement the outcomes reported in Publication nº3, 
which cover a large transect from the North Atlantic ocean to the South At-
lantic ocean, regarding the LRAT processes given by the different MNPLs-pol-
ymers concentrations found in the air phase, together with the air mass back 
trajectories generated from the HYSPLIT model, and the MNPLs air-seawater 
exchanges estimations carried out through the atmospheric dry deposition 
fluxes and the MNPLs-polymer concentrations in the sea-spray aerosol, cal-
culated through the PM10 composition, the estimation of the global marine 
atmospheric half-life (T1/2) for the ΣMNPLs-polymers is assessed by a compre-
hensive review of the levels reported in the body of literature on the marine 
atmosphere over time (Table 4.3), and following the methodology described 
in Luarte et al. (2023), deriving the e-folding or characteristic decreasing time 
(TD), which was calculated by least squares adjustment to the concentrations 
of Equation 4:

where ‘Kd’ is the inverse of the e-folding time TD (in years), ‘t’ is the time in 
years, and ‘b’ is the independent term. The half-life is defined as the time 
needed to decrease the atmospheric concentration by 35% (e-1) of its initial 
concentration, which is given by 0.69·TD (Figure 4.3).

It must be highlighted that the recent, and few in number, scientific pub-
lications which are currently available in the body of literature regarding 
airborne MPLs abundances in the marine atmosphere, have given the air-
borne MPLs abundances as items per volume unit by qualitative extrapola-
tions, that have been provided through particle-counting approaches while 
simultaneously underestimating the micro-fraction and the nano-fraction. In 
this context, the data reported in Table 4.3 cannot be compared with our 
mass-quantitative levels that are given in Publication nº3.

Table 4.3 MPLs-polymers levels (items·m-3) reported in the marine atmosphere 
from 2016 to present.

A B

Figure 4.3 Atmospheric MPLs levels (items·m-3) over time according to litera-
ture reported in Table 4.3, as well as the estimated atmospheric half-life times. 
A) MPLs concentrations reported including, and B) excluding concentrations 
from polar regions.
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Phytoplankton, including eukaryotic algae, plays a key role in the primary 
production at the foundation of the aquatic food chain. Recent scientific 
studies have predominantly focused on examining how MNPLs affect algal 
cell development and photosynthesis through surface adsorption. For exam-
ple, bigger MPLs can cause detrimental impacts by impeding light penetra-
tion (Casabianca et al., 2020), while in the case of smaller MPLs (1-5 μm) and 
NPLs light can penetrate the cells, thus inducing cellular damage, as demon-
strated in the study by Chen et al. (2020), where marine Platymonas hel-
golandica and freshwater Scenedesmus quadricauda algae phytoplankton 
were exposed to small MPLs of those sizes during 72 h, and the MPLs were 
able to be internalised. In both studies, the size-dependent effects of MNPLs 
uptake by phytoplankton is highlighted. Nevertheless, to our knowledge, no 
evidence has appeared in the body of literature regarding the abundance 
levels of MNPLs in marine algae by mass-quantitative methods. From the 
outcomes reported in Publication nº4, the abundance of MNPLs accumulat-
ed were in the range of 1-7 μg·g-1, where the highest MNPLs-polymers con-
centrations were obtained in the phytoplanktonic species (Sargassum) from 
the Atlantic ocean.

On the other hand, zooplankton are crucial contributors to the ecological 
dynamics of the aquatic food chain, and they are recognised as one of the 
most susceptible groups to be impacted by MNPLs. This susceptibility arises 
from the resemblance in size between MNPLs particles and the primary food 
source of zooplankton, which is phytoplankton (Richon et al., 2022). In this 
sense, in accordance with our results, MNPLs-polymers concentrations were, 
as a general trend, slightly higher in jellyfish (Physalia) and krill (Euphausia) 
than in algae samples that were collected and in the range of 6-18 μg·g-1 and 
4-21 μg·g-1, respectively due to biomagnification processes between these 
invertebrates and algae phytoplankton. The same correlation can be seen 
in the case of vertebrates, whereby the fish (Cheilopogon) taken in S-AtOc-SS 
18 presented the highest concentration reaching 27 μg·g-1 considering that 
the PBD contribution was discarded because of the fact that it was found to 
be at concentrations that were above the assessed linearity range. As in the 
case of phytoplankton, the uptake of MNPLs by zooplankton facilitates their 
transfer through the food chain, leading to the bioaccumulation of these 
particles, and the subsequent detrimental health effects on higher trophic 
marine organisms.

Chapter 4

Thereby, through the qualitative MPLs levels plotted in Figures 4.3, MPLs T1/2 
of 4.9 and 7.1 years considering and excluding polar regions, respectively, 
were obtained. The outcomes agree with the above-mentioned levels for po-
lar areas, where repressing re-suspension mechanisms are promoted, thus 
favouring cold trapping, and in consequence, the net sink of MPLs at the 
global scale, or the decreasing of T1/2. Furthermore, the MPLs atmospheric 
half-life which is reported here does include remote regions (Figure 4.3A, T1/2 
= 4.9 years), and is similar to other estimations that have already launched in 
the body of literature for different POPs. In the study by Luarte et al. (2023), 
the T1/2 for the most reported POPs in the Antarctic atmosphere were calcu-
lated by the marine atmospheric levels that were reported during the period 
of 1980-2021. T1/2 values ranged from 3.6 to 7.6 years for polychlorinated 
biphenyls 28, 52, 101,118,138, 153, and 180 congeners. Notwithstanding, T1/2 
were also calculated for hexachlorobenzene, -hexachlorocyclohexane, 4,4’ 
dichlorodiphenyltrichloroethane, and 2.4’ dichlorodiphenyldichloroethylene, 
obtaining values of 14.0, 14.3, 17.2, and 17.6 years, respectively. For these 
POPs, the Stockholm Convention ban on POPs (effective from 17 May 2004) 
did have an impact on decreasing their levels during the last decades. Nev-
ertheless, their ubiquity and high atmospheric half-life values point out the 
problematic issues related to highly persistent synthetic chemicals.

4.3.3 Vertical transport of MNPLs in the ocean

Another crucial pathway for the transportation of MNPLs at the long-range 
scale, is by the bioaccumulation of MNPLs in living organisms and their sub-
sequent biomagnification processes along the different levels of the trophic 
chain, covering thus, the whole marine seawater body. Numerous aquatic 
biota, including planktonic, invertebrates, and vertebrates species have been 
found to bioaccumulate MNPLs (Liu et al., 2024). However, due to the lack 
of quantitative analytical methodologies, the same as for the marine water 
compartments, the levels of MNPLs bioaccumulated in biota is, to date, un-
known. In this sense, in Publication nº4, through the Manta Trawl sampling, 
several species that were captured, such as phytoplanktonic (algae) and zo-
oplanktonic organisms, including invertebrates (jellyfish or krill) and verte-
brates (fish), were also assessed in order to understand the abundance of 
MNPLs that are internalised in these organisms.
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Furthermore, previous studies also showed that MPLs can be fragmented 
into smaller particles, including NPLs through digestive tract activity in Ant-
arctic krill (Euphausia superba); however, to our knowledge, to date associat-
ed mechanisms are largely unknown. Specifically, this species is the key be-
tween phytoplankton and higher tropic chain organisms being able to travel 
long vertical distances in Antarctic marine ecosystems. Notwithstanding, to 
our knowledge, to date no study has been made available that highlights 
the interplay of MNPLs regarding the trophic transfer of these pollutants 
and their associated impacts along the food chain. Therefore, some recent 
works have already been initiated, that aim to tackle the trophic transfer of 
individual MNPLs and the associated complexities along the food chain in 
freshwater and marine water ecosystems (Junaid et al., 2024).

Overall, to the best of our knowledge, this research direction is novel and 
of critical importance in highlighting the ecological consequences of MNPLs 
pollution along the whole marine seawater body in oceans and remote re-
gions.
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5.1 Introduction

This chapter focuses on the adsorption and desorption processes of other 
organic contaminants onto MNPLs’ surfaces, and their implications as trans-
port vectors of contaminants at a long range or to biota, known as the Trojan 
Horse effect. The hydrophobicity of polymers and the environmental prop-
erties rule the adsorption/desorption of not only organic contaminants but 
also organic material, microorganisms, and even pathogens. In Figure 5.1, 
the main properties of MNPLs, co-contaminants, and the relevant environ-
mental conditions ruling the adsorption/desorption properties of MNPLs are 
summarised.

Some kinetic studies have provided information about the adsorption rate, 
the performance of the adsorbent, and the mass transfer mechanisms, in-
cluding the external and internal diffusion and the adsorption of the adsorb-
ate in the active sites of the adsorbent. These studies make it possible to 
predict similar compounds’ adsorption properties and kinetics. The most 
applied kinetic models are the pseudo-first order and pseudo-second-order 
models using a linearisation approach, even though either model may pres-
ent disseminated errors due to incorrect calculations of the model parame-
ters. To minimise these types of limitations, Wang and Guo, (2020) proposed 
a mixed-order model that represents the overall adsorption process, and 
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this model has been successfully employed to describe the adsorption of 
several materials onto MNPLs (Zhang, 2019). On the other hand, isotherm 
models which focus on the adsorption onto active sites have also been wide-
ly developed, assuming that this is the slowest step and, thus, the diffusion 
process is negligible. The Freundlich isotherm model has been successfully 
employed to predict adsorption onto a surface from a gas and aqueous me-
dia on porous surfaces, taking into account the molecular interactions be-
tween adsorbates, and indicating the heterogeneity of the adsorption sites 
(Hatch et al., 2012). Moreover, Temkin and Dubinin-Radushkeich models are 
also widely used to analyse the equilibrium sorption between the adsorbent 
and adsorbing particle and the description of the adsorption in microporous 
materials, respectively, specifically those based on carbon (Lionetto and Es-
posito Corcione, 2021).

Several scientific studies have reported the interaction between MNPLs and 
metals, organic contaminants of emerging concern (CECs), natural colloids, 

Figure 5.1 Main factors from the polymer, environment, and co-substances in-
volved during MNPLs Trojan Horse effect.

engineered nanomaterials, microorganisms such as bacteria, and specially 
for certain persistent organic pollutants (POPs), which present a great affin-
ity for surfaces of plastic particles due to their general higher hydrophobic-
ity and aromaticity (Velzeboer et al., 2014). In Table 5.1, some studies, that 
were carried out at a laboratory scale, concerning the transport of co-con-
taminants by MNPLs are shown, as well as the findings obtained. Further-
more, the regression of the metabolisation of some organic contaminants 
in aquatic ecosystems when they are adsorbed on plastic surfaces has also 
been demonstrated (Qu et al., 2018).

Table 5.1 Adsorption-desorption experiments between MNPLs and co-contami-
nants or microorganisms co-existing in the same media.
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5.2 Results

The outcomes obtained by the adsorption-desorption studies, are presented 
in Publication nº5:

• Publication nº5: Llorca, M., Ábalos, M., Vega-Herrera, A., Adrados, M. A., 
Abad, E., Farré, M., Adsorption and desorption behaviour of polychlorin-
ated biphenyls onto microplastics’ surfaces in water/sediment systems, 
2020, Toxics, https://doi.org/10.3390/toxics8030059

Thereby, adsorption-desorption processes change some of the MNPLs’ phys-
icochemical properties, such as buoyancy, and, as a consequence, their fate 
and behaviour in the environment (Zhou et al., 2022). In this sense, organ-
isms, once they accumulate MNPLs, may also contribute to the horizontal 
effective transport of MNPLs, such as seabirds as well as any migrating ani-
mals which are used to travelling long distances between terrestrial, aquatic, 
and atmospheric environments. Also, the vertical transport along the water 
column in aquatic ecosystems from seas and oceans is noteworthy, as was 
detailed in the previous chapter. MNPLs tend to be accumulated, firstly, in 
biota located in the surface water compartments (e.g., planktonic species). 
However, some plastic particles, including those with other substances ad-
sorbed, can sink directly. Then, mesopelagic species, through their vertical 
migrations, can transport nutrients and contaminants ingested on the sur-
face, where those bioaccumulated are finally biomagnified in other organ-
isms from the deepest sea and ocean compartments; thus, covering the 
whole water column (Lusher et al., 2016). 

This chapter has focussed on increasing knowledge of the adsorption-des-
orption behaviour of persistent organic contaminants, and the competence 
between organic material and MPLs in the adsorption of contaminants. Poly-
chlorinated biphenyls (PCBs) were selected as representative persistent con-
taminants, and the adsorption of diverse polymeric materials was assessed 
in simulated estuarine (seawater-sediment) systems at a laboratory scale.

Interaction between MNPLs & other contaminants: sorption and desorption behaviour
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Abstract: The potential of microplastics (MPLs) in marine ecosystems to adsorb and transport
other micropollutants to biota, contributing to their entry in the food chain, is a primary cause of
concern. However, these interactions remain poorly understood. Here, we have evaluated the
adsorption/desorption behaviour of marker polychlorinated biphenyls (PCBs), onto MPL surfaces of
three widely used polymers—polystyrene (PS), polyethylene (PE), and polyethylene terephthalate
(PET). The range of MPL sizes ranged from 1 to 600 μm. The adsorption/desorption was evaluated
in sediment/water systems in marine microcosms emulating realistic environmental conditions
for 21 days. The adsorption percentages ranged from 20 to 60%. PCBs with a lower degree of
chlorination showed higher adsorption percentages because of conformational impediments of PCBs
with high-degree chlorination, and also by their affinity to be adsorbed in sediments. Glassy plastic
polymers as PET and PS showed a superior affinity for PCBs than rubbery polymers, such as PE.
The polymers that can bond PCBs by π-π interactions, rather than van der Waals forces showed better
adsorption percentages, as expected. Finally, the adsorption/desorption behaviour of selected PCBs
onto MPLs was fitted to a Freundlich isotherm model, with correlations higher than 0.8 in most of
the cases.

Keywords: microplastics (MPLs); polyethylene; polystyrene; polyethylene terephthalate;
polychlorinated biphenyls; adsorption; marine microcosm

1. Introduction

Some of the primary problems associated with the presence of plastic litter in marine environments
are their behaviour as a source and transfer vectors for co-contaminants to the aquatic food web.
These impacts are partially influenced by their size. Microplastics (MPLs), defined as plastic pieces
below 5 mm, including nanoplastics (NPLs), is a different environmental problem compared to macro-
and meso-plastic pollution. MPLs can enter in the environment in the small-size range (classified as
primary MPLs) or can be generated once in the environment by fragmentation and erosion of plastic
pieces and debris (classified as secondary MPLs). MPLs/NPLs, due to their small size, similar to
plankton, can be ingested by aquatic organisms, and therefore be introduced into the marine food
web [1–3]. It should be highlighted that fish, bivalves, or mammals cannot digest MPLs since they do
not have enzymatic pathways available to break down the synthetic polymers. However, these particles
can be retained in some organs [4], and the nanoparticles, due to their small size, can be translocated in
living tissues with adverse effects. It is estimated that some of the plastics can reach concentration
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experiments (spiking mix prepared in methanol at 10 μg/mL), quantification, analytical recovery
calculation, and calibration.

Solvents used during sample treatment and analysis were of high purity and supplied from
J. T. Baker (JT Baker, Phillipsburg, NJ, USA): methanol, acetonitrile, dichloromethane, n-hexane, ethyl
acetate, n-nonane, and water. Sodium chloride ≥ 99% was purchased from Merck (Madrid, Spain).

2.2. Experimental Design

Mixtures of seawater and real sediments that were previously analysed, characterised, and fortified
at different concentrations with the PCB mixtures were used to carry out the adsorption experiments
under environmentally relevant conditions.

Sediment samples of Alfacs Bay (Ebro Delta, Catalonia, NE of Spain; 40.622999, 0.661707) were
obtained. The samples were collected in aluminium foil trays and transported to the laboratory in cold
conditions. Once in the lab, 500 g of sediment was dried at room temperature (25 ◦C) under a fume
cupboard, then sieved and homogenised. Afterwards, the background concentration of marked PCBs
was characterised according to Sections 2.3 and 2.4.

Hereafter, six sediment subsamples of 4.5 g were separated, and they were spiked to the following
concentrations of the PCB mixture (0, 5, 10, 15, and 25 ng/g d.w spiked to the appropriate volume of a
mixture of 10 μg/mL in methanol). The subsamples were left to reach the equilibrium in a desiccator
for 24 h. After that time, the sediments were homogenised again, and three series of six tubes, one tube
with each PCB concentration per set was prepared. In each tube, 4.5 g of sediment was introduced.
Then, 2 μg/g of each type of MPL (PE, PS, and PET) was added to each tube. In addition, two more
extra tubes were prepared, one tube with sediment without a PCB spike and MPLs, and another tube
with sediment and PCBs (spiked at 25 ng/g d.w) but without MPLs. A schematic flowchart can be seen
in Figure S1 from the supplementary material.

All the tubes were shaken vigorously in a vortex for 5 min and maintained at room temperature
in an orbital digester at 40 rpm for 2 days. Finally, 10 mL of pristine seawater, previously analysed and
characterised, was added to each tube. These mixtures were then homogenised for 1 min in a vortex.
These seawater/sediment systems were sealed and agitated at room temperature for 21 days in an
orbital digester at 40 rpm under dark conditions to avoid the photo-degradation of the organic matter.

After this time, the seawater/sediment systems were saturated with NaCl in order to increase the
water density. Floatable MPLs were separated manually with a nano-filter mesh from the upper layer
of water, while the rest of the supernatant was separated by decantation. Then, the sediments were
dried at room temperature and homogenised before PCB extraction.

2.3. PCB Extraction

About 0.5 g of each dry homogenised sediment were spiked with the labelled surrogate internal
standard mixture (MBP-MXE). Then, PCBs were recovered from the sample by Soxhlet extraction for
24 h, with a mixture of n-hexane: dichloromethane (1:1, v/v). After that, the extract was concentrated in a
rotary evaporator and transferred to n-hexane prior to the clean-up step. Purification and fractionation
were carried out in open columns of multilayer silica (2:1; acid/base) and activated Florisil® (at 600 ◦C)
eluted with n-hexane. The final extract was concentrated again to ca. 1 mL in a rotary evaporator,
transferred to a 2 mL vial, and evaporated under a nitrogen current. Finally, a known amount of the
labelled recovery internal standard mixture (P48-RS) dissolved in n-nonane was added as an internal
standard before instrumental analysis. The samples were analyzed by triplicates.

2.4. Analysis by Gas Chromatography Coupled to High-Resolution Mass Spectrometry (GC-HRMS)

The analysis was done in an Agilent Technologies 6890N gas chromatograph (Agilent, Palo Alto,
CA, USA) coupled to a Micromass AutoSpec—Ultima NT (Waters, Manchester, UK) high-resolution
mass spectrometer (EBE geometry) controlled by a Masslynx data system.

Toxics 2020, 8, 59 2 of 10

factors inside the organisms near to a 1 million-fold increase [5]. The interaction between polymers
and contaminants is a very complex problem that remains poorly understood. Therefore, realistic risk
assessment studies to characterize and evaluate this type of interaction are highly required to establish
measures to minimize the negative effects of MPLs in coastal environments. The adsorption/desorption
behavior among MPLs and co-contaminants is influenced by different factors, such as the type of
co-contaminant, the polymeric matrices of MPLs (e.g., polyethylene, polystyrene, or a combination
of different monomers), their relative concentrations, and the environmental conditions. However,
some trends have been identified, such as the high capacity to adsorb and accumulate hydrophobic
organic chemicals (HOCs) on their surface from the surrounding areas [6–9]. In consequence, and in
addition to the already defined routes of exposure to HOCs, MPLs could act as a back door to the
entrance of these contaminants to organisms once they are adsorbed in the polymer surface [2,6,10–12]
and the human food chain.

Polychlorinated biphenyls (PCBs) are a group of manmade HOCs that were widely used in the
past in electrical equipment. They are currently forbidden and, since 2001, the 209 congeners are
listed in the Stockholm Convention of persistent organic pollutants (POPs) [13]. Although they have
been banned, PCBs are still present in the environment and are present ubiquitously in biota [14] and
sediments [15].

The adsorption of PCBs in MPLs from natural environments has been informed [16]. The uptake
and incorporation of these contaminants from MPLs to biota have also been assessed [17]. For example,
it has been observed that PCBs adsorbed on polystyrene (PS) and polyethylene (PE) were significantly
bioaccumulated in Norway lobster [11], while the bio-uptake of sediment invertebrate worms from
contaminated polypropylene (PP) with PCBs was low, but not negligible [10].

On the other hand, some studies conducted under controlled conditions assessed the adsorption
of organic contaminants onto MPL surfaces [8,9]. In the case of PCBs, the parameters for the adsorption
of PCBs have been studied to micro-PE and nano-PS in a system composed of plastic particles,
PCBs, and water [18,19]. However, complementary studies in more realistic environmental scenarios,
including sediments competing with the MPLs and the suspended organic material, are necessary to
describe the adsorption/desorption behaviour of HOCs on MPL surfaces in aquatic systems.

In this regard, the main objective of this work was to characterize the adsorption/desorption
capacity of MPLs of polystyrene (PS), high-density polyethylene (HDPE), and polyethylene
terephthalate (PET) (sizes between 1 and 300 μm) for seven commonly detected polychlorinated
biphenyls (PCBs: 28, 52, 101, 138, 153, 180, and the dioxin-like PCB 118), that are used as contamination
indicators. The experiments were designed for a water/sediment system at environmental conditions
and relevant concentrations of PCBs. Since amorphous and semi-amorphous plastics are less resistant
to chemical attack and environmental stress [20], PS was chosen as an example of amorphous
thermoplastic. On the other side, PE and PET were selected because of crystalline or semi-crystalline
structures that make them resistant to chemical attack [20]. Furthermore, the diffusion capacity of
glassy plastic polymers (i.e., PET and PS), which used to have less diffusion than non-glassy or rubbery
polymers (i.e., PE) [21], will be evaluated.

2. Materials and Methods

2.1. Materials

MPLs of HDPE microspheres ranging from 3 to 16 μm were supplied by Cospheric (Santa Barbara,
CA, USA); 10 μm PS, supplied by Phosphorex (Hopkinton, MA, USA); and PET microspheres below
300 μm from GoodFellow (Huntingdon, UK).

Mixtures of seven native Marker PCBs (IUPAC nos. 28, 52, 101, 118, 138, 153, and 180) (BP-D7)
and labelled PCBs (MBP-MXE; P48RS), as well as P48-M-CV calibration solutions for Marker PCBs
were supplied by Wellington Labs (Guelph, ON, Canada). These standards were used for spiking
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> PCB-180. As it can be seen, the congeners with more chlorine atoms in their molecules generally
showed less adsorption to PS-MPL surfaces, with the exception of the dioxin-like compound, PCB
118 (dlPCB-118), possibly due to the (co-)planarity of its conformation (see Table 2) [22]. This specific
conformation of dlPCB-118 could make difficult its adsorption onto the PS surface. In the case of
structures with more chlorines, the lower adsorption compared with the other PCBs with fewer
chlorines is due to the surface of the spatial structure of molecules with a high number of chlorines,
which make difficult their stabilisation on plastic pore sites. This phenomenon was also observed by
Pascall et al. [21] using PS film, where the diffusion coefficient decreased with the increase of molar
volume of PCBs. The main hypothesis is that PCBs diffuse into PS particles through the static boundary
layer around the PS particle [18]. This is an easier process for molecules with lower molar volume,
like PCB-28 or PCB-52. This is a relatively slow process. First, PCBs are adsorbed on the particle
surface by weak van der Waals interactions. Then, PCB molecules further diffuse inside the glassy
polymeric structure of MPLs like PS [18,23]. Once there, their desorption is less favoured because they
are physically entrapped [23]. In addition, the adsorption of highly chlorinated PCBs onto PS-MPLs
might have been less favored because of the MPL-sediment competition. It has been reported that
highly chlorinated PCBs have a high affinity with sediments.

Table 2. Spatial conformation of marker PCBs.

Name Spatial Conformation [24] Descriptors [22] * log Kow [25]

PCB-28 2,4,4′-Trichlorobiphenylortho,
para, para CP1, PP 5.67

PCB-52 2,2′,5,5′-Tetrachlorobiphenylortho,
ortho, meta, meta 4CL, 2M 5.84

PCB-101 2,2′,4,5,5′-Pentachlorobiphenylortho,
ortho, para, meta, meta 4CL, 2M 6.38

PCB-118 2,3′,4,4′,5-Pentachlorobiphenylortho,
meta, para, para, meta CP1, 4CL, PP, 2M 6.74

PCB-138 2,2′,3,4,4′,5′-Hexachlorobiphenylortho,
ortho, meta, para, para, meta 4CL, PP, 2M 6.83

PCB-153 2,2′,4,4′,5,5′-Hexachlorobiphenylortho,
ortho, para, para, meta, meta 4CL, PP, 2M 6.92

PCB-180 2,2′,3,4,4′,5,5′-Heptachlorobiphenylortho,
ortho, meta, para, para, meta, meta 4CL, PP, 2M 7.36

Descriptors [22] *: CP0: no chlorine substitution at any of the “ortho” positions on the biphenyl backbone (also
referred as non-“ortho” congeners). CP1: chlorine substitution at only one of the “ortho” positions (also referred
as mono-“ortho” congeners). 4Cl: congeners that have a total of four or more chlorine substituents regardless of
position. PP: congeners that have both “para” positions chlorinated. 2M: congeners that have two or more of the
“meta” positions chlorinated. If one congener has all four descriptors this is referred to as being “dioxin-like”,
like PCB-118.

3.1.2. Adsorption onto PE-MPLs

As can be seen in Table 1, the percentage of adsorption of PCB-28 and PCB-52 onto PE was nearly
60% after 21 days. Both compounds, PCB-28 and PCB-52, are those with a lower chlorination degree
of three and four chlorine atoms, respectively. It has been shown that the adsorption decreases with
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The chromatographic system was equipped with a DB-XLB (Agilent, Folsom, CA, USA)
fused-capillary column (60 m × 0.25 mm I.D. × 0.25 μm film thickness). Following the temperature
program that can be seen elsewhere [14]. The injection of 1 μL of extract was carried out in splitless
mode (60 s) with the temperature of the injector at 280 ◦C.

The chromatograph was coupled to a magnetic sector spectrometer equipped with an electron
impact ionisation (EI) source working at 32 eV, trap current at 500 μA, and acceleration voltage at
8000 V. The acquisition was performed in selected ion monitoring (SIM) mode at a resolving power of
10,000 (5% valley). The ion source and transfer line were set at 250 and 280 ◦C, respectively.

The quantification of residual PCBs in sediments was done by isotopic dilution methodology
described elsewhere [14].

3. Results and Discussion

3.1. Adsorption of Marker PCBs on Selected MPLs

In Table 1, the percentages of adsorption of the marker PCBs on selected MPL surfaces calculated
according to Equation (1) are summarized:

% Ads = 100− [A]t
[A]0

× 100 (1)

where % Ads is the percentage of adsorption, [A]t is concentration of compound A remaining in
sediments after 21 days, and [A]0 is the concentration of compound A at time 0, both concentrations
expressed in ng/g. The distribution of PCBs is schematized in Figure S2.

Table 1. Adsorption percentages for PCBs vs. spiked concentration in all polymers and sum of PCBs
adsorbed on MPLs.

Spiking Level
PCB

Congener
5 ng/g 10 ng/g 15 ng/g 20 ng/g 25 ng/g

Mean ±SD Mean ±SD Mean ±SD Mean ±SD Mean ±SD

%Ads on PE

PCB-28 58.27 5.48 58.24 4.08 60.64 2.43 58.59 1.76 60.88 6.70
PCB-52 56.29 4.50 59.95 1.68 60.55 3.63 57.14 4.00 58.64 3.05
PCB-101 41.28 2.06 42.72 2.01 44.93 0.81 41.22 3.67 38.89 1.56
PCB-118 0.00 0.00 12.89 0.80 14.17 0.69 5.75 1.04 0.00 0.00
PCB-153 29.03 2.03 36.48 1.09 38.27 2.68 34.21 1.54 29.64 2.67
PCB-138 5.77 0.36 28.31 2.26 31.01 3.10 27.37 0.55 22.78 0.91
PCB-180 16.22 0.29 14.21 1.28 28.13 1.60 24.82 2.63 18.61 1.38

ΣPCBs on PE (ng) 0.103 0.253 0.417 0.498 0.574

%Ads on PET

PCB-28 62.87 4.21 66.96 2.68 63.82 2.55 63.53 10.80 65.47 1.64
PCB-52 60.02 2.82 62.97 4.22 58.71 4.70 58.06 3.08 60.11 4.03

PCB-101 46.46 0.74 53.15 3.93 49.49 3.32 47.43 3.32 46.16 5.08
PCB-118 17.34 0.35 32.13 2.57 20.45 0.39 16.94 1.52 15.66 1.47
PCB-153 32.81 1.64 39.10 1.96 35.26 1.69 32.93 0.49 31.94 1.53
PCB-138 21.78 1.96 35.02 4.20 29.28 4.10 26.25 1.05 22.45 1.35
PCB-180 21.87 1.77 26.09 1.54 26.71 0.99 25.23 4.04 20.98 1.47

ΣPCBs on PET (ng) 0.132 0.315 0.426 0.541 0.657

%Ads on PS

PCB-28 48.58 0.97 56.12 6.17 50.13 6.52 54.86 4.39 53.46 4.81
PCB-52 55.19 3.86 60.49 7.86 53.60 7.50 59.41 3.80 57.07 2.17

PCB-101 38.16 3.05 45.74 3.66 32.49 2.08 41.74 1.17 40.97 4.26
PCB-118 14.42 1.50 31.22 2.22 8.17 0.66 21.17 1.48 20.19 0.36
PCB-153 33.45 0.47 41.80 4.51 25.82 1.50 37.81 4.54 38.74 2.60
PCB-138 26.42 1.59 34.24 1.57 15.50 1.86 31.00 4.34 36.63 0.51
PCB-180 23.52 1.65 18.09 1.34 5.93 0.24 27.52 3.03 29.47 1.47

ΣPCBs on PS (ng) 0.063 0.151 0.151 0.287 0.363

3.1.1. Adsorption onto PS-MPLs

In Table 1, the adsorption percentages for PCBs onto the PS surface is shown. The adsorption
range was from 10 to 60% and ordered as follows: PCB-52 ≥ PCB-28 > PCB-101 > PCB-153 ≥ PCB-138
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infinite number of different adsorption sites [30]. Then, the equation was linearized in its logarithmic
form to obtain the Freundlich constants according to Equation (3):

q = KFCn (2)

logq = logKF +
1
n

logc (3)

where q is the concentration of PCBs onto the plastic surface and C the concentration of PCBs in
sediment at the assumed equilibrium time of 21 days. KF is an indicator of the adsorption capacity,
where the higher the value is, the higher the adsorption capacity. Additionally, n is a value ranging
from 0 to 10, where an n range between 2 and 10 indicates good capacity of adsorption, between 1
and 2 means moderate adsorption capacity, and less than 1 indicates poor adsorption capacity at high
concentrations of compounds [29]. In Figure 1 and Figure S3, the results are presented.

 
(A) 

(B) 

(C) 

Figure 1. Adsorption isotherms of concentration (Conc) of ΣPCBs after 21 days on MPL surface of
(A) PS, (B) PE, and (C) PET vs. sediment.

In the case of PS-MPLs, as it can be seen in Table 3, their characteristic parameters indicate high
adsorption capacity to PCBs with a high KF value, while the adsorption is favoured at the lower
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the increase of the number of chlorine atoms, the final adsorption being ranked as follows: PCB-28 ≈
PCB-52 > PCB-101 > PCB-153 > PCB-138 > PCB-180. Similar adsorption behaviour is also shown for PS.
The differences observed among different congeners can be attributed to different effects at the same
time. First, there is the steric interaction of PCB molecules with PE surfaces. PE is a nonporous material,
with only transient cavities with a typical size of 1 nm [26], which is a limitation for the adsorption of
large molecules or big cluster molecules with suspended materials that are excluded by size (Table 1).
The aggregates formation between the suspended matter and HOCs as PCBs is expected to happen,
especially for the more non-polar compounds [26]. The second factor influencing the lower adsorption
onto PE of more chlorinated congeners is their much higher interaction with sediments, as has been
reported. In summary, the adsorption onto PE surfaces of PCBs 118, 138, and 180, with high steric
impediments due to chlorine number and position was limited, and at the same time, their interaction
to sediments was higher. For example, for the PCB 118, the maximum adsorption level was 15% for
the spiking of 15 ng/g, and the percentage of adsorption was even lower for higher concentrations of
spike because of the high non-polarity of this compound that tends to form a cluster of molecules in
seawater (Table 1). These results agreed with previous works, such as when using PE food-packaging
plastic film [21], in which it was confirmed that there was a correlation between increasing chlorination
and increasing cohesive density within PCB molecules [21]. This phenomenon made difficult the
adsorption of molecules with a high number of chlorines. In another work, Allen et al. [27] evaluated
the adsorption of PCBs 52, 101, 118, and 153, among others, in six plastic polymers, including high-
and low-density PE, PS, and PET, where it was observed that PCBs from spiked waters were easily
adsorbed onto PE and PS surfaces with a return of compounds after desorption with n-hexane between
50 and 55% [27].

3.1.3. Adsorption onto PET-MPLs

The results of adsorption of PCBs on a PET surface exhibited a similar profile than that observed
for PS and PE (see Table 1). The adsorption capacity for selected PCBs decreased with the increase of
chlorines in the molecule. The maximum adsorption is exhibited by PCB-28 (c.a. 70%), followed by
PCB-52 (c.a. 60%). However, as observed for the other MPLs, the dlPCB-118 has the lowest tendency to
be adsorbed on PET surface, its maximum being at 30% for 10 ng/g of spiking level and the minimum
at 10% for higher spiking concentrations.

3.1.4. Comparison among MPLs

Comparing adsorption percentages among MPLs, PET has higher percentages (generally being
10% higher than the others) for all spiking concentrations, as shown in Table 1.

In this sense, the effects observed by Pascall et al. [21], where glassy polymers like PVC have
less diffusion and lower adsorption capacity compared to non-glassy or rubbery polymers such as
PE, is not confirmed here. In this work, PS and PET (glassy polymers) exhibited equal or even higher
adsorption than PE, as it was also observed in a long-term exposition experiment by Rochman et al. [28].
The difference between our work and the one carried out by Pascall et al. [21] can be explained by
experimental differences, such as the size of MPLs (1–300 μm in this work) and the type of material
used. In the present study, we used granulated MPLs, while Pascall et al. [21] used films.

The adsorption behaviour of PCBs onto the different MPLs materials was PET > PS > PE (Table 1).
These results can be explained by the type of interaction between surfaces and PCBs. With the aliphatic
chains of PE, only non-specific van der Waals interactions can be established, while PS and PET can
also undergo π-π interactions, as pointed out by other authors [27,28].

3.2. Adsorption Isotherms of Marker PCBs on Selected MPLs

Different adsorption isotherms were tested, including the Brunauer–Emmett–Teller (BET),
Langmuir, and Freundlich models [29]. The Freundlich model was shown to be the one which
fit best, and it was selected in all the cases (Equation (2)). This model assumes the presence of an
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The main results have shown that, after three weeks of exposition, the recalcitrant PCBs are
adsorbed, in general, between 20% and 60% onto MPLs of PE, PS, and PET. The tested polymers
showed that the adsorption is favoured when π-π interactions can be done like in the case of PET and
PS. Finally, the calculated isotherms were fitted to a Freundlich equation with a Pearson coefficient
higher than 0.9 for the sum of PCBs and, in almost all the cases, higher than 0.8 for individual PCBs.
With these data, it can be predicted that PCBs dissolved at low ppt and sub-ppt concentrations will
be readily and strongly attached to MPL surfaces, given that PCBs associated with plastic particles
are likely to be a significant factor in the environmental fate, behaviour, and potential transfer to the
food chain.

Supplementary Materials: The following are available online at http://www.mdpi.com/2305-6304/8/3/59/s1,
Figure S1: schematic flowchart of experimental design; Figure S2: Schematic diagram on sediment, water, and
MPLs partitioning for PCBs; Figure S3: Individual adsorption isotherms of marker PCBs on (A) PS, (B) PE and
(C) PET.
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concentrations because n is inferior to 1. This agrees with the observations by Hüffer et al. [31] in
their investigations of the adsorption of non-polar organic compounds onto MPLs. In that study,
the non-linear adsorption isotherm in PS was attributed to surface adsorption.

Table 3. Freundlich equation parameters for ΣPCBs on MPLs in the seawater/sediment system.

log [q] = log KF + 1/n log [c] log KF KF (ng/mg) n

PS y = 1.1599x + 2.4499; R2 = 0.9794 2.4499 281.77 0.862

PE y = 1.1452x + 2.4258; R2 = 0.9253 2.4258 266.56 0.873

PET y = 0.9532x + 2.8781; R2 = 0.9572 2.8781 755.27 1.049

The adsorption capacity of PE and PET MPLs for the selected PCBs in water/sediment systems
was shown to be similar to PS-MPLs. Additionally, as can be seen in the Figure 1B,C, and Figure S3B,C,
the Freundlich isotherm was the best-fitting equation for the interpretation of the results. In both cases,
the adsorption is favoured at low concentrations, with n values inferior to 1 for PE-MPLs and similar
to 1 for PET-MPLs.

As can be seen for the three types of MPL materials, the congener 118 cannot be linearized,
where in this case, their co-planarity (all chlorines are in the same plane) probably produced surface
interaction, rather than introduction in pores or cavities. For the rest of the compounds, the steric
congestion (presence of surrounding ligands (chlorines in PCBs) in a molecule) increase with the
number of ortho-chlorines, which means that di-ortho compounds (52, 101, 153, 138, and 180) present
a more steric congestion than the mono-ortho congener 28-PCB. Additionally, among the di-ortho
compounds, the steric congestion increases with the total number of chlorines in the molecule.
Proportional to the increase in steric congestion, the interaction will be more superficial than in the
cavities, and then the adsorption isotherms will be less linear. Besides, when the number of chlorines
increases, the non-polarity rises too, and the interactions between the PCBs and the sediments is
stronger, and therefore, a lesser amount of molecules will be available to be adsorbed onto the MPLs.
In spite of how the Freundlich model cannot explain the 100% of the interactions, in some particular
cases, the model fits better to the globally studied system.

3.3. Environmental Implications

The main results reported in this work suggest that recalcitrant compounds, such as PCBs, can
be readily adsorbed onto cavities of PE-MPL surfaces, rather than inside the polymeric structure;
while in PS-MPL and PET-MPLs, a certain degree of diffusion inside the polymeric structure occurred.
In the case of PS and PET-MPLs, the π-π interactions also increased the adsorption rate of PCBs in
comparison to the adsorption of PCBs onto PE-MPLs, in which the interactions were just van der Waals
forces. We want to remark that in this work, we have tested the ability of three types of MPLs to adsorb
PCBs in a water/sediment system, and despite the competition with sediments, the MPLs presented an
important rate of accumulation. Due to the MPLs’ size and variety of colour that has been proved to
stimulate their ingestion by fish, this can be a new route of HOC exposure to biota, and an entrance to
the aquatic, and therefore to the human food chain. Furthermore, it is essential to study the fugacity
gradient of MPLs with adsorbed PCBs between the water/sediment/aquatic food chain, since these are
the main driving forces of transfer. Finally, although this study has been focused on seven marker
PCBs, similar results are expected for other equally recalcitrant congeners.

4. Conclusions

Within this work, we have reported data regarding the adsorption capacity of MPLs for marker
PCBs in water/sediment systems. To the authors’ knowledge, this is the first time that the adsorption
capacity of MPLs for PCBs has been evaluated in this type of system.

Chapter 5 Interaction between MNPLs & other contaminants: sorption and desorption behaviour
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5.3 Discussion

Publication nº5, presented the key adsorption/desorption mechanisms be-
tween different types of microplastics (MPLs) sizes between 1 to 300 μm and 
representative PCBs in simulated coastal (water-sediment) ecosystems.

As shown in Publication nº5, to measure the adsorption/desorption behav-
iour between seven polychlorinated biphenyls congeners (PCB-28, -52, -101, 
-118, -153, -138, and -180) listed in the Stockholm Convention of POPs and 3 
polymers: PE (3-16 μm), PS (10 μm), and PET (< 300 μm), the free concentra-
tion of individual PCBs at the initial and final incubation times, once equilib-
rium is reached, were assessed.

PCBs were adsorbed in the range of 20-65% onto MPL surfaces, despite sed-
iments competing with MPLs for PCB for entrapping PCBs. The higher ad-
sorption percentages were PET > PS > PE from the different contact times 
with concentrations (5 to 25 ng·g-1) assessed. The adsorption was favoured 
when polymers were able to establish π-π interactions instead of only Van 
der Waals forces, and they presented glassy polymeric structures, promoting 
high adsorption of co-contaminants by crystal surfaces and less desorption 
by rubbery surfaces, due to the degree of facility for pollutants to become 
entrapped.
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Regarding PCBs, hydrophobic organic pollutants that contain more chlorine 
atoms in their structures, generally showed less adsorption on MPLs, due 
to the rise of polarity in the molecules, making it more difficult for them to 
stabilise on plastic surface pore sites, and facilitating their interaction with 
sediments. Nevertheless, PCB-118 was the exception, even at higher con-
centrations, due to its specific co-planarity conformation favouring steric 
impediments. The maximum adsorption degrees between PCB-118 and the 
studied MPLs were 14, 32, and 31% in PE, PET, and PS, respectively.

In this context, other persistent organic pollutants such as PFASs, polycyclic 
aromatic hydrocarbons (PAHs), hexachlorocyclohexane (HCHs), and pesti-
cides such as dichlorodiphenyltrichloroethane (DDT), or bisphenol analogs, 
exhibiting polarities (expressed as log ko/w) in the range of 3-9, have also 
been most often reported in the literature as being associated with PE-, PP-, 
PS-, and PET-MPLs surfaces, where partitioning of these POPs between en-
vironmental waters and microplastics surfaces typically follows the PE PP 
> PS > PET order (Tumwesigye et al., 2023). For example, in the study by Mai 
et al. (2018), adsorption capacities between PE-, PS-MPLs, and PAHs were 
assessed by obtaining 3,400-119,000 ng·g-1 PAHs on MPLs, while in the study 
by Pozo et al. (2020), the adsorption rates of PCBs, PBDEs, and DDTs onto PE-, 
PP-MPLs surfaces were in the ranges of 3-60, 10-133, and 0.1-7 ng·g-1 – pellet, 
respectively. Moreover, these high concentrations of chemicals reported on 
MPLs surfaces in ambient waters can be prone as a result of biofilm forma-
tion by biological agents on microplastic surfaces  (Wang et al., 2016).

Comparing our outcomes published in Publication nº5 with those outcomes 
that were previously reported in Llorca et al. (2018), the adsorption percent-
ages found between PCB congeners and a group of PFASs (perfluorooctanoic 
(PFOA), perfluorobutane sulfonate (PFBS), perfluorohexa sulfonate (PFHxS), 
and perfluorooctane sulfonate (PFOS)) in PE-, PS-MPLs microspheres (3-16 
μm) in simulated estuarine systems are presented in Figure 5.2.

As can be seen at the same exposure concentrations, PFASs showed a gen-
eral tendency for a lesser degree of adsorption in PE-MPLs, where only the 
perfluoroalkyl substance with the carboxylic acid group (PFOA, C8) was ad-
sorbed onto polyethylene. In the case of PS-MPLs co-exposure, PFOA and the 
sulphonates PFASs with a higher number of carbon atoms (PFHxS, C6; and 
PFOS, C8) were adsorbed onto polystyrene surfaces ranging from 39 to 52 

Figure 5.2 Adsorption percentages of PCBs and PFASs onto PE and PS-MPLs mi-
crospheres in simulated seawater environments at 10 μg·L-1 after 21 and 49 
days, respectively.

%, and reaching percentages that are more similar to PCBs congeners with 
a lower number of chlorine atoms, while comparing the same carbon chains 
with different functional groups, carboxylic acids had a lower tendency to 
be adsorbed onto PS than sulphonates (PFOA vs. PFOS). However, it is note-
worthy that adsorption experiments which were carried out with PFASs did 
not contain sediments, thus avoiding, in any case, competition between the 
sediments and plastic particles to adsorb PFASs as in the PCBs-MPLs co-ex-
posure studies.

Furthermore, differences between freshwater and seawater and the ageing 
of MPLs have not been tested in Publication nº5. However, according to the 
recent body of literature, the aged MPLs can present higher adsorption ca-
pacities for the same polymers, due to the major number of available active 
oxygen-based functional groups on their surfaces. Whereas, in freshwater 
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compartments, the adsorption may be slightly favoured because in seawater, 
the ionic strength (salinity), and in consequence, pH, or the amount of sus-
pended and dissolved organic matter, is higher, thus promoting electrostatic 
interactions between microplastics and co-contaminants, and competition 
between natural organic matter and MPLs for POPs adsorption. However, 
the effect of hydrophobic interactions and salting out is a major influence 
(Kuang et al., 2023).

Regarding the adsorption mechanisms characterisation, the individual be-
haviours of the different PCBs that were studied in Publication nº5 were 
considered. Some adsorption isotherms approaches were tested, including 
linear, Langmuir, Brunauer-Emmett-Teller, and Freundlich models, where 
the linearised Freundlich approach in its logarithmic form was the model 
with best fit for all cases, assuming the presence of an infinite number of 
adsorption sites. Table 5.2 shows the Freundlich equation parameters ob-
tained for ΣPCBs (Publication nº5) and ΣPFASs  (Llorca et al., 2018) in estua-
rine systems.

Table 5.2 Freundlich parameters obtained for ΣPCBs and ΣPFASs on PE and PS-
MPLs in simulated seawater systems.

ing poor, moderate, and good adsorption in the available active sites, re-
spectively (Subramanyam and Das, 2009). Thereby, Freundlich parameters 
explained that the adsorption of these types of POPs onto MPL surfaces is 
poor, in general, and quite moderate for PCBs (PET- ΣPCBs) than for PFASs, 
due to the smaller number of halogenated atoms in their structures, confer-
ring them a slightly higher hydrophobicity, and in consequence greater ad-
sorption stability (higher KF values), which is more pronounced, even when 
π-π interactions were available in polymeric structures due to electron delo-
calisation (PS, PET), as well as the presence of polar atoms (oxygen atoms in 
the PET structure).

Where ‘KF’ is a thermodynamic constant about the adsorption capacity at 
20.0 °C (i.e., the higher the value, the more proneness to adsorption there 
will be), and ‘nF’ can range from 0 to 10, between 0-1, 1-2, and 2-10 indicat-
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6
Human exposure 
to micro(nano)
plastics



6.1 Introduction

The main routes of human exposure to MNPLs are inhalation, ingestion, and, 
to a lesser extent, dermal contact. Early insights indicate the potential of MN-
PLs to cause adverse effects on human health. On the one hand, particle tox-
icity can include oxidative stress, inflammatory lesions, and then increased 
internalisation or translocation through tissues. On the other hand, plastic 
additives can release toxic substances. It is noteworthy, that the potential ef-
fects of MNPLs encompass a wide range of effects, due to the wide variety of 
polymers and chemical additives mixtures used nowadays, that can induce 
different effects. Moreover, when human environmental exposure through 
inhalation or the consumption of contaminated foods (e.g. fish or seafood) 
is considered, the adsorption and desorption capabilities of MNPLs can in-
duce exposure to other organic contaminants, as presented in the previous 
chapter.

As aforementioned, ingestion is considered to be the major route of human 
exposure to MNPLs, and the microbiome and tissues of the human gastro-
intestinal tract (GIT) are considered to be among the most exposed. In par-
ticular, the small intestine has potentially been defined as the main site of 
uptake and translocation of anthropogenic particles. The M cells of the Pey-
er’s patches, which are part of the gut-associated lymphoid tissues (Powell 
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of human exposure, particularly due to the lack of analytical methods with 
comparable results and the ability to assess trace concentrations of poly-
mers in complex matrices, such as foods, and ultra-trace levels in drinking 
waters. Thus, in this chapter, that aim is to tackle this current lack of knowl-
edge. Hence, the oral exposure to PE, PP, PET, PS, PI, and PBD polymers from 
MNPLs, as well as the identification of the plastic additives’ composition by 
the daily consumption of tap and bottled water, have been assessed. In brief, 
the mass-quantitative methodology based on LC(SEC)-HRMS was adapted 
and validated for drinking water analysis, and subsequently applied to as-
sess the different household tap waters, that are distributed in the Barcelo-
na Metropolitan Area (Publication nº6), and from single-use plastic bottles 
(Publication nº7) through 20 popular commercial brands that are consumed 
in Spain. In addition, a qualitative human risk assessment of the composi-
tion of plastic additives that are associated with plastic material was carried 
out, following a prioritisation study, based on a multi-QSAR (Quantitative 
Structure–Activity Relationship) model for water samples collected from sin-
gle-use plastic bottles.

Although the bioaccumulation of MNPLs and their associated toxicological 
effects in biota have been reported in recent years, there are still gaps in the 
knowledge about accumulated MNPLs in animals for food consumption, and 
their potential transfer of other contaminants. Moreover, the bioaccessibil-
ity or the proportion of consumed MPLs (monomers from polymers, plastic 
additives, or contaminants adsorbed onto MNPLs) in a meal that is released 
from the food matrix during digestion and is accessible for absorption has 
received very little attention in research, until now. Solely 8 scientific arti-
cles, have been found in the body of literature that aims to address the un-
derstanding of the mechanisms that are related to the bioaccessibility and 
translocation of MNPLs in human organisms. Those articles were located via 
a bibliographic search that was performed using Scopus, and employing the 
terms: ‘micro and nanoplastics,’ ‘bioaccessibility,’ and ‘humans’, in that or-
der. All of the studies have been carried out following in vitro models, and 
none were initiated before year 2021. Future efforts will be necessary for the 
next years in order to enhance the understanding of MNPLs’ bioaccessibility 
behaviour in the human body. Nonetheless, MNPLs have been detected in 
human tissues and excreta in a few studies. According to Yan et al. (2021), 
the concentration of MNPLs in the faeces of patients with inflammatory dis-
eases (41 items MNPLs·g-1) was significantly higher than in healthy individ-
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et al., 2010), can transport particles (0.1–10 μm) to the mucosal lymphoid 
tissues, which are responsible for initiating immune responses. Moreover, 
the subepithelial region of the Peyer’s patches can store non-degradable 
particles, and consequently, they disrupt the immunity processes (Campan-
ale et al., 2020). For the bigger particles, up to 130 μm diameter, persorption 
performed by GIT epithelial cells is another route of uptake. In addition to 
particle size, other factors that can influence the uptake and translocation 
of MNPLs in the human body are a particle’s chemical composition, shape, 
and hydrophobicity. It is known that hydrophobic surfaces can promote the 
transport of particles through the mucus layer. Food and drinking water are 
key to assess human MNPL exposure through ingestion. It is known that 
molluscs, such as mussels (Van Cauwenberghe and Janssen, 2014; Li et al., 
2015; Smith et al., 2018), can be MNPLs-contaminated foods because they 
live in intertidal areas, where they are particularly exposed (Coppola et al., 
2020). Moreover, the edible part of molluscs includes the stomach, intestine, 
and digestive glandular. However, as in other matrices, the concentrations 
of MNPLs in molluscs present a high variability, ranging from 0.05 to 3 MPLs 
items·g-1 wet weight (ww) of edible tissue in mussels, which can be influenced 
by contamination of the different geographical areas, and can also be due to 
the variability of analytical approaches that are used in the different studies, 
and the lack of standardisation.

Drinking water may be another important source of MNPLs in humans be-
cause of the cross-contamination during potabilisation and transport of tap 
water, or due to migration from plastic bottles, in the case of bottled water 
(Luo et al., 2018), because water consumption has increased greatly, sur-
passing 22,700 million L·year-1. For example, from mechanical stress to PE-PP 
bottle screw caps during the opening and closing of a plastic water bottle, 
and thermal stress when brewing any teabags that are made from nylon and 
PET. Top-down formation of MNPLs may occur; notwithstanding any simple 
contact of food products with the plastic packaging, such as meat in extrud-
ed PS trays or transfer through  plastic takeaway containers (Winkler et al., 
2022). Nevertheless, a deeper understanding of degradation processes dur-
ing the generation of secondary MNPLs in food and beverage plastic packag-
es still needs further research.

One of the current limitations to assessing the risk associated with human 
exposure to MNPLs, is the lack of consistent information about real levels 
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uals (28 items MNPs·g-1). Therefore, here, we have studied the potential of 
Mediterranean mussels to bioaccumulate MNPLs, and their influence on the 
bioaccessibility of other organic contaminants adsorbed onto MNPLs (Pub-
lication nº8).

6.2 Results

This section comprises 3 scientific articles, the first two of which have already 
published in scientific journals from the first quartile, and the third has been 
submitted to the journal. The novel outcomes have been presented in:

• Publication nº6: Vega-Herrera, A., Llorca, M., Borrell-Diaz, X., Redon-
do-Hasselerharm, P. E., Abad, E., Villanueva, C. M., Farré, M., 'Poly-
mers of micro(nano)plastic in household tap water of the Barcelona 
metropolitan area', 2022, Water Research, https://doi.org/10.1016/j.
watres.2022.118645

• Publication nº7: Vega-Herrera, A., Garcia-Torné, M., Borrell-Diaz, X., 
Abad, E., Llorca, M., Villanueva, C. M., Farré, M., 'Exposure to micro(na-
no)plastics polymers in water stored in single-use plastic bottles', 2023, 
Chemosphere, https://doi.org/10.1016/j.chemosphere.2023.140106

• Publication nº8: Vega-Herrera, A., Savva, K., Lacoma, P., Santos, Lúcia 
H.M.L.M., Hernández, A., Marmelo, I., Marques, A., Llorca, M., Farré, M., 
'Bioaccumulation and dietary bioaccessibility of microplastics compo-
sition and cocontaminants in Mediterranean mussels', Submitted to 
Chemosphere.
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6.2.1 Publication nº6

Polymers of micro(nano)plastic in household tap water of the Barce-
lona Metropolitan Area

Albert Vega-Herrera

Marta Llorca

Xavier Borrell-Diaz

Paula E. Redondo-Hasselerharm

Esteban Abad

Cristina M. Villanueva

Marinella Farré

Water Research, 2022, 220, 118645

https://doi.org/10.1016/j.watres.2022.118645
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6.2.1 Publication nº6 (Supplementary material)

Polymers of micro(nano)plastic in household tap water of the Barce-
lona Metropolitan Area

Albert Vega-Herrera

Marta Llorca

Xavier Borrell-Diaz

Paula E. Redondo-Hasselerharm

Esteban Abad

Cristina M. Villanueva

Marinella Farré

Water Research, 2022, 220, 118645

Figure S1
Tables S1, S2, S3
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Sample Polymer Chain weight (Da)* C H (CXHY)n 
 
 

08001 

PE 734.7384 52 105 26 
PP 1,464.5962 105 209 34 
PP 1,800.9735 129 257 42 
PP 2,179.3950 156 311 51 
PP 2,599.8247 186 371 61 

08002 PE 822.5056 59 118 29 
08003 PP 685.2623 49 98 16 

 
 

08004 

PBD 969.6010 72 108 18 
PI 1,230.0600 90 145 18 
PI 1,801.5976 132 212 26 
PI 2,278.0073 168 268 34 
PI 2,702.3190 199 318 40 

 
 

08005 

PE 843.8848 60 121 30 
PE 1,320.4040 94 189 47 
PP 1,222.2915 87 175 29 
PP 1,844.1690 132 263 43 
PP 2,137.3490 153 305 50 
PP 2,599.8605 186 371 61 

08006 PE 706.7066 50 101 25 
 
 

08007 

PI 1,351.0752 99 159 20 
PI 1,895.5783 139 223 28 
PI 2,372.9927 174 279 35 
PI 2,508.1209 184 295 37 

 
 

08008 

PE 954.0210 68 136 34 
PE 1,866.0273 133 267 66 
PE 2,316.5010 165 331 82 
PE 2,708.8730 193 387 96 

 
 

08009 

PE 713.7182 51 102 25 
PE 1,744.5220 125 249 62 
PP 1,800.9778 129 257 42 
PP 2,263.4808 162 323 53 
PP 2,599.8247 186 371 61 

08010 PE 706.7096 50 101 25 
PE 2,743.8975 196 392 98 
PP 1,464.5979 105 209 34 
PP 1,843.0294 132 263 43 
PP 2,557.7803 183 365 60 

08011 PI 1,555.2767 114 183 23 
 

08012 
PE 689.7159 49 99 24 
PP 1,475.5500 105 211 35 
PP 1,769.8776 126 253 42 

 
08013 

PE 1,276.3495 91 182 45 
PP 1,885.0841 135 269 44 
PP 2,389.6210 171 341 56 

 
 
 
 

08014 

PE 706.7068 50 101 25 
PBD 709.4314 53 79 13 

PI 1,408.2344 104 166 21 
PI 1,664.4644 122 196 24 
PI 2,498.1695 184 294 37 
PP 1,843.0237 132 263 43 

Variables PE PI PBD PP 
PE 1 -0.097 -0.049 -0.050 
PI -0.097 1 0.228 -0.062 

PBD -0.049 0.228 1 -0.089 
PP -0.050 -0.062 -0.089 1 

Chapter 6

Table S1 Correlation matrix among variables expressed in cos2( ) at signifi-
cance level of 95 %.

Table S2 Size and distribution of micro(nano)polymers found in the drinking 
water samples analysed providing the kind of polymer found, the weight in Da, 
the number of carbons and hydrogen atoms and the number of monomers that 
contains the polymeric chain.
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08030 

PI 1,801.6050 132 212 26 
PI 2,209.9541 162 260 32 
PI 2,702.3135 199 318 40 

 
 

08031 

PE 706.7101 50 101 25 
PI 1,487.2128 109 175 22 
PI 1,759.4586 129 207 26 
PI 2,167.8334 159 255 32 
PP 2,136.3268 153 305 50 

 
08032 

PE 1,262.3007 90 180 45 
PP 1,306.3748 93 187 31 
PP 1,642.7282 117 235 39 

 
08033 

PP 1,843.0208 132 263 43 
PP 2,053.2468 147 293 48 
PP 2,683.8990 192 383 63 

 
 

08034 

PE 706.7098 50 101 25 
PI 1,324.1679 97 156 19 
PI 1,733.5346 127 204 25 
PI 2,225.9508 164 262 33 
PP 2,052.2327 147 293 48 

 
08035 

PI 873.6480 64 103 12 
PI 1,419.1671 104 167 20 
PI 1,759.4803 129 207 25 
PI 2,208.9302 162 260 32 

 
 

08036 

PI 795.6674 59 94 11 
PI 1,665.4894 122 196 24 
PI 2,482.2203 183 292 36 
PP 1,054.1065 75 151 25 

 
 

08037 

PE 706.7112 50 101 25 
PBD 763.4445 57 85 14 

PI 1,555.2708 114 183 23 
PP 2,011.1930 144 287 47 

 
08038 

PP 1,844.1966 132 263 43 
PP 2,599.8352 186 371 61 

 
08039 

PE 1,271.8550 91 182 45 
PE 2,585.0913 185 369 92 
PP 2,179.3906 156 311 51 

 
 

08040 

PE 629,6236 45 90 22 
PBD 599.4836 44 67 11 

PI 1,419.1498 104 167 21 
PI 1,827.5242 134 215 27 

 
 

08041 

PE 675.7048 48 97 24 
PS 1,593.9412 123 123 15 
PS 2,010.1869 155 155 19 
PP 2,179.4027 156 311 51 

08042 PE 706.7076 50 101 25 
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PP 2,305.5086 165 329 54 
PP 2,179.3906 192 383 63 

08015 PP 2,137.3219 153 305 50 
08016 PP 1,222.2907 87 175 29 

PP 2,347.5502 168 335 55 
 

08017 
PE 869.9125 62 124 31 
PP 1,379.8775 99 197 32 
PP 2,389.6133 171 341 56 

 
08018 

PE 759.7957 54 109 27 
PP 1,180.2484 84 169 28 
PP 2,347.5442 168 335 55 

 
 

08019 

PE 999.8609 71 143 35 
PE 1,576.3666 113 225 56 
PE 2,613.0667 187 373 93 
PI 1,487.2061 109 175 22 

08020 PE 629.6232 45 90 22 
PE 706.7064 50 101 25 

 
08021 

PE 1,511.2924 108 216 53 
PP 2,347.5444 168 335 55 
PP 2,642.8739 189 378 62 

 
 

08022 

PI 1,392.2322 102 164 20 
PI 1,664.4728 122 196 24 
PI 2,278.0123 168 268 34 
PI 2,686.3187 198 316 40 

 
08023 

PE 678.6754 48 97 24 
PI 1,419.1419 104 167 21 
PI 1,691.3858 124 199 25 

 
 
 

08024 

PE 678.6780 48 97 24 
PE 1,756.9084 125 251 62 
PP 1,366.3239 98 195 32 
PP 1,927.1161 138 275 45 
PP 2,221.4312 159 317 52 
PP 2,599.8181 186 371 61 

 
 

08025 

PE 706.7065 50 101 25 
PI 941.6989 69 111 14 
PI 1,623.3251 119 191 24 
PI 2,371.9895 174 279 35 
PI 2,509.0958 184 295 37 

 
08026 

PI 863.7307 64 102 12 
PI 1,596.4202 117 188 23 
PI 2,550.2749 188 300 37 

 
 

08027 

PE 1,262.3320 90 180 45 
PP 1,180.2403 84 169 28 
PP 1,885.0915 135 269 44 
PP 2,515.7480 180 359 59 

 
 

08028 

PE 822.5056 59 118 29 
PI 1,351.0743 99 159 20 
PI 1,827.5262 134 215 27 
PI 805.5743 59 95 12 
PI 2,577.1744 189 303 38 

08029 PE 1,098.0787 78 157 39 
PE 678.6776 48 97 24 

 PI 1,135.9601 84 134 17 
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 F1 F2 F3 F4 
Variability (%) 38.30 26.63 20.14 14.93 
Cumulative (%) 38.30 64.93 85.07 100 

Table S3 PCA factors and variability explained of each one as individual and 
cumulative in %.
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6.2.2 Publication nº7

Exposure to micro(nano)plastics polymers in water stored in sin-
gle-use plastic bottles

Albert Vega-Herrera

Maria Garcia-Torné

Xavier Borrell-Diaz

Esteban Abad

Marta Llorca

Cristina M. Villanueva

Marinella Farré

Chemosphere, 2023, 343, 140106

https://doi.org/10.1016/j.chemosphere.2023.140106
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6.2.2 Publication nº7 (Supplementary material)

Exposure to micro(nano)plastics polymers in water stored in sin-
gle-use plastic bottles

Albert Vega-Herrera

Maria Garcia-Torné

Xavier Borrell-Diaz

Esteban Abad

Marta Llorca

Cristina M. Villanueva

Marinella Farré
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     Precision (n=3) – Repeatability (%) 

Polymer Acronym Recovery 10 ppb (n=3, %) MLoD (ng·L-1) MLoQ (ng·L-1) Inter-Day Intra-Day 

Polyethylene PE 61 1 14 21 1 

Polypropylene PP 86 4 27 9 4 

Polyethylene terephthalate PET 72 78 116 7 4 

Plastic Additive Use Classification 
1,1,2,2-Tetracyanocyclopropane Stabilizer 

Stabilizers 

2,2'-(Hexadecylimino)diethanol Used in PP synthesis 
3,3'-(Phenylphosphinediyl)dipropanenitrile Polymerisation catalyst 

D-Xylonic acid Used in Nylon synthesis 
N-Methylmorpholine Stabilizer 

Octadecenylsuccinic anhydride Hydrolisis stabilizer 
Bis(2-ethoxyethyl) hydrogen phosphate Production of transparent 

polythiourethane bodies 
Methyl 3,5-dimethoxybenzoate Styrene derivative 

Dibenzyl sulfide Depolyumeration 
Lauramide Thickener and viscosity 

builder 
Linolenelaidic acid Filler 
Phthalic anhydride Used in phthalate synthesis 

Bis(tetramethylhydroxypiperidinyl) sebacate Sebacate 

Plasticisers 

Diethyl phthalate (DEP) Phthalate 
Bis(2-ethylhexyl) phthalate Phthalate 

Diisobutylphthalate Phthalate 
Bis(2-ethylhexyl)adipate Adipate 

N-Butylbenzenesulfonamide Polymerisation of 
polyamides 

Tetramethylurea Plasticiser 
4-Isopropylphenyl diphenyl phosphate Flame-retardant 

Flame-retardants Tris(3,4-dimethylphenyl) phosphate Flame-retardant 
Aminopropyl dihydrogen phosphate Flame-retardant 

Anthraquinone Intermediate Colourant agents 
Ethylene palmitate Lubricant 

Lubricants 

Methyl 9,10,12,13-tetramethoxyoctadecanoate Lubricant 
N-Caprylyldiethanolamine Lubricant 

Stearyldiethanolamine Lubricant 
Octylamine Lubricant 

 

Table S3 Validation of the quality parameters for the polymers analysed.

Table S4 Compounds tentatively identified applying the MNPLs-plastic additives 
suspect screening excluding plastic additives found.

Compound Classification 
12-Oxahexadecanolide 

Personal Care Products 
(PCPs) 

Didecyldimethylammonium 
Dihydroxiethyl stearamine oxide 

Lauryldimethylamine oxide 
N~2~-Ethyl-N~4~,N~6~-bis(2-methyl-2-

propanyl)-1,3,5-triazine-2,4,6-triamine 
L-(+)-Leucine 

Food additives Diethyl tartrate 
O-Cyclohexyl methylphosphonofluoridothioate Persistent Organic Pollutants 

(POPs) Ethyl trifluoromethyl disulfide 
(+)-12(S),13(R)-vernolic acid 

Natural compounds 

2-Amino-1,3,4-octadecanetriol 
5-Hydroxy-7-[4-hydroxy-2-methoxy-5-(3-

methyl-2-butenyl)phenyl]-2,2-dimethyl-7,8-
dihydro-2H,6H-pyrano[3,2-g]chromen-6-one 

Arachidoyl ethanolamide 
Embelin 

N-Acetyl-L-leucine 
Traumatin 

7-Pentofuranosyl-7H-pyrrolo[2,3-d]pyrimidin-
4-amine Other uses 

Nitrosomorpholine 

Table S5 Uses and classification of the plastic additives identified tentatively in 
bottled water samples analysed from the single-use plastic bottles.
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Highlights 

1) Accumulation of MPLs in mussels is function of their chemical compositions and 

particle sizes. 

2) Aggregation of contaminants onto MPLs surface is mainly ruled by hydrophobic 

interactions and the particles net surface charge. 

3) Lower bioaccumulation of PFASs in mussels in co-occurrence of MPLs in the media 

was shown. 

4) Nevertheless, PFASs bioaccessibility was increased when MPLs were present in the 

same media.  

 
 

 2 

Abstract 

Microplastics (MPLs) are contaminants of emerging concern (CECs) ubiquitous in 

aquatic environments, which can be bioaccumulated along the food chain.  

In this study, the accumulation of polyethylene (PE), polystyrene (PS), and polyethylene 

terephthalate (

Mediterranean mussels (Mytilus galloprovincialis spp). Moreover, the potential of 

mussels to uptake and bioaccumulate other organic contaminants, such as triclosan and 

per- and polyfluoroalkyl substances (PFASs), was evaluated with and without the 

presence of MPLs. Finally, the modulation of MPLs in the human bioaccessibility of co-

contaminants was evaluated by in vitro assays that simulated human digestion. Exposure 

experiments were carried out in 15 L marine microcosms. The bioaccumulation and 

bioaccessibility of PE, PS, PET, and co-contaminants were assessed by means of liquid 

chromatography coupled to high-resolution mass spectrometry (LC-HRMS). 

Our results confirm that MPLs bioaccumulation in filter-feeding organisms is a function 

of the MPL's chemical compositions and particle sizes, as small particles are better 

retained than bigger ones. Finally, despite the lower accumulation and bioaccumulation 

of PFASs in the presence of MPLs, the bioaccessibility test revealed that PFASs 

bioaccessibility was increased in the presence of MPLs. Since part of the bioaccumulated 

PFASs is adsorbed onto MPL surfaces by electrostatic interactions, these interactions 

easily change with the pH during digestion, and the PFASs bioaccessibility increases. 

 

Keywords: Microplastics, PFASs, Exposure experiments, Bioaccumulation, Human 

bioavailability.  

Chapter 6



390

Human exposure to micro(nano)plastics

391

 
 

 5 

species for human consumption, showing that in one gram of mussel meat, between 0.13 

and 2.45 microplastic particles were found with sizes ranging between 3 and 5,000 μm. 

In addition, it should be mentioned that mussels have a limited biotransformation capacity 

for pollutants compared to fish. Nevertheless, no harmonised analytical methods are 

available to assess MPLs or their composition in fish and shellfish for human 

consumption. Moreover, most analytical approaches are based on spectroscopic 

techniques, and their quantification is based on particle counting. The differences 

between particles make it difficult to compare between studies, and it is difficult to 

establish maximum residue levels for human consumption. Few studies have assessed the 

bioaccumulation of MPLs, their influence on the accumulation of other CECs of 

surrounding environments [23], and much less investigating how these mixtures are 

bioavailable through the human diet [24].  

In this study, Mediterranean mussels were exposed through the diet to MPLs < 100 μm 

of polyethylene (PE), polystyrene (PS), and polyethylene terephthalate (PET) in marine 

microcosms for 16 days to assess: (i) the accumulation of the different MPLs, (ii) the 

potential of MPLs to influence the accumulation of other contaminants such as 

polyfluorinated compounds (PFASs) and triclosan, and (iii) how MPLs can modulate the 

human bioaccessibility of PFASs using an in vitro test that simulated the human digestion. 

 

2. Experimental section 

2.1 Chemicals  

Polyethylene terephthalate microspheres (PET; 300 μm) were purchased from 

GoodFellow Cambridge Limited (Huntingdon, England), while polystyrene (PS; 10-63 

μm) and polyethylene (PE; 10-63 μm) microspheres were supplied by Cospheric LLC 

(Goleta, CA, United States). The standards were posteriorly cryogenic grinded to achieve 

the particles sizes of interest, see section 2.3. 

Polymer analytical standards of PE (Mw. 778 Da), PS (Mw. 887 Da) and PET (Mw. 625 

Da) were acquired from Polymer Standard Service GmbH (Mainz, Germany). 

Perfluorooctanoic acid (PFOA), perfluorobutane sulfonate (PFBS), perfluorohexane 

sulfonate (PFHxS) and perfluorooctane sulfonate (PFOS) were purchased from Merck 

(Darmstadt, Germany). Mixture of native perfluoroalkyl acids and sulfonates MXB (> 98 
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1. Introduction 

The rising production of plastics and insufficient waste management practices have 

increased plastic litter in the environment. In particular, marine environments are heavily 

impacted [1, 2]. Once in the environment, plastic litter can break down by erosion and 

UV degradation to small particles (< 5 mm) [3], which are known as secondary 

microplastics (MPLs). Also, plastic particles can enter the environment in small sizes due 

to car wheel erosion, cloth fibres, plastic particles used in cleaning products and 

toothpaste, or paint dust, known as primary MPLs [4]. Marine biota can ingest plastics 

and MPLs with negative effects [5], including mechanical damages such as smothering 

and clogging of the digestive tract [6], toxicological effects because of plastic additives 

or co-contaminants, and biological effects that can include hepatic stress, inflammation, 

impaired movement, and slowed growth rates [7]. In marine ecosystems, MPLs have been 

detected in 17% of the species of the International Union for Conservation of Nature 

(IUCN) Red List [8] and can contribute to reducing marine biodiversity [7]. 

Although MPLs cannot be digested by biota, the smallest particle sizes < 100 m, 

including those at the nano-range known as nanoplastics (NPLs), can be translocated 

through tissues, being considered as bioavailable [9]. Moreover, plastic additives in their 

composition are generally not chemically bound to the polymeric chains and can easily 

leach into biological systems. On the other hand, due to the surface properties of 

polymers, MPLs can adsorb other co-contaminants from surrounding environments [10-

12], which can promote their transfer to biota, known as the Trojan-horse effect. The 

bioaccumulation and biomagnification of MPLs through fish and shellfish consumption 

can also be a new threat to human health [4].  

Filter-feeding organisms, such as marine mussels, have been widely used as 

environmental sentinels for pollution monitoring in coastal environments [13] and to 

carry out different exposure experiments in microcosms under controlled conditions [14-

16]. Moreover, different marine mussels species, such as the Mediterranean mussels 

(Mytilus galloprovincialis), are widely distributed, have strong tolerance to 

environmental factors such as temperature and salinity changes, and can grow in inter-

tidal areas of coastal environments heavily impacted by MPLs and CECs [17]. Therefore, 

many studies have reported the presence of MPLs in marine molluscs [18-21]. For 

example, Schrank et al.[22], studied the accumulation of microplastics in four mussel 
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This process was repeated until reaching the particle size of interest (1-10 μm and < 0.9 

μm for PE, while for PET, 10-63 μm). 

The PE and PET MPLs particle sizes were measured by scanning electron microscopy 

(SEM) using a JEOL JSM-7001F (JEOL Ltd, Tokyo, Japan) from the Scientific and 

Technological Unit of the University of Barcelona (CCiTUB), while PE-NPLs particle 

sizes were measured by nanoparticle tracking analysis (NTA) using a NanoSight LM10-

HS (Amesbury, United Kingdom) equipped with an LM14 nanoparticle display unit with 

temperature controlled, and a monochromatic CCD camera. 

2.4 Microcosms set-up for accumulation and bioaccumulation experiments 

Microcosm experiments were conducted in glass tanks of 15 L filled with ultrafiltered 

seawater from a pristine area located in Sant Feliu de Guíxols (NE, Spain). During the 

experiments, salinity, pH, nitrite, nitrate concentrations (NO2
-, NO3

-), and dissolved O2 

were measured daily and maintained with a salinity of 34 psu. Evaporation losses were 

corrected by adding distilled water. The temperature was kept at 18.0 ± 0.5 °C, whereas 

the pH was 8.15 ± 0.20. The median values of the NO2
- and NO3

- concentrations were 

below detection limits, with 25 % and 35 % of positive measures and mean 

concentrations of 0.4 and 3.8 mg·L-1, respectively. 

For the bioaccumulation experiments, Mediterranean mussels (about 25 mussels per tank) 

were exposed to selected contaminants by their diet and water through static renewal 

exposure schemed. The experiments were carried out in three consecutive stages: three 

days of acclimatisation (t0), ten days of exposure (t1), and three days of detoxification (t2). 

After the acclimatisation (t0) the dead mussels were extracted from the tanks (approx. 2-

3 mussels per aquarium) and 5 mussels were randomly collected and immediately frozen 

at -60 ºC. At t1, five mussels were randomly collected while 10 mussels were taken at t2, 

to have the same number of mussels for accumulation experiments (5 mussels) and 5 

more for the bioaccesibility experiments. The set-up, according to the OECD test 305 

[27], should include two phases: the exposure (uptake) and post-exposure (depuration) 

phases, and the aquatic organisms are usually exposed in a flow-through system to at least 

one concentration of the test substance for 28 days. The duration of this assay can be 

lengthened if necessary or shortened if it is demonstrated that a steady state is reached 

earlier. In this case, we added a step of acclimatization because the mussels were collected 

from the environment. The exposure was shortened because, as seen in previous studies, 
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%) in methanol and a mixture of labelled PFASs MXA (> 98 %) were provided from 

Wellington Laboratories Inc. (Guelph, Canada). 

Nitric acid (HNO3 65 %), potassium hydroxide (KOH 99.99 %) and sodium chloride 

(NaCl 99 %) were supplied by Sigma-Aldrich (Steinheim, Germany). Glass microfiber 

filters (GF/F) of 0.70 μm pore size were purchased from Whatman TM (Maidstone, 

United Kingdom) and nitrogen was used as drying gas with 99.995 % purity and supplied 

by Air Liquide (Barcelona, Spain). 

The mussel phytoplankton feed was composed by a microalgae mixture, with particles 

size between 3-16 μm purchased from Acuinuga SL (A Coruña, Spain). 

Unless otherwise stated, all reagents used were of analytical grade. Water, acetonitrile 

and methanol Optima LC-MS grade were provided by Fisher Chemical (Loughborough, 

United Kingdom), toluene CHROMASOLV®PLUS was supplied by SupraSolv from 

Merck (Darmstadt, Germany), and ammonium acetate salt (AcNH4: 77.08 g·mol-1; 98 %), 

dichloromethane and trifluoroacetic acid by Sigma-Aldrich. 

2.2 Sampling 

Mediterranean mussels of 5 ± 0.1 cm shell length were caught from a bed of El Fangar 

(40° 46' 27.707" N 0° 45' 33.616" E), the northern marine bay of the Ebro Delta, and 

transported alive to IDAEA-CSIC facilities. Mussels were selected since they have 

suitable properties for biomonitoring, including their widespread abundance, ability to 

adapt and thrive in a wide range of environments, and sedentarism. Moreover, they have 

sufficiently long life cycles  for the assessment of bioaccumulation of organic 

contaminants and have sufficient size to yield enough tissue for analysis. Besides, this 

type of study requires no animal welfare permits and complies with all relevant 

regulations [25, 26]. No protected species were sampled or disturbed during the collection 

of organisms. 

2.3 Preparation and particles characterisation  

Manufactured PE and PS (10-63 μm) and PET (300 μm) microparticles were 

cryogenically ground with liquid nitrogen and a Freezer/Mill 6875® grinder provided by 

ATS Scientific Inc. (Burlington, Canada). The cryogenic grinder process consisted of 3 

cycles of 4 min, each followed by 2 min for precool and cool, and using a rate of 10 cps. 
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with Disc in an incubator. The simulated digestion included the oral phase (4 mL of saliva 

fluid for 5 min at pH 7.0 ± 0.2), gastric phase (8 mL of gastric fluid for 2 h at pH 2.0 ± 

0.2) and intestinal phase (8 mL of duodenal fluid and 4 mL of bile fluid for 2 h at pH 7.0 

± 0.2). Each digestion fluid, followed by pH adjustment, was prepared before use. After 

incubation, the reaction was stopped by placing the reaction tubes on ice. Then, the tubes 

were centrifuged at 30,000 rpm (10 cm rotor) at 10 °C for 10 min to separate the 

bioaccessible fraction (BIO) and these fractions were collected and stored at -20 °C until 

analysis. 

In Figure S1 of the Supporting Information, a scheme of digestion protocol is presented. 

2.6 Sample pre-treatments 

The edible part of the mussels was collected, grounded in an agate mortar and, 

subsequently, further grounded using a cryogenic grinder with the same procedure 

described in section 2.3.  

To extract and clean up the MPLs, 0.5 g of each sample was weighed in glass vials, MPL 

particles were refloated by the addition of a saturated solution of NaCl (359 g·L-1). Then, 

the supernatant was filtered with GF/F 0.7 μm and digested using 50 mL of KOH 10 % 

(w/v) overnight at room temperature, followed by acid digestion with 40 mL HNO3 20 % 

(w/v) for 15 min. Samples were dried at room temperature, and PE and PS-MPL polymers 

were extracted for 10 min with 10 mL of toluene by ultrasonic-assisted extraction 

(USAE). The UASE was repeated two times more, and the extracts of each extraction 

were combined in a final volume of 30 mL. Then, the toluene extract was evaporated 

under a gentle stream of nitrogen at 40 °C to a final volume of 1 mL. The final extracts 

were divided into 2 aliquots of 500 μL and transferred to LC vials. First aliquot was 

reserved for PE and PS polymer analysis, whereas the second one for PET. However, for 

PET-MPLs, the aliquot was evaporated up to 250 μL and reconstituted 1:1 toluene-

dichloromethane with 1 % trifluoroacetic acid. Final extracts were kept at -20 °C until 

LC(SEC)-HRMS instrumental analysis. 

To extract the triclosan content from mussels, 0.5 g were weighted and extracted by 

USAE with 4 mL of methanol for 15 min. After this process, the mixtures were 

centrifuged for 10 min (1,000 rpm, 20 °C), and, finally, an aliquot of 0.5 mL was taken, 

transferred to a LC-vial and stored at -60 °C until their analysis. 
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due to the high filtration capacity of mussels, the steady state is achieved after two days 

of exposure [28]. Moreover, the purpose of our study was to compare the accumulation 

with and without MPLs, not to establish the bioaccumulation kinetics, and we used static 

renewal exposure.  

During the acclimatisation and detoxification, mussels were fed with 1.5 mL of a mixture 

of saline microalgae without any fortification, and aquariums were maintained with clean 

water. MPLs exposure was carried out through the diet using this mixture of polluted 

microalgae with MPLs of PE, PS, and PET. The exposure to PFASs, or triclosan, was 

performed by direct spike in seawater because the solubility in seawater at 20 ºC of these 

compounds is much higher than the exposure concentrations used in this experiment 

(solubility of PFOS at 20 ºC is 519 mg·L-1, 3,300 mg·L-1 for PFOA and 12 mg·L-1 for 

triclosan). For triclosan, the concentration of spike was 1.5 μg·L-1, while the mixture of 

PFASs (composed with PFOA, PFBS, PFHxS and PFOS) was 5 μg·L-1 of each.  

Polluted algae were prepared before their use by mixing MPLs and the algae, stirring, and 

waiting 24 h to achieve the adsorption equilibrium [10]. The quantity of MPLs added to 

each tank every 2 days was 1,175 mg to reach 75 μg·L-1. Feeding was performed every 

two days to ensure enough food supply and to perform the exposure experiments. In 

parallel, a mussel population was fed with clean algae used as a control and non-spiked 

water. At the end of each stage, five mussels were collected from every microcosm and 

immediately frozen at -60 ºC. 

Finally, to assess the influence of the size of MPL particles in the accumulation, 

Mediterranean mussels were exposed to PE particles of three sizes (10-63, 1-10 and < 0.9 

μm). 

In Figure 1, the scheme of the different exposure experiments is presented. For the 

exposure tanks, when the water was replaced every 2 days, the spiking was repeated. 

2.5 Bioaccessibility assays 

The edible part of mussels was digested in triplicate with three human digestion fluids 

(salivary, gastric, intestinal (duodenal and bile)) according to the in vitro digestion model 

described by Braga et al. [29]. Procedural blanks were also prepared by containing the 

digestion fluids without mussels. Very briefly, 2 g of pooled mussel edible tissues, 

including blanks, were digested in glass containers at 37 °C using a Rotary Tube Mixer 
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The chromatographic system was coupled to a Q-Exactive™ Orbitrap mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA, USA), working in negative mode and 

employing an atmospheric pressure photoionisation source (APPI). The APPI optimal 

parameters were as follows: sheath gas at 60 a.u., auxiliary gas at 20 a.u., capillary 

temperature at 400 °C and S-lens RF at 100 a.u. Data acquisition was performed using a 

full scan (FS) mode from 500 to 3,000 m/z and 17,500 FWHM. 

The analysis of triclosan was conducted by reverse-phase liquid chromatography coupled 

with high resolution mass spectrometry (HPLC(RP)-HRMS), with a QExactive orbitrap. 

The chromatographic separation was achieved using a C18 analytical column (Luna 150 

x 2.0 mm, 5 μm) provided by Phenomenex (Torrance, CA, United States). The mobile 

phase consisted of (A) water 100 % and (B) acetonitrile 100 % using the following 

gradient t= 0-5 min, hold at 5 % B; t= 5-15 min, increased linearly to 95 % B; t= 15-20 

min, kept at 95 % B; t=20-25 min, and returned to starting conditions. The injection 

volume was set at 20 μL. A heated electrospray ionisation source (HESI) was used in 

negative mode and optimal parameters were as follows: spray voltage, -2,500 kV; probe 

heater and capillary temperature, 300 and 350 °C, respectively; sheath and auxiliary gas, 

40 and 10 a.u., while S-Lens RF level at 60 a.u. Acquisition was carried out in full-scan 

data dependent mode (FS-ddMS2) from 70-1,050 m/z and 70,000 FWHM with a 

normalised collision energy of 30 eV. 

For the targeted analysis of the PFASs accumulated in mussels the analysis was as well 

carried out by HPLC-HRMS based on the previous method by Llorca at al., [31, 32]. The 

chromatographic analytical column in this case was the Hypersil GOLD PFP LC column 

(50 x 3 μm) supplied by Thermo Fisher Scientific. The mobile phase was composed of 

(A) methanol and (B) water, both modified with 20 mM ammonium acetate, and the 

gradient conditions were as follows: 10 % A, maintained for 30 s and increased up to 90 

% A until 9.5 min., hold for 3 min more, and returned to initial conditions within 1 min, 

being 14 min the total run time. A flow rate of 0.5 mL·min-1 was set and the injection 

volume was 5 μL. The LC system was coupled to QExactive mass spectrometer equipped 

with HESI operating under negative conditions. The optimal parameters were spray 

voltage of -2,500 kV, a capillary temperature of 350 °C, sheath gas at 50 a.u., auxiliary 

gas at 20 a.u. and S-Lens RF at 60 a.u. Data was acquired in FS-ddMS2 mode from 66-

1,000 m/z and 17,500 FWHM. An extracted-ion chromatogram of the PFASs analysed is 

shown in Figure S2 of the Supporting Information section. 

 
 

 10 

For the extraction of the PFASs mixture from exposed mussels, 0.5 g of each sample was 

weighted in a 15 mL polypropylene (PP) centrifuge tube, spiked with 50 μL of a mixture 

of internal standards (100 ng·mL-1 in methanol) and kept at room temperature for 30 min. 

Then, an alkaline digestion was carried as described elsewhere [30]. Briefly, 10 mL of 10 

mM NaOH in methanol was added, homogenized, and extracted by USAE for 5 min and 

shaken in a Stuart flash shaker (250 oscillations per minute) for 2 h. The mixture was 

centrifuged for 10 min (2,000 rpm, 20 °C). Then, the supernatant was transferred to a 15 

mL PP tube and evaporated under a gentle N2 stream c.a. 1 mL. Then, the extracts were 

transferred to 50 mL PP tubs and diluted 1:50 with HPLC water. The extract purification 

was conducted by solid phase extraction (SPE) with Oasis WAX (3 cc, 60 mg) cartridges 

from Waters (Milford, MA, United States), according to [31]. The purification procedure 

consisted of cartridges conditioning with 2 x 2 mL of methanol followed by 2 x 2 mL of 

water under gravity conditions. Next, the samples were loaded into the cartridges by 

gravity, and then the cartridges were dried under vacuum for 15 min. PFASs were eluted 

in 15 mL PP vials with 2 x 2 mL of NH4OH 0.1 % in methanol. After elution, the extracts 

were evaporated under a gentle N2 stream until c.a. 0.2 mL and were transferred to LC 

vials equipped with inserts. Finally, these extracts were evaporated under a nitrogen 

stream until dryness and reconstituted in 0.2 mL of water: methanol (9:1) and stored at -

20 °C until analysis. 

For the analysis of the bioaccessibility assays, 25 mL of bioaccessible fraction from each 

sample was transferred to a 50 ml PP tube, spiked with 50 μL of a mixture of internal 

standards MXA (100 ng·mL-1 in methanol) and kept at room temperature for 30 min. The 

final spiked bioaccessible fraction was diluted with HPLC water up to 50 mL, and the 

above pre-concentrations and clean-up steps were followed.  

2.7 Instrumental analysis 

The MPLs’ polymer mass-quantitative analysis in the bioaccumulation experiments was 

carried out by means of size exclusion liquid chromatography coupled to high-resolution 

mass spectrometry (HPLC(SEC)-HRMS). The chromatographic separation was 

conducted using a Waters’ Acquity LC instrument (Milford, MA, United States) equipped 

with an advanced polymer chromatography column (

mm), using 100 % toluene under isocratic conditions as mobile phase with a flow rate of 

0.5 mL·min-1 and an injection volume of 20 μL. To avoid toluene evaporation during the 

analyses, the autosampler was maintained at 16 °C, while the column worked at 30 °C. 
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were used for quantification normalisation and the calibration curves ranged from 0.01 to 

100 μg·L-1. 

 

3. Results and discussion 

3.1 Uptake of MPLs polymers by Mediterranean mussels.  

The concentration of the different polymers uptake in the edible part of mussels was 

analysed by LC(SEC)-HRMS. Figure 2 (a) presents the uptake of polymers. PE and PET 

were those showing higher uptake in both cases after exposure and detoxification periods 

with concentrations at t1 of 2.4 ± 0.1 and t2 1.6 ± 0.3 μg·g-1, and t1 2.2 ± 0.1 and t2 1.5 ± 

0.4 μg·g-1, respectively. Comparing the uptake of the different polymers, the 

accumulation of PE was significantly higher than PET and PS. The Kruskal-Wallis test 

showed that P value was 0.0036 < 0.05, therefore for the same particles sizes the 

accumulation was significantly different according to the polymer.  

Comparing the concentrations of polymers in mussels immediately after the end of the 

exposure experiment (t1, accumulation), and after the depuration time (t2, 

bioaccumulation), significant higher concentrations were found at t1 as expected. PE was 

the polymer showing the highest accumulation and bioaccumulation. This agrees with the 

results of different  studies from natural environments, where PE was also the most 

abundant MPL  [37, 38]. However, it should be highlighted that, after the depuration time 

no significant differences were found between the bioaccumulation of PE and PET, but 

significantly lower with PS, which was below the limit of quantification. It should also 

be pointed out that considering the concentrations of exposure, the number of mussels 

exposed, and a mean weight of 5.6 g per mussel, and in the case of PE, which was the 

polymer more accumulated, only 4.2 % of MPLs with sizes from 10 to 63 μm, were 

accumulated and the rest was excreted. 

In parallel, the accumulation of PE at 3 different particle sizes was assessed. Mussels 

were exposed to the same concentration (75 μg·L-1) of PE at 10-63 μm, between 1-10 μm 

and inferior to 0.9 μm. As shown in Figure 2 (b), for the same concentration of exposure 

the accumulation was higher for the smallest particles. This agrees with the size-

dependent accumulation of MPLs and NPLs in mussels already reported in other studies 

[39]. However, while the differences between particles of 10-63 μm vs those in the range 

of 1-10 μm, and between 10-63 μm vs those with sizes below 0.9 μm were significant, 
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2.8 Data treatment 

HPLC-HRMS raw data was processed using Xcalibur v4.2 (Thermo Fischer Scientific, 

San Jose, CA, USA) software. For MPLs’ analysis in mussels, a mass-quantitative target 

analysis previously developed in our group [17, 33] and posteriorly adapted and applied 

[34, 35], was used. Data treatment was carried out with GraphPad Prism version 10.1.1 

(270). 

2.9 Quality assurance and quality control (QA/QC) 

For the exposure experiments, recommendations in guidance documents from the 

European Commission about biota monitoring under the Water Framework Directive 

were followed [25, 36]. 

To avoid MPLs contamination during the experiments, the exposure experiments were 

performed in an isolated room conditioned for this purpose. The sample pre-treatment 

was carried out in a laminar flow cabinet, wearing cotton lab coats, and all material used 

consisted of stainless steel or glass. Five procedural blanks were processed for each 

exposure experiment to evaluate possible contamination sources during the pre-treatment 

and instrumental analysis. In case of contamination, blank subtraction was applied to raw 

data from samples. 

Individual stock standard solutions of PE and PS (1,000 mg·L-1) were prepared (10 mg 

dispersed in 10 mL toluene), and they were used to carry out the calibration curves. The 

calibration curves were prepared using an ultrasonic bath with constant heating at 60 °C 

to guarantee MPLs suspension in toluene. Moreover, solutions were vortexed before 

being injected into the chromatographic system. 

MPLs calibration curves were prepared by two linearity ranges from 0.01 ·L-1 

and from 50 to 1, -1 with R2 > 0.95. Matrix effect and recoveries at 10, 1 and 0.1 
-1 were assessed for each matrix and corrected. For PET, an individual stock standard 

solution (1,000 mg·L-1) was prepared in dichloromethane-trifluoroacetic acid 99:1 and 

the same procedure described for PE and PS was followed to prepare the corresponding 

calibration curve levels using 1:1 toluene:dichloromethane with 1 % trifluoroacetic acid. 

For triclosan, a standard solution (1,000 mg·L-1) was made to perform a calibration curve 

ranging from 1 to 1,000 μg·L-1 in LC grade water, while for PFASs, internal standards 
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significantly higher than for PFOA (C8) despite the shorter chain (Figure 4 (a)). This fact 

can be attributed to the sulphonic group of PFHxS, which confers a higher accumulative 

potency, but particularly to PFOA's much higher water solubility (9,500 mg·L-1) in 

comparison to the PFHxS with 6,2 mg·L-1. The high filtration capacity of Mytilus 

galloprovincialis (up to 8 L·h-1) should be considered together with the high-water 

solubility of PFOA because, in this case, filtration can produce a washing effect. Finally, 

the lowest accumulation during the exposure was shown for PFBS. As can be shown in 

Figure 4 (a), after the depuration time (t2, 3 days), the concentration in mussels was 

drastically reduced for all compounds. 

The polymeric composition of the particles, the particle size, and surface properties 

govern their accumulation and bioaccumulation rates in biota and the adsorption of other 

contaminants on the particles [41]. This experiment compared the influence of MPLs with 

particle sizes between 10 and 63 μm diameter of PE and PS in PFAS accumulation in 

mussels. Significant differences were obtained in PFAS accumulation with and without 

co-exposure with MPLs, and significant differences between PE and PS (Figure 4 (a)). 

The BCF was slightly reduced in the presence of PE but reduced by 52% in the case of 

PS (Figure 4(b)). These results are a consequence of two effects; on the one hand, some 

adsorption sites in the mussel gut were blocked by MPLs, reducing the adsorption of 

nutrients and contaminants. On the other hand, PFAS were adsorbed onto MPLs, 

particularly PS-MPLs, which were relatively low accumulated by mussels, at least at this 

particle size. Then, a portion of PFAS, instead of being accumulated, was adsorbed by 

MPLs and excreted with MPLs. These results highlight the importance of MPLs 

composition in terms of bioaccumulation of other organic contaminants. For example, 

Álvarez-Ruíz et al.[23], observed that the co-exposure of MPLs increased the 

accumulation of PFASs in mussels. Nonetheless, the experiment of Álvarez-Ruíz et 

al.[23] was performed with commercial oxidised PE (OXO-PE) MPLs, which presented 

different surface properties than typical environmental PE, and in consequence different 

adsorptive behaviour as has already been reported for certain organic contaminants such 

as triclosan [42]. Regarding the differences in the accumulation of PFASs in co-

occurrence with PE and PS, Figure 4(a), corroborate our previous results [10], in which 

it was shown that the adsorption capacity of PS for PFASs in seawater was higher than 

the PE. In the study of Llorca et al.[10], C8-PFASs with different functional groups 

showed higher adsorption to PS, in particular perfluoro carboxylic acids. In this study, 
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the Holm-Šídák's multiple comparisons test showed that no significant differences (P 

value 0.3661) were detected between the accumulation of PE-MPLs (1-10 μm) vs. PE-

MPLs (< 0.9 μm). On the other hand, the accumulation after the depuration time was only 

significant different for bigger particles. 

3.2 Accumulation and bioaccumulation of triclosan and PFASs by MPLs’ 

modulation 

The bioconcentration factor (BCF) was calculated as follows expressed in litres per 

kilogram: 

 

The accumulation of triclosan (TCS) in mussel tissues with a nominal water concentration 

of 1.5 μg·L-1, after ten days of exposure, was below the limit of detection in seawater 

(0.07 ng·g-1 w.w.). Pirone et al.[40],  also obtained low accumulation ratios when mussels 

were exposed to 1.0 μg·L-1 of TCS for 28 days, and similar results were reported by 

Álvarez-Ruíz et al. [23]. The low accumulation of TCS in mussels might be explained 

because triclosan is metabolized into methyl triclosan by mussels. However, in the 

presence of MPLs, part of TCS adsorbed onto the plastic particles was stabilised. The 

accumulation in mussels in the presence of MPLs particles of 10 and 63 μm, was 148, 55 

and 8 ng·g-1, for PE, PS and PET, respectively. Yet, after three days of detoxification, the 

concentration of TCS in mussels was reduced, and only a residual concentration was 

detected in the case of PS and PET co-exposure as can be seen in Figure 3.  

The concentrations of PFASs spiked in water was 5 μg·L-1 for each compound. The levels 

in the water of the four PFASs assayed here can be considered constant during the 

experiments since these compounds are hydrolytically stable with long half-lives in water 

(e.g., PFOS has hydrolytic stability of 41 years), and water samples were renewed every 

two days with fortified seawater. Therefore, the decay of water concentration between 

renewals can be considered due to mussels accumulation.  

As shown in Figure 4 (a), the compound with the highest accumulation ratios was PFOS, 

as expected because it is one of the compounds with the longest chains studied (C8), and 

the compound has a sulphonic acid. Comparing the BCF (Figure 4 (b)) of the two C8 

compounds, PFOS and PFOA, are 57.2 and 32.4, respectively. On the other hand, the 

results of this study showed that the accumulation of the PFHxS (C6) (BCF 43.3) was 
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4 Conclusions 

Our results confirm that MPLs’ bioaccumulation in filter-feeding organisms is a function 

of the MPLs chemical compositions and particle sizes. The particle composition will 

influence on the surface characteristics in a certain media, such as surface charge. While 

the size of particles influence the particle retention, being small particles better retained 

than bigger ones. For example, even in natural particulate such as sediments, when the 

particles are bigger than 35 m diameter the reduction percentage in their retention 

compared with 10 m diameter is from 11% to 87% in a similar organism Mytilus edulis, 

as reported before [43]. Moreover, also the capacity of translocation is much lower. In 

this case, the accumulation for the same range of particles size between 10 and 63 μm 

was PE>PET>>PS.  

On the other hand, the aggregation of organic contaminants on MPLs surface has shown 

to be ruled by hydrophobic interactions, the surface charge of the particles in a media, the 

degree of polymer crystallinity, the polarity of the organic contaminants, the salting out 

effect in case of seawater, as well as the capacity of contaminant biodegradation. For 

example, here, we show that triclosan was biodegraded in the absence of MPLs in the 

media, but MPLs can stabilise some amount of triclosan onto their surfaces, and then 

triclosan can be accumulated by mussels. The polymer that showed a major influence in 

triclosan accumulation was PE. In contrast, in the case of compounds resistant to 

degradation, such as PFASs, in the presence of particles between 10 and 63 μm of PE or 

PS the accumulation decreases because the efficiency of filtration of mussels was reduced 

and at the same time, these plastic particles at the tested sizes can adsorb PFASs onto 

their surfaces, but probably a high percentage of these particles are excreted by mussels. 

Comparing the accumulation of the different PFASs tested here, PFOS was the most 

accumulated and bioaccumulated compound as expected because of the sulphonic acid 

and the 8 carbons chain. Nevertheless, PFBS was the less accumulated compound, 

corresponding to the shorter carbon chain studied here. Moreover, comparing PFOA(C8) 

and PFHxS(C6), the last one was more accumulated by mussels despite the shorter chain. 

We postulate that the adsorption of PFOA by PS, the less accumulated polymer by 

mussels, was higher, as shown before [10], but also PFOA is much more polar than 

PFHxS, which combined with the high filtration capacity of mussels can produce a 

washing effect of PFOA.  
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despite mussels were exposed to high MPLs concentrations of 75 μg·L-1 the mean 

concentration of PS accumulated was only 420 ng·g-1. This could indicate that PFASs 

and, in particular PFOA, were adsorbed by PS and, at these particle sizes, were not 

retained by mussels being directly excreted facilitating the elimination of PFASs and, in 

specifically, PFOA. However, after the depuration, the concentration of PFASs 

bioaccumulated in mussels without MPL co-exposure was not significantly different 

when PS was present (see grey bar Figure 4(b)), and in the case of PE, the total PFASs 

accumulation was slightly higher but not significant applying the Turkey’s multiple 

comparison test. 

3.3 MPLs’ modulation of PFASs bioaccessibility.  

Bioaccessibility is the fraction of the total amount of an ingested substance that is 

potentially available for absorption during digestion. Here, the bioaccessibility of the 

three perfluoro sulphonates (PFBS, PFHxS and PFOS) bioaccumulated in mussels with 

and without MPLs of PE and PS were assessed. The bioaccessibility was calculated 

according to the equation 2: 

                                           (eq. 2) 

Mussels after the depuration time (t2) were digested in-vitro according to the procedure 

described in section 2.5. 

As shown in Figure 5 (a), the bioaccessibility increased in the presence of MPLs, 

although the bioaccumulation in the presence of MPLs was lower. This is an indication 

that an important fraction of PFASs accumulated was associated with polymeric particles, 

and as presented in our previous study, the primary factors ruling the adsorption onto the 

MPLs were the hydrophobic interactions and in seawater the salting out effect [10], but 

these interactions can be affected by the solution pH, which can change the surface charge 

of some MPLs, as is expected to happen during the digestion. In Figure 5 (b), the 

bioaccessibility normalised by the respective bioaccumulation is presented. For the longer 

chain compounds, the differences between the bioaccumulation and bioaccessibility in 

the presence of PE and PS were not significant, but in the case of PFBS, the 

bioaccessibility increase was higher in the presence of PE. In both cases, the 

bioaccessibility was higher when MPLs of PE or PS were present during co-exposure 

than when mussels were only exposed to the sulphonates PFASs. 
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a)

b)

Figure 1 Scheme of bioaccumulation experiments (a) PE, PS, PET-MPLs + TCS. (b) PE, 

PS-MPLs + mix of PFASs.

18

Finally, despite the lower accumulation and bioaccumulation of PFASs in the presence 

of MPLs in the media, the bioaccesibility test revealed that PFASs’ bioavailability was 

increased when MPLs were present in the same media. Since part of the bioaccumulated 

PFASs are adsorbed onto MPLs’ surfaces by electrostatic interactions, and these 

interactions easily change with the pH during the digestion process, the PFASs

biaccessibility increases.

The results of this study underpinning the need for further research to assess the human 

and environmental risk related to MPLs’ contamination and the potential Trojan Horse 

effects with other organic contaminants.
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Figure 3 Accumulation (t1) and bioaccumulation (t2) of triclosan (TCS) by mussels after 

blank subtraction with and without PE, PS, PET-MPLs in the media. 
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Figure 2 (a) Uptake of polymers by mussels exposed during 10 days at concentrations of 

75 μg·L-1. (b) Uptake of PE at same concentration but with different particle sizes. As 

can be seen depuration time was significant different for the bigger particles 

(p=0.000036). All the results are presented after blank subtraction. 
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Figure 5. (a) Bioaccessibility of bioaccumulated PFASs in mussels without and with PE 

and PS-MPLs in the media. (b) Bioaccessibility normalised by the respective 

bioaccumulation of PFASs in each scenario of exposure.  
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Figure 4 (a) Per- and polyfluoroalkyl substances (PFASs) bioaccumulation in mussels 

after exposure (t1) and detoxification (t2) periods for a mix of PFASs and modulated by 

MPLs of PE and PS. (b) Bioconcentration factors. 
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6.3 Discussion

The studies that are compiled in this final chapter contribute to broadening 
the knowledge about human exposure to microplastics (polymers and plas-
tic additives), through two of the most relevant routes: drinking water (Pub-
lications nº6 and nº7), and contaminated food (Publication nº8), including 
the modulation of the bioaccessibility of other organic contaminants.

6.3.1 Human exposure to MNPLs through drinking water

Nowadays, it is necessary to establish the levels of MNPLs in different routes 
of exposure, and the levels of acceptable daily intake (ADI), in order to carry 
out robust risk assessment models. However, the lack of mass measurements 
and harmonised analytical approaches limit the establishment of ADIs, and 
specific regulations in drinking water or food and packaging, since particles 
in real samples are of different sizes and shapes. Moreover, the levels of 
mass measurements have not yet been established for most of the routes of 
exposure. However, by use of toxicological values reported in the literature 
in terms of no-observed-adverse-effect levels (NOAELs), as in PE (Wang et 
al., 2023), PP (Sun et al., 2024), and PET (Ma et al., 2024), and using an un-
certainty factor of 1,000 for intra- (human in vitro assays), and inter-species 
differences, for which the EDI values have been calculated and are shown in 
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Tables 6.1 and 6.2 considering an average consumption of 2 L of water per 
day and 65 and 75 Kg of average body weights (BWs) for adult women and 
men, respectively. Then, the hazard quotients (HQ) and hazard index (HI) 
were also calculated for tap water (Table 6.1), and bottled water (Table 6.2).

This type of assessment can only be performed thanks to mass measure-
ments, which help to establish the levels of risk, and based on this, estab-
lish future legislation. As seen in Tables 6.1 and 6.2, according to the results 
obtained in Publication nº6 and Publication nº7, respectively, no risk can 
be associated with the polymers that are ingested through drinking water. 
Although it should be highlighted that these values were based on acute 
toxicity, and drinking water effects should be considered within the frame of 
chronic effects. Moreover, this is just one of the multiple and constant sourc-
es of MNPLs in humans, and it would be necessary to establish the values for 
multiple routes of exposure.

6.3.2 The relevance of suspect screening and non-target screening 
strategies to assess plastic additives leached in bottled water in plas-
tic bottles

Apart from the human risks associated with polymer exposure from MNPLs, 
we also assessed the potential for plastic additives to leach from plastic bot-
tles. We used bottles of different volumes from the 20 commercial brands 
that are most popular in Spain, in order to assess the profile of plastic addi-
tives.

Over 2,400 additives that are used in plastic production have already been 
identified as substances of special concern in different food-contact plastic 
materials, as they meet persistence, bioaccumulation, and toxicity criteria, 
emphasising the need for regulatory attention (Wiesinger et al., 2021). The 
EU has already established specific migration limits to ensure the safety of 
food contact materials. However, there are instances where migration may 
exceed these limits under certain conditions, such as the storage tempera-
ture, the type and concentration of food simulants, or the presence of plas-
ticisers enhancing migration, particularly when the applied food simulant 
swells the plastic (Dragan et al., 2024).

Table 6.1 Estimated daily intake (EDI) for adult men and women, acceptable 
daily intake (ADI), hazard quotients (HQs), and hazard index (HI) for the MN-
PLs-polymers detected at the average concentration in drinking water samples 
from household taps in the Barcelona Metropolitan Area (Publication nº6).

N.A.: Not available in the literature.

Table 6.2 EDI for adult men and women, ADI, HQs, and HI for the MNPLs-poly-
mers detected at the average concentration in bottled water in plastic bottles 
from the 20 most popular commercial brands in Spain (Publication nº7).
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In this context, migration assessment studies, normally, tend to be carried 
out by analytical methodologies that are based on LC and GC coupled with 
HRMS (LC- and GC-HRMS), which would allow the implementation of suspect 
screening analysis and non-targeted analysis (NTA) approaches for identify-
ing chemical compound profiles. The use of targeted analysis to complement 
non-targeted analysis, for confirmation and quantification of identified or 
prioritised compounds, is the key to obtaining a complete picture of the con-
tamination of plastic additives. Thus, a suspect screening analysis approach 
based on LC-HRMS, followed by the subsequent automated extra-screen-
ing performed through algorithms created from Python programming lan-
guage, was applied in Publication nº7, where a total of 46 compounds were 
detected and 28 of them, were finally tentatively identified at confidence lev-
el 2 as plastic additives in the water samples coming from the plastic materi-
al of the single-use bottles. All of the samples that were analysed presented 
plastic additives migration, where the most detected samples were plasti-
cisers from phthalate and adipate families, with high detection frequencies 
reaching 90-95% as expected, according to results in the study by Petrovics 
et al. (2022). Then, through the results obtained by the suspect screening 
analysis, a qualitative prioritisation based on a quantitative structure-activity 
relationship (QSAR) approach was applied to assess relationships between 
the structural properties of these tentatively identified plastic additives and 
their adverse effects. Nevertheless, the toxicological information currently 
available for most of these substances is limited (specially regarding their 
toxicity). However, some regulations, like the Commission Regulation No. 
10/2011, set specific migration limits for plasticisers in food contact plastics 
(Dragan et al., 2024).

Overall, considering the variety of plastic formulations used in food and 
drink packaging, including new bioplastic formulations, the combined use of 
suspect screening/non-targeted analyses, together with targeted approach-
es for the elucidation of the plastic additives composition, followed by in vitro 
toxicity studies, is necessary to tackle the plastic additive residues that can 
migrate to drinking water (Savva et al., 2023). Moreover, the development 
and harmonisation of these types of analytical approaches will help the im-
plementation of new regulations to ensure human safety.

6.3.3 Bioaccumulation and human bioaccessibility of MPLs and organic 
pollutants adsorbed onto their active surfaces

Bioaccumulation of MPLs and co-exposure with other contaminants, that are 
present in the same compartments and biota, have been widely assessed 
during the last 5 years. According to our bibliographic search in Scopus, in-
cluding ‘bioaccumulation’, ‘microplastics’, and ‘marine biota’ as keywords, 
the number of scientific studies that were initiated, with the aim of tackling 
this issue, has risen sharply, reaching 282 publications in 2023 instead of 2 
publications in 2015. Nevertheless, polymer concentrations that were report-
ed in biota from the main in vivo bioaccumulation experiments which were 
carried out in marine meso and microcosms, were generally provided qual-
itatively as number of plastic items per volume or mass unit by microscopy 
and spectroscopic assessment of particles composition (e.g. Álvarez-Ruiz et 
al., 2021).

In Publication nº8, the bioaccumulation of PE, PS, and PET in Mediterrane-
an mussels was assessed for the first time by mass-quantitative measures, 
to our knowledge. Regarding the co-contaminants exposed, surprisingly, 
triclosan was not accumulated when it was exposed individually. This can 
be explained because triclosan tends to be easily photodegraded in the en-
vironment, thus favouring the bioaccumulation of transformation products 
such as 2,3-dichlorodibenzo-p-dioxin, dibenzodioxin, or phenol intermedi-
ates, rather than the original form, leading likewise to a variety of toxic ef-
fects. Nonetheless, when triclosan was first adsorbed onto MPLs surfaces, 
MPLs transformation decreased (Lee et al., 2024). In this sense, from the 
outcomes reported in Publication nº8, triclosan was accumulated in PE > 
PS > PET (t1), whereas it only was bioaccumulated once adsorbed onto PS 
microspheres (t2). According to Álvarez-Ruiz et al. (2021), a similar pattern 
was shown for triclosan that was individually and co-exposed with PE-MPLs 
as reported here, where no concentrations were detected when the chem-
ical was directly exposed after exposure and depuration periods. However, 
with the presence of PE-MPLs, triclosan was accumulated in mussels, but not 
finally bioaccumulated.
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The PFASs mixture investigated in Publication nº8, despite the lower accu-
mulation and bioaccumulation in Mediterranean mussels when co-exposed 
with MPLs, the bioaccessibility was increased in this order: PFOS > PFHxS > 
PFBS. When MNPLs are ingested, the digestion process modifies the surface 
of plastic particles. The process starts in the mouth, where saliva and amyl-
ase are present, and follows in the stomach with strong acid gastric juices. 
Then, the gastric fluid is neutralised by the alkaline intestinal fluid that con-
tains many enzymes which are necessary for food digestion and to allow the 
internalisation of final nutrients. In addition, it has been proven that after 
ingestion, in the digestive tract, MNPLs meet the intestinal mucosa and the 
intestinal epithelium, which constitute barriers that help to avoid the absorp-
tion of xenobiotics. Even considering this, several studies have shown that 
MNPLs can cross this biological barrier, reaching the circulatory system and 
more distant tissues and organs, including the human placenta (Kumar et 
al., 2022). Currently, a few in vitro approaches have been proposed to mimic 
this process in humans; however, despite the usefulness of the in vitro diges-
tion test, formal official validation of the static models is still awaited (Vela et 
al., 2023).

In general, the use of in vitro studies that simulate the gastrointestinal pro-
cess are a necessary tool, with which to estimate the behaviour of MPLs once 
they are ingested, in terms of the leaching of their components (polymer 
monomers and additives), the modulation of the behaviour of other contam-
inants, and the surface changes of plastic particles, which occur after diges-
tion influences their transport capacity through living tissues. Furthermore, 
this type of study, due to its reproducibility and freedom from ethical prob-
lems, is an excellent tool, with which to reduce the number of in vivo studies, 
and other studies to evaluate the impact on human health.
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7.1 Conclusions

According to the objectives of this doctoral thesis, the following conclusions 
can be drawn:

1) The development and validation of 2 quantitative analytical methodolo-
gies based on size-exclusion liquid chromatography and pyrolysis-gas chro-
matography coupled with mass spectrometry have been carried out for the 
simultaneous identification and mass-quantification of PE, PP, PS, PI, PBD, 
PVC, and PET-MNPLs polymers in different environmental compartments 
and aquatic biota by the use of individual external calibration curves pre-
pared through the corresponding analytical standards and internal analyti-
cal standards in the LC(SEC)-HRMS and Py-GC-MS approaches, respectively. 
Both methods allow accurate and real measurements, through low limits 
of detection and quantification, and a linearity range that covers practically 
the whole environmental relevant range of concentrations for the pollutants 
here studied, independently of the size and shape.

2) A LC-HRMS suspect screening approach has been also developed for the 
tentative identification up to the 2nd level of confidence of the plastic addi-
tives composition associated with the MNPLs pollution. The suspect screen-
ing approach has been applied to water and air samples taken from the Ebro 
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In addition, the abundance of MNPLs accumulated in aquatic biota has been 
evaluated. For phytoplanktonic species (Sargassum and Durvillaea algae 
blooms), MNPLs polymer concentrations ranged from 1 to 7 μg·g-1, while in 
the case of invertebrates (Physalia jellyfish) and vertebrates (Cheilopogon fish 
and Euphausia krill) organisms, the polymeric concentrations were between 
3 and 27 μg·g-1, demonstrating the biomagnification of these MNPLs as they 
move up the food chain.

On the other hand, the origin sources of the atmospheric MNPLs found in 
samples have been elucidated by the HYSPLIT model and the rest of the PM10 
composition. The MNPLs air-water mass exchanges have also been studied 
through PM10 and the airborne MNPLs-polymeric composition by the estima-
tion of the atmospheric dry deposition fluxes and the abundance of MNPLs 
in the sea-spray aerosol. In this sense, this is the first time, from our knowl-
edge, that MNPLs polymers occurrence is assessed in terms of mass concen-
trations simultaneously either in the marine atmosphere boundary layer and 
in the marine water surface compartments, including their air-water mass 
exchanges.

5) Regarding the behavior of MNPLs in the environment, paying attention 
to adsorption-desorption interactions between MNPLs and co-contaminants 
present in the same aquatic ecosystems, the capacity of PE, PS, and PET MPLs 
to adsorb a group of PCBs congeners has ranged between 20 and 65% onto 
MPLs surfaces, even despite the presence of sediment and its competition 
against MPLs to entrap selected PCBs. The affinity of PCBs to be adsorbed on 
the different MPLs tested has been as follows: PET > PS > PE. PCBs were ex-
posed simulating real environmental concentrations previously found in the 
literature for estuarine systems ranging from 5 to 25 ng·g-1. The adsorption 
mechanisms between PCBs and MPLs have also been characterised through 
different adsorption isotherms, with the linearised Freundlich model in its 
logarithmic form is the one which fit best for all cases.

6) In regards to the assessment of MNPLs human exposure individually and 
with the presence of other co-contaminants through contaminated food, by 
the bioaccumulation experiments performed with Mediterranean mussels 
in marine microcosms, PE was the most bioaccumulated polymer in these 
living organisms followed by PET, and PS at 75 μg·L-1. Moreover, PE has been 
exposed at different sizes, where the smaller PE-MNPLs particles were more 
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Delta (Publication nº1), the Mar Menor lagoon (Publication nº2), the North 
and South Atlantic ocean (Publication nº3), as well as for drinking water bot-
tled in single-use plastic bottles from different Spanish commercial brands 
(Publication nº7). Specifically, for this last mentioned study, 28 plastic addi-
tives were tentatively identified. According to the prioritisation carried out, 
bis(2-ethylhexyl) adipate and bis(2-ethylhexyl) phthalate were estimated as 
the most potentially harmful compounds for human health. Besides, while 
plasticisers were the group where chemicals reached the highest scores, the 
higher capacity of stabilizers compared to plasticisers to migrate from the 
plastic wrap to the water made them the most potentially dangerous.

3) In the case of the Ebro Delta and Mar Menor lagoon studies, the occur-
rence of MNPLs polymers, their spatial distribution, and possible seasonal 
variations in the surface water compartments have been evaluated. MNPLs 
polymers of PE, PP, PS, PI, PBD, and PVC were detected and quantified, where 
PE and PP were found at higher levels compared to the others assessed. As a 
general trend, during warm seasons or drought episodes, a higher variability 
in regards to polymer concentrations was obtained, with punctual maximum 
peak concentrations in specific sampling areas covered. Nonetheless, in cold 
or rainy seasons, the ubiquity of MNPLs along the estuarine areas was fa-
vored, thus decreasing the average plastic pollution levels. In addition, the 
impact of the plastic pollution found has been also related to the human 
footprint (agricultural, farming, aquaculture, and fishing activities among 
others) to figure out possible potential release sources which might threaten 
these particular ecosystems of special interest.

4) In the case of the Atlantic and Southern oceans studies, the occurrence 
and the spatial distribution of PE, PP, PS, PI, PBD, and PET-MNPLs polymers 
in the marine low atmosphere as well as in the SML and ULW at 5 m deep sur-
face water compartments have been assessed. Regarding the spatial distri-
bution of MNPLs-polymers, the highest variability and concentrations found 
were in the sampling stations located near the North subtropical gyre from 
the Atlantic ocean, either in the atmosphere (52 ng·m-3) and in the surface 
marine seawater compartments (8 μg·L-1). The detection of MNPLs-polymers 
at quantifiable concentrations in Antarctica as well as throughout the whole 
Atlantic ocean by both marine compartments assessed, confirmed that MN-
PLs are globally ubiquitous and that they are able to travel large distances 
from urban areas to remote regions.
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prone to their accumulation and subsequently, to their bioaccumulation. In 
the case of the mix of PFASs co-exposed, despite slightly lower accumula-
tion and bioaccumulation in the presence of PE, PS-MNPLs than individually, 
the human bioaccessibility in vitro test revealed that PFASs availability was 
increased when they were co-exposed with these MNPLs as follows: PFOS > 
PFHxS > PFBS.

7) Regarding the assessment of MNPLs human exposure through the dai-
ly intake of drinking water from household taps and commercial single-use 
plastic bottles, PE, PP, PET, PS, PI, and PBD polymers of MNPLs have been 
identified and quantified. In the drinking waters analysed by household 
taps, MNPLs concentrations ranged from 1 to 9,143 ng·L-1, where PE and PP 
were the most highly detected polymers, while PI and PBD were found at the 
highest concentrations. Whereas, in the case of the bottled drinking water, 
concentrations ranged between 19 and 4,712 ng·L-1, where PE was the most 
frequently detected followed by PET which was found in 33% of the samples 
and showed the highest concentration. A mean value of 339 μg·year-1 of in-
gested MNPLs polymers was obtained considering a human average daily 
intake of about 2 L in the household taps study, while 262 μg·year-1 in the 
case of plastic bottles. In this sense, regarding the human risk assessment 
performed in section 6.3.1 based on the oral daily intake, the water analysed 
either through household taps and plastic bottles is safe to consume.

Overall, it can be concluded that the analytical methods and outcomes here 
provided serve as a primary robust basis to enhance the current regulation 
and legislation by the establishment of new harmonised environmental and 
human exposure limits, which will contribute to establish a MNPLs pollution 
regulatory consensus and to open a new window of challenges in the plastic 
pollution research field. 

7.2 Future trends

While the issues associated with MPLs in the marine environment are widely 
acknowledged in the literature, the existence of numerous gaps in the knowl-
edge demands immediate attention. The lack of investigation in different en-
vironmental compartments, such as deep-sea, the atmosphere, and remote 
areas, is a pressing concern. Similarly, the need for a comprehensive un-
derstanding of the transport of MNPLs in the environment is of paramount 
importance. Further, it is of critical importance to address the main routes 
of plastic pollution to the environment, their transport and behaviour, in-
cluding weathering properties, and the potential for biological degradation, 
particularly of new polymers based on bioplastics. 

Moreover, the study of NPLs continues to represent a significant challenge.

In terms of assessing the occurrence of MNPLs, sampling and sample 
pre-treatment procedures should be harmonised in the different environ-
mental matrices. The lack of comparability of the results obtained in current 
studies limits the carrying out of risk assessment studies. 

In this context, harmonised methodologies and standard measurements 
should be well-established, thus facilitating the global analysis of MNPLs pol-
lution issues. For some analytical techniques, the first interlaboratory stud-
ies have been organised (e.g. NORMAN network), ensuring the quality of the 
results. However, most of these interlaboratory studies are focused on MPLs 
that are larger than 50 μm, and are more focused on spectroscopic tech-
niques. The interlaboratory exercises should be expanded to different matri-
ces and techniques. Other difficulties that should be overcome are standards 
for different sizes, polymers, compositions, and reference materials. 

Defining and characterising human exposure to plastic pollution will be nec-
essary. Further investigation regarding the main routes of human exposure 
and the potential adverse effects of plastic nanoparticles on human health 
should be conducted through toxicological studies, assessing the long-term 
effects and the potential for accumulation in human tissues and transloca-
tion. The expansion of studies that assess the toxicological response on hu-
man cell lines, and research on biomarkers of exposure are, therefore, highly 
required.
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National or regional monitoring programmes are needed to expand knowl-
edge on these emerging contaminants. 

For future regulations, the need to express the levels of MNPLs in the differ-
ent environmental compartments, food, and other routes of human expo-
sure, in terms that are not affected by the particle’s size, shape, and density, 
as well as the need for techniques that are also able to assess the nanofrac-
tion in complex matrices, will rapidly promote the more comprehensive im-
plementation and methods of harmonisation, based on spectrometric tech-
niques such as Py-GC-MS and LC(SEC)-HRMS for the study of MNPLs.
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