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A B S T R A C T   

Foamed litter comprise a significant amount of the pollution at beaches globally. This group represents a variety 
of foamed items and fragments originating from different applications and sources. Although foamed plastic 
contributes importantly to the marine environmental pollution, there is generally limited knowledge of the 
composition of this litter pool. The aim of this study was to characterize item types and polymer materials of 
foamed litter from six Danish reference beaches during the period 2018–2021. The foamed litter were classified 
into ten categories, including identifiable items, as well as fragments of foamed PS, or pieces of other foamed 
polymers of rigid or flexible sponges. Foamed PS (42%) and PUR (49%) were identified as the dominant poly-
mers by FTIR analysis. Multivariate exploratory analysis was performed to investigate PUR foam, and specific 
spectra features for rigid and flexible foam were demonstrated. Furthermore, we assessed different correlation 
methods for identification of PUR foams.   

1. Introduction 

An enormous amount of litter from anthropogenic activities is 
continuously lost and accumulated within the marine environment. This 
is a major concern that has attracted broad societal awareness and 
public pressure worldwide for government reactions to be taken. 
Particularly, marine litter consisting of synthetic polymers including 
foamed plastic materials is of large concern due to their high persistence 
and the potential risks posed to the environment by its long persistence 
time. 

Foamed plastic comprises a highly diverse group of polymer types 
with some common special intrinsic qualities that includes a very low 
mass density and a high insulating capacity compared to other plastic 
types. The group of foamed polymers include among others foamed 
polyurethanes (PUR), foamed polystyrenes (PS), foamed polypropylenes 
(PP), foamed polyethylenes (PE), foamed polyvinyl chlorides (PVC) and 
foamed ethylene vinyl acetates (EVA) (Liu and Chen, 2014). The most 
common foamed plastics are the PUR and PS, which accounts for 7.7% 
and 3.2% of the total European market demand for all plastic resins, 
respectively (Plastics Europe, 2021). In the production process of ordi-
nary plastics, the monomer components are reacted to produce the 
polymer, but in the formation of foamed plastics, a blowing reagent is 
additionally used to introduce gas into the product (Engels et al., 2013). 

In the case of PS foam manufacturing, expandable PS are used to pro-
duce either expanded polystyrene (EPS) or extruded polystyrene (XPS) 
with the final foamed product of EPS or XPS consisting of 98% air and 
2% PS (Lassen et al., 2019). Conversely, the PUR foams are produced by 
reaction of two very diverse groups of reactants namely the diisocya-
nates (hard segments) and polyols (soft segments), which can be com-
bined in different ways and proportions to produce PUR foams with 
various specific commercial features (Akindoyo et al., 2016). Generally, 
PUR foam can be divided into either rigid PUR or flexible PUR, with this 
feature being dependent on the ratio of soft and hard segments in the 
foam microstructure (Akindoyo et al., 2016; Chen et al., 2001). The 
backbone structure of some commonly applied polyols for PUR pro-
duction are polyester polyols and polyether polyols, which produces 
ester-based and ether-based PUR, respectively. Some of the most 
commonly used diisocyanates for PUR production are methylene 
diphenyl diisocyanate (MDI) and toluene diisocyanate (TDI) (Akindoyo 
et al., 2016). 

Overall, the low density and high insulating capacity make foamed 
plastics suitable for a broad range of different applications such as 
construction (insulation), transportation (packaging), households 
(cushioning for furniture), and marine industry (flotation and buoyance) 
(Plastics Europe, 2021; Szycher, 1999). Hence, many different product 
types consist of these materials and are used in the everyday 
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surroundings for a wide variety of applications. 
Foamed plastic comprises a significant contribution to the problem 

of plastic litter polluting the marine environment. The detrimental ef-
fects of plastic litter are multiple and include, besides the reduction in 
nature aesthetic value, economical costs and adverse harmful effects on 
living organisms, e.g. fish, birds and mammals (Werner et al., 2016). 
Ingestion of plastic by marine organisms represents a major concern, 
which however can be difficult to assess (Carson, 2013; McIntosh et al., 
2015; Roman et al., 2019). Several investigations of different marine 
species have already reported foamed litter items in their stomach 
content (Kühn et al., 2021; López-Martínez et al., 2020). For instance, a 
study of different species of fish and shellfish from Indonesia and the 
United States observed that 37% and 3%, respectively, of anthropogenic 
litter items found in the animal stomachs consisted of foamed polymer 
pieces (Rochman et al., 2015). A range of different studies have also 
reported meso- and micro-sized fragments of foamed polystyrene, often 
characterized visually as EPS, in the stomachs of different seabirds 
including northern fulmars, shearwaters and albatrosses, which feed by 
picking floating material from the surface of the sea (Moser and Lee, 
1992; OSPAR, 2017). Furthermore, fragments of foamed polystyrene 
have been found in turtles (Schuyler et al., 2014). 

Ingestion of foamed plastic items or microparticles may potentially 
induce toxic effects caused by the chemical components present in or 
adsorbed to the material. Hence, foamed plastic litter may contain toxic 
unreacted monomers, degradation products or various types of chem-
icals such as flame retardants added during the production process 
(Fauser et al., 2020; Cao et al., 2020). In addition, the properties of 
plastic polymers can also attract and accumulate pollutants by absorp-
tion from contaminated aqueous environments thus acting as vectors for 
pollutants to the animals (Zhang et al., 2018; Gauquie et al., 2015). 
Various types of foamed plastic often contain flame retardants of envi-
ronmental concern, including e.g. organophosphate flame retardants, 
which has also been observed in the marine environment (Blum et al., 
2019; Pantelaki and Voutsa, 2019; Wang and Chow, 2005). Foamed PUR 
has previously been recognized as the most environmentally hazardous 
type of polymer materials, based on the carcinogenic and mutagenic 
properties of un-reacted isocyanate monomers and typical additives 
used in the polymer production (Lithner et al., 2011). In a recent study 
assessing the risk of chemicals added to plastics in the Danish marine 
environment, a potential harm was suggested for fulmars ingesting litter 
particles of PUR containing brominated flame retardant (Fauser et al., 
2020). Likewise, concern has also been raised regarding marine litter 
consisting of EPS, which may contain toxic styrene oligomers from 
production (Tian et al., 2020; Fauser et al., 2022). In addition, bromi-
nated flame retardants are also commonly found in some EPS products, 
mainly for the construction sector, and have also been a major ecotox-
icological issue (Rani et al., 2017; Fauser et al., 2020). In recent years, 
several families of brominated flame retardants have been phased out 
from production globally and substituted with less toxic alternatives 
(Sharkey et al., 2020) and also in Denmark (Lassen et al., 2019). How-
ever, litter containing these toxic substances may still enter or circulate 
in the marine environment, thus representing a potential environmental 
risk (Hahladakis et al., 2018). In an English survey, foamed beach litter 
of EPS and XPS were found to contain levels of Br, which were likely 
attributed to the presence of the flame-retardant hex-
abromocyclododecane (HBCD) (Turner, 2021). In another English 
study, foamed pieces of PUR litter were found to be a source of 
bioavailable lead, which were tested and found to comprise an increased 
risk under conditions simulating the gizzard of plastic-ingesting seabirds 
(Turner, 2016). 

The transportation rate and fate of foamed litter in the marine 
environment is dissimilar from other plastic types due to the lower 
density and the higher vulnerability to weathering by photodegradation 
and other environmental factors (Song et al., 2020). Low density causes 
a very high mobility of foamed plastics compared to other types of 
plastic litter, which makes them highly wind mobile transferring with 

high speed at the water surface. The high wind mobility also causes 
foamed marine litter items to be carried to the back of the beach to a 
much higher degree than more dense items (Thornton and Jackson, 
1998; Piehl et al., 2019). Hence, when arrived at the beach, foamed 
items are often caught by backshore vegetation and accumulate in the 
back of the littoral zone, where it may be less available to wave move-
ments facilitating a re-entry to the marine environment. While in the 
marine environment, the behavior of the different foamed polymer types 
is however very variable among others due to the characteristics of 
water absorption capacity. In a microcosm study, it was shown that 
while foamed PS remained afloat for one year throughout the experi-
ment, sponges of PUR foam became waterlogged and sank within 4 days 
(Gerritse et al., 2020). However, different types of foamed materials of 
PUR can also result in quite variable intrinsic properties, e.g. ester-based 
PUR is more susceptible to hydrolysis than ether-based PUR (Akindoyo 
et al., 2016) and may hence degrade faster in aquatic environments. The 
relative distribution of different foamed litter types in marine com-
partments such as the water column, the seafloor or the beach may thus 
vary according to the polymer characteristics and the formulation of the 
polymer product. Furthermore, the vicinity of the different litter sour-
ces, wind direction and accessibility of the beach to visitors are also 
contributing factors, which can influence the litter composition at 
different locations. However, bearing these things in mind, surveys of 
amounts and types of macrolitter items at beaches are a relatively cost- 
effective way to determine pressure and trends of litter in the marine 
ecosystem. Information on the presence of foamed litter in marine en-
vironments is important to prepare action plans for reduction of foamed 
litter to the environment and to assess the effect of implemented actions 
on the amounts of targeted product types. 

The amounts and composition of marine litter have been monitored 
at several beaches worldwide. In Europe, each national member coun-
tries are responsible for conduction of the beach litter surveys and due to 
efforts from the European Commission and regional sea conventions the 
technical protocols applied in the different regions are to some extent 
harmonized. The protocols contain lists for categorization of many 
different types of marine litter items, however, the lists of specific 
foamed litter items are very narrow, providing data on only a few types 
of foamed litter. Furthermore, foamed litter items have often been 
classified either in categories of mixed plastic, or in categories of mixed 
foamed polymer types. Therefore, this study aims to provide an 
increased knowledge on the amounts, types, distribution and chemical 
polymer composition of foamed litter at different reference beaches in 
Denmark. Characterization of the foams was based on the Danish 
technical protocol for monitoring of marine litter, and further polymer 
analysis were carried out applying a portable Fourier-transform infrared 
(FTIR) spectrometer. In addition, a detailed assessment of PUR foams 
was performed applying multivariate data analysis to wisely evaluate its 
composition and variability. 

2. Materials and methods 

2.1. Location of beaches 

In this study, marine litter from six Danish reference beaches were 
collected during the period 2018–2021. The beaches were all located 
rurally and mainly receive litter from the sea and not from direct lit-
tering by visitors at the beaches. The beaches represent different 
geographical regions in Denmark and shorelines of both open coastal 
marine waters and fjords (Fig. 1, see Table S1 for beaches coordinates). 
The two beaches Pomlenakke (POM) and Kofoeds Enge (KFE) are 
located towards Arkona Basin in the Baltic Sea. Nymindegab (NYM) and 
Skagen (SKA) are located towards the North Sea and Skagerrak, 
respectively, and hence are oriented towards the North-East Atlantic. 
Langerak (LAN) and Roskilde Bredning (ROB) are located in the inner 
Danish waters of Limfjord and Roskilde Fjord, respectively. Thus, local 
Danish sources can be assumed to dominate litter from beaches in the 
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fjords, whereas the beaches located in the North Sea, Skagerrak and 
Baltic Sea to a higher degree also may receive transboundary trans-
ported litter items. The six beaches are all part of the Danish national 
MSFD-oriented monitoring program for marine litter on beaches and 
have been monitored for the Danish EPA regularly since 2015. During all 
surveys the litter has been removed from the beaches and thus no old 
accumulation of litter is expected to be present at the beaches. 

2.2. Sampling and categorization of litter items 

A total of 76 surveys were carried out for assessment of total marine 
litter at the six Danish beaches in the period 2018–21. The same 100 m 
stretches were surveyed 3 times per year at all beaches, in spring (April), 
summer (June/July) and fall (September/October). In addition, ROB 
was surveyed a fourth time each year, in winter (January). Sampling of 
litter items was performed according to the Danish technical protocol for 
monitoring of marine litter (Strand and Metcalfe, 2016), which is based 
on the EU and the OSPAR guidelines for monitoring of marine litter 
(Galgani et al., 2013; OSPAR, 2010). The monitoring data have also 
been submitted to the EEA database Marine Litter Watch and the OSPAR 
beach litter database in the respective data format – and later transferred 
to the EMODnet database, where all items have been identified and 
matched according to the specific G-codes at to the socalled “masterlist” 
for marine litter items described in Galgani et al., 2013. 

During each survey, all litter items incl. fragments >2.5 cm were 
sampled in a defined 100 m section of the beach, from the water line to 
the back of the beach. The litter items were brought to the lab, where 
classification of material types and item types was performed according 
to the Danish protocol for monitoring of marine litter (Strand and 
Metcalfe, 2016). However, several modifications were performed to 
achieve a more detailed registration of foamed litter items using an 
extended item list. Hence, subgrouping of all litter categories containing 
foamed items and mixed plastics were performed, to enable separate 
counts of foamed plastic and other plastic not foamed. This particularly 
involved several mixed categories, which contained litter items of both 
plastic and foamed PS. Compared to other foamed polymer types, 
polymer identification of items consisting of foamed PS is relatively easy 
by visual assessment. Especially, foamed PS with a beaded cellular 
structure can be readily identified due to the characteristic morphology 

of the foam, but also identification of some specific items usually con-
sisting of foamed PS is very reliable. The categories considered to 
contain specific identifiable litter items relevant for foamed PS were; 
food containers (G10), cups (G33), fish boxes (G57/58), floats (G62) and 
buoys (G63). In addition, the category PS pieces in the size-range 2.5–50 
cm (G82) were subdivided into three categories; Packing fill, unidenti-
fiable PS fragments with typical beaded structure of foamed PS (here-
after just named PS fragments) and unidentifiable PS fragments with a 
smooth surface structure. Litter items and fragments consisting of other 
foamed polymer types than foamed PS (G73) were categorized as either 
A) flexible foam sponges or B) rigid foam pieces for insulation/wrapping 
etc. 

2.3. Polymer identification by FTIR 

Identification of the polymer types of foamed litter items from the 
Danish beaches were performed using Infrared spectroscopy. A sub-
sample of 617 litter items that were visually identified as foamed plastic 
were analysed. These items were selected by randomly picking surveys, 
from which all foamed items were analysed. Items from all beaches were 
represented in the subsample. 

A 4500a portable FTIR spectrometer from Agilent Technologies were 
used for chemical characterization of the beach litter items. Measure-
ments were performed using a diamond Attenuated Total Reflectance 
(ATR) sampling system in the range of 4000–650 cm− 1 with spectral 
resolution of 4 cm− 1 and applying 8 scans for samples. Prior to the 
analysis and every half hour during analyses, a background spectrum 
was recorded applying 16 scans. 

Polymer assignments were based on a library search method, where 
the samples spectra are compared to a reference spectra library for 
matching. The spectra are assigned when the similarity surpasses a given 
threshold. The library search was performed applying a broad reference 
spectra library developed at Aarhus University (here called Reference 
beach litter library). The library contains spectra of >200 polymer 
identified litter items including both weathered and non-weathered 
materials, as well as representative natural materials. This analysis 
was carried out using the Essential FTIR spectroscopy software toolbox 
(Operant LCC). The data were previously pre-processed applying 
Savitszky-Golay smoothing (second order polynomial and 13 points 
window) and baseline correction. Prior to analysis, the spectra were cut 
off in the range of 2400–1900 cm− 1 to remove the CO2 signal related to 
the environment. The Hit Quality Index (HQI) values were obtained 
based on Pearson correlation coefficient. First, the polymer ID assess-
ment were based on HQI scores >0.8 (i.e. 80% of spectra correlation), 
whereas spectra with HQI-values in the range 0.6–0.8 were reassessed 
using expert judgements, as these samples were mainly affected by some 
additional interfering peaks for PS (around 1000 cm− 1) and some vari-
ants of PUR with slightly other peaks in the fingerprint area <1600 
cm− 1. 

2.4. Multivariate data assessment of PUR foams 

Multivariate data analysis was carried out by means of Principal 
Component Analysis (PCA) to investigate the sample and FTIR spectral 
variability within the PUR foam items. PCA uses the data variance to 
determine underlying sample features and provide the spectral infor-
mation that contribute most to the dataset variability. This is the most 
common unsupervised multivariate data analysis applied and detailed 
information about this tool is readily available (Brereton, 2003; Bro and 
Smilde, 2014). 

This analysis was performed for PUR foams, where the character-
ization is generally made by chemical identification and information 
about the sample variability is less available. Thus, PCA was performed 
as an exploratory analysis to investigate natural behavior of the iden-
tified PUR dataset and describe the main source of variability in the PUR 
foams found at the Danish reference beaches. In addition, a comparison 

Fig. 1. Map with location of the Danish beaches investigated in this study.  
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of the PCA and HQI values obtained for the PUR foam samples was 
carried out. For this analysis, correlation coefficients were obtained with 
both the Reference beach litter library, which contains seven environ-
mentally weathered PUR spectra and a public reference library, which 
contains fourteen reference spectra of virgin PUR (described in Primpke 
et al., 2018). 

The PCA was performed using the infrared fingerprint region 
(1800–650 cm− 1) due to the higher signal-to-noise ratio observed in this 
spectral region. This region was selected, since it showed the highest 
data variability in the initial PCA applying the entire spectral range. 
Different data preprocessing was evaluated to attenuate spectral infor-
mation that was not related to the analyte, such as Savitzky− Golay first 
derivative and normalization. 

3. Results and discussion 

In total, 18,731 marine litter items were registered from the 76 
surveys performed at the six Danish reference beaches in this study. 
Plastic comprised the majority (87%) of all the marine litter items and it 
was subdivided for this study into three different aggregated categories, 
which represented; A) foamed PS, B) other foamed polymers or C) 
plastics that were not foamed. 

Foamed items comprised a considerable proportion (12.1%) of the 
total plastic litter with 825 items of foamed PS (5.1%), 1137 items of 
other foamed plastic polymers (7.0%) and the remaining 14,351 items 
consisted of plastics that were not foamed. Generally, the foamed litter 
represented less than 20% of the total plastic litter at the beaches. 
However, a very large difference was observed between the individual 
beaches. Hence, at the beach Pomlenakke located in the Arkona basin in 
the Baltic Sea 39% of the total plastic litter consisted of foamed items, 
whereas at Skagen located in the Skagerrak region only 4.9% were 
foamed items (Fig. 2). The amounts of foamed PS items ranged from 
1.9–27.3% of the total plastic litter. Other foamed polymer items ranged 
from 3.0–12.7%, and other plastic items that were not foamed ranged 

from 60.8–95.1% of the total plastic at the different beaches (Fig. 2). 
All foamed litter items (n = 1962) analysed in this study were clas-

sified into ten different categories. These included five item types con-
sisting of foamed PS that are easily identifiable i.e. fast-food containers, 
cups, floats, buoys and packing fill, as well as three different categories 
of unidentifiable fragments of PS. In addition, two categories of litter 
items consisting of other foamed polymer types than PS were observed. 
These two categories represented foam sponges (flexible foam) and 
insulation/wrapping (rigid foam pieces, sheeting etc.), respectively 
(Fig. 3). A category for fish boxes in foamed PS was also available in the 
monitoring schemes, however, no items belonging to this litter type 
were observed during the study. 

The most abundant category was insulation/wrapping, which 
accounted for 49% of the foamed litter at the Danish beaches (Fig. 3). 
This category in principle represents a broad diversity of more rigid 
foam items, which among others include pieces of insulation foam from 
e.g. construction or electronics as well as sheeting from the packaging 
industry. However, rigid PUR insulation foam comprised the very large 
majority of items registered in this category, whereas foamed plastic 
sheets mostly of PE used for packaging of goods were registered only 
occasionally and other item types were relatively rare. Litter items 
belonging to the category insulation/wrapping were observed at all the 
investigated Danish beaches, though not in all surveys (47 out of the 76 
surveys), and the amounts were very unevenly distributed. Hence, 
insulation/wrapping comprised 62% of the foamed litter in Langerak, 
where it was present in all of the 12 performed surveys and in high 
numbers, but only 8% in Roskilde Bredning where it was present in 4 of 
16 surveys in low numbers. 

Fragments of PS in the size-range 2.5–50 cm constituted the second 
most abundant type of foamed litter (Fig. 3). This litter type represented 
31% of the total number of foamed litter items from the beaches and it 
constituted more than half of the foamed litter at the two beaches 
Pomlenakke and Roskilde Bredning. Although the amounts varied it was 
common at all the beaches and was present at almost all the surveys 

Fig. 2. Distribution of plastic litter items (n = 16,313) from Danish reference beaches in three categories of A) foamed PS, B) other foamed polymers and C) plastics 
not foamed. The distribution is calculated as the percentage of the total number of plastic items from all surveys performed at each of the beaches in the 
period 2018–21. 
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conducted. Foam sponges and smooth surface PS fragments in the size- 
range 2.5–50 cm represented 9% and 6% of the total foamed litter, 
respectively, and was the third and fourth most common category of 
foamed litter. The remaining categories of foamed item types, including 
food containers, cups, floats, buoys, packing fill and PS fragments >50 
cm were all found in minor amounts, each comprising 2% or less of the 
total foamed litter. These categories were only occasionally registered at 
the surveys and except for packing fill, were not present at all beaches. 
Yet, some of the item types occurred locally in higher amounts, such as 
packing fill, which represented 14% of the foamed litter in Roskilde 
Bredning, and cups, which represented 8% of the foamed litter at 
Nymindegab (Fig. 3). 

Litter type and source identification is an essential part of beach litter 
studies when it comes to provide information to decision managers to 
establish new actions towards reduction of marine litter. The targeted 
categories of foamed plastic in this study can origin from both land- and 
sea-based sources and from a variety of different activities. Single-use- 
plastics (SUP) packaging from food and drinks, including foamed cups 
and food boxes in EPS, are common litter items on beaches, which 
mainly originate from leisure activities on land. Legislative measures 
that specifically target SUP were recently implemented in EU following 
the adoption of the EU directive for reduction of specific types of plastic 
to the environment (EU, 2019). The measures were based on an exten-
sive data assessment, which showed that SUP comprised substantial 
amounts of the total beach litter, and item types such as cups incl. lids, 
and food-containers incl. Fast food packaging were among the top 10 
most frequent litter (Addamo et al., 2017). Thus, cups and food- 
containers have been covered by restrictions in the SUP directive 
where items consisting of foamed PS (specifically EPS) have been ban-
ned from marketing since July 2021 (EU, 2019). However, limited in-
formation is available on the relative proportion of foamed SUP items, 
since up until recently some of the most widely applied methods for 
beach litter classification (e.g. EU TGML and OSPAR) made no 
discrimination between cups or food packaging consisting of foamed 
plastic or other plastic types (Addamo et al., 2017). In addition, litter 

items made of XPS has in most cases just been reported as EPS, because 
no direct visual-based distinctions have been included in the monitoring 
protocols. 

Previous results of beach litter surveys have been contributory to 
increase awareness about the amounts of SUP in the environment, but if 
the effect of regulatory measures should be assessed, specific knowledge 
of the amounts of foamed vs. non-foamed litter items is required. 
Recently, the EU Technical Group on Marine Litter published a new code 
list (J-list) for marine litter surveys, which provides a broader sub- 
division of litter types than previously (Fleet et al., 2021). This J-list 
includes litter codes, which to a higher extent will provide separate data 
on categories consisting of foamed plastic or other plastic materials, and 
it specifically contains codes for cups and food packaging of foamed PS. 
This is an important step forward in enabling more harmonized Euro-
pean beach litter data for a better future assessment of amounts and 
sources of litter. Though, retrospective information on the litter amounts 
of specific items types targeted in the SUP directive is valuable in also 
assessing trends over time. It has been estimated that prior to the ban, 
cups consisting of EPS comprised a minor proportion of the total market 
share in EU corresponding to 8%, and proportional amounts of the 
foamed and non-foamed items could be expected to end up as beach 
litter (ICF and Eunomia, 2018). However, data to support this assess-
ment is scarce. For instance, a previous EU report stated that food 
containers represented 3.9% and cups 0.6% of the total marine litter at 
European beaches, but no overall distinction was made between items 
consisting of foamed PS and other types of plastic. In this study, we 
found slightly lower but comparable amounts of food containers and 
cups, accounting for 1.0% and 0.6% of the total marine litter, respec-
tively. Yet, we also found that the majority of this litter consisted of 
other plastic types, since foamed food containers and cups of EPS only 
comprised 0.02% and 0.1% of the total marine litter at the Danish 
beaches. This observation is in line with a Turkish study, which found 
that foamed single-use-products and wrappers only constituted 0.1% of 
the total litter at Turkish beaches (Gündogdu and Cevik, 2019). Like-
wise, an assessment of litter from the Baltic Sea showed that foamed 

Fig. 3. Distribution of different types of foamed litter items from Danish beaches. The figure shows the percentage distribution of the ten different foamed litter 
categories, based on the total counts for foamed plastic items from each of the beaches from all surveys in 2018–21. 
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cups and food packs comprised 0.23% of the total marine litter (Addamo 
et al., 2017). These results could indicate that implementation of the EU 
directive ban specifically on cups and food containers consisting of EPS 
may have a modest effect when looking simply at reduction of the total 
amounts of marine litter at the European beaches. However, it should be 
emphasized that in this study, the investigated beaches represented so- 
called reference beaches with few visitors and with litter primarily 
washed ashore from the sea. In contrast, urban or sub-urban beaches 
with many visitors, are generally presumed to have a higher local impact 
from SUP litter, due to direct littering on the beach. 

Fragments of foamed PS (2.5–50 cm) constituted a relatively large 
amount of the foamed litter registered in this study. Previously, Euro-
pean beach litter surveys have generally registered foamed PS fragments 
as part of a larger pool consisting of both plastic and PS fragments. This 
fraction of mixed fragments comprises a very significant proportion of 
the total marine litter, and unidentifiable fragments of plastic and 
foamed PS in the size-range 2.5 cm–50 cm have been registered as the 
most frequent type of litter (15% of total items) at the European scale 
(Addamo et al., 2017). Likewise, a Dutch report stated that mixed plastic 
and PS fragments constituted 20% of the total marine litter in the 
Netherlands (Boonstra and Hougee, 2019). However, more specific 
knowledge of amounts and sources to this pool of PS litter is important to 
establish appropriate measures for reduction. In a recent study of litter 
at Italian beaches, the amounts of other PS items (mainly PS pieces) 
were determined separately and found to comprise 12.3% of the total 
litter, whereas other plastic fragments comprised 21% of the total litter 
(Fortibuoni et al., 2021). A much lower proportion of PS fragments was 
observed in a Turkish study, which reported that 3.9% of the total 
number of beach litter items was Styrofoam (Gündogdu and Cevik, 
2019). Styrofoam is a trademark for XPS insulation materials, but often 
used generically to include various EPS products, and hence comparable 
to the fraction of foamed PS fragments. In the present study, we found 
that foamed PS, comprised 15% of the total pool of fragments of plastic 
and PS (754 out of 5352 items, incl. smooth-surface PS fragments and PS 
packing fill). Yet, we also found that this category of PS fragments could 
be further subdivided into three different litter types by visual identifi-
cation, which included unidentifiable fragments with the well-known 
beaded structure, fragments of foamed PS with a smooth surface (e.g. 
from cups/food-packaging), and packing fill. Litter fragments of the 
well-known beaded structure were far more abundant than fragments 
with a smooth surface or packing fill, and these three types comprised 
approximately 3%, 0.6% and 0.2% of the total marine litter, 
respectively. 

As described above, the majority of the foamed litter items observed 
in this study were classified into categories of fragments or pieces that 
were either not identifiable or represented a variety of item types related 
to several different sources. The presence of unidentified litter repre-
sents a challenge in environmental management since the lack of source 
characterization complicates identification of appropriate targeted ac-
tions towards litter reduction. In a recent report, the main applications 
of foamed PS within the Baltic Sea region were evaluated, and con-
struction and packaging were estimated to represent 70% and 25%, 
respectively, of the total market use, whereas only 5% were used in other 
areas (Lassen et al., 2019). It could be assumed that the sources of ma-
rine litter to some extent reflect the main areas of application and hence, 
construction and packaging are probably important contributing sources 
of PS fragments. Identification of litter derived from e.g. insulation 
plates or packaging material used for protection of goods during transfer 
may however represent a challenge due to the brittle nature of foamed 
PS and the fact that most PS litter items are rather fragmented and small. 
Yet, this study shows that packing fill is an example of a foamed litter 
type that can be identified and could be recommended as a candidate for 
a specific litter type code in future surveys for an improved knowledge 
on foamed litter composition. 

3.1. Polymer composition of foamed plastic litter 

In this study, a significant total amount of 1962 foamed litter items 
were classified and registered, corresponding to 12% of the total plastic 
marine litter pool from the investigated Danish rural beaches. The 
foamed litter was classified by visual inspection into groups of either 
foamed PS (825 items) or groups of other foamed polymer types (1137 
items). The categorization of specific PS items and other foamed items 
was verified by FTIR analysis and polymer identification of 617 
randomly selected but representative foamed litter items, corresponding 
to 31% of all the registered foamed litter items. The FTIR analysis 
showed that the overall grouping of PS and other polymer types based 
on the visual assessment was 98% correct. Hence, this study shows that 
visual identification of common macro-sized marine litter items con-
sisting of foamed PS can be done with a high accuracy. 

Chemical polymer analysis using FTIR also showed that PUR was 
highly dominating (84%) within the group of other foamed polymers. 
Hence, of all the foamed items verified by FTIR, PUR constituted 49% 
and PS constituted 42%, whereas other foamed polymers (PE, PP, EVA 
and PVC) only constituted 9% in total (Fig. 4). This result correlates well 
with a study from the western English Channel, where 70 foamed litter 
items were collected from a 30 m-wide shoreline transect, and of these 
56% were found to be PUR and 39% were PS (Turner and Lau, 2016). 
However, to our knowledge only a very limited number of studies have 
investigated the polymer composition of marine litter at beaches spe-
cifically focusing on foamed polymer types. Hence, the amounts of 
various foamed polymer types in different sea regions, is not well 
known. Taking into account the different sinking rates in water, rates of 
weathering as well as potential content of harmful chemicals and intake 
in marine organisms, the variability in amounts and sources of foamed 
polymer litter in different compartments of the marine ecosystem should 
be further studied. 

3.2. Multivariate data assessment 

Multivariate data assessment was performed on the FTIR spectra 
from all the analysed litter items consisting of PUR foam material. 
Fig. 5a shows the score plot of the two first PCs for all identified PUR 
foams, which clearly demonstrated two clusters as the main source of 
variation in the dataset. The first PCs described the most important 
differences in these observed clusters, in which their spectral differences 
can be identified by the comparison of the mean spectra of each cluster 
(Fig. 5b). The loadings profile was used to drive the spectra comparison 
and identify the spectral variables that most contribute to the differences 
between cluster A and B. The loadings profile is provided in the Sup-
plementary Material (Fig. S1). 

The main FTIR spectra bands used for PUR assignment are the 
carbonyl peak (C=O) from urethane (1700 cm− 1), C–N stretching and 
N–H bending (Amide II, 1560–1470 cm− 1), uretoneimine band (1379 
cm− 1) and isocyanurate rings (1414 cm− 1) (de Haseth et al., 1993). 
These organic functional groups are observed either in the diisocyanates 
(NCO) and polyols (OH) used for PUR production, or as a product of the 
interaction between these components to create the polymer chain 
(Akindoyo et al., 2016). In the average spectra for Cluster A, there is a 
unique and broad peak in the region of uretoneimine and the iso-
cyanurate ring (1405 cm− 1). This may indicate breakage of the foam 
microcrystallinity by environmental degradation factors, since these 
functional groups contribute to the polymer stability via crosslink in the 
polymer chain (Hatchett et al., 2005). Moreover, a unique peak for these 
samples was also observed at 1270 cm− 1 that was not possible to 
characterize. 

To determine the variability within the PUR group in Cluster B, 
which represents the majority of all the PUR items, the spectra from 
Cluster A was then removed from the dataset. Fig. 6a shows the first two 
PCS only for the Cluster B, where the samples were sub-grouped into two 
distinct clusters. The most relevant information for the agglomerate 

L. Feld et al.                                                                                                                                                                                                                                     



Marine Pollution Bulletin 180 (2022) 113774

7

separation observed in the loadings is associated with the C–N 
stretching and N–H bending (1560–1470 cm− 1), followed by the 
carbonyl peak at around 1700 cm− 1 (Fig. S2). In addition to being 
important FTIR peaks to characterize the PUR foams, these bands are 
associated with the foam hardness/softness according to the NCO and 
OH ratio (Chen et al., 2001; Delpech and Miranda, 2012), which provide 
the hard and soft segments structure, respectively. These segments are 
tied together by hydrogen bonds (H-bonds) to create the polymer chain 
with different crystallinity level that depends on the nature and size of 
both segments (Yen and Hong, 1997; Zhang et al., 2008). That means, 
when the NCO/OH ratio increases, the intermolecular attraction of hard 
to hard segments enlarge and a harder more rigid foam is produced 
(Chen et al., 2001; Liu et al., 2002). As a result, a shift in FTIR band 
towards a higher wavenumber is expected. On the other hand, the excess 
of polyol (lower NCO/OH ratio) follow the opposite trend. 

The cluster B-2 samples are formed mostly by flexible foams, which 
have a tendency to produce weaker H-bond interaction and an Amide II 

peak at higher wavenumbers is observed by the presence of a shoulder 
around 1530 cm− 1. This information can also be observed in the refer-
ence PUR foams with different NCO/OH ratio (Fig. 6c), where the Amide 
II signal shifts towards higher wavenumbers when the NCO/OH ratio 
and the foam hardness decrease, exemplified by the PUR foam with 
0.41:1 NCO/OH, which is a soft foam. Oppositely, the amide III ab-
sorption (1220 cm− 1) at lower frequencies corresponds to stronger H- 
bonds due to increased hard PUR segment (Zhang et al., 2008). There-
fore, the difference between the clusters B-1 and B-2 are regarded to the 
rigid and flexible PUR foams forms, respectively. Yet, it is important to 
note that a strength test was not performed of the samples and the 
flexibility assessment was made by manual sample touch, and therefore 
only a qualitative evaluation was carried out. 

The differences in the rigid and flexible PUR foam spectra are 
important to take into account when using FTIR measurements for 
identification of PUR foam, due to the fact that the spectral differences 
associated with foam characteristics can lead to incorrect assignment of 

Fig. 4. Polymer composition of foamed litter items from Danish rural beaches. Polymer identification was performed by FTIR on a subset of 617 foamed litter items 
selected from representative surveys performed during 2018–2021. 

Fig. 5. PCA performed using the FTIR data of all identified PUR foams (a), and the average spectrum of the clusters observed in the two first PCs (b).  
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the polymer. In this study, the PUR samples were primarily character-
ized by using the Reference beach litter library developed at Aarhus 
University, which contains seven environmentally weathered PUR 
spectra. A similar characterization was carried out for illustrative pur-
pose using a public reference library, which contains fourteen reference 
spectra of virgin PUR analysed with FTIR-ATR (Primpke et al., 2018). 
The result is shown in Fig. 7, where the samples in the PCA score plot 
were coloured based on their respective HQI values for both of the two 
applied spectral libraries. 

In general, the Reference beach litter library presented great sample 
assignment with an average correlation of 93%, whereas the public li-
brary presented an average correlation of 50%. It is well known that the 
spectral reference library is the backbone of the spectral correlation 
analysis for spectroscopic data (Mattson et al., 2021). A correlation 
above 70% is often used to assign a specific polymer in common pipeline 
methods (Renner et al., 2019). Hence, when using >70% HQI values as a 
threshold for polymer assignment, the reference library would fail to 
achieve polymer identification of the analysed PUR samples. This 
demonstrates and reinforces the need to include variability in the 
spectral libraries for accurate polymer identification based on correla-
tion methods, and to take into account the different polymer features 
observed in the spectra. For the public library, 16% of the samples were 

not assigned (HQI = 0) and 15% of the samples did not have PUR as the 
first choice. In the latter, the samples were identified as natural organic 
matter, mainly as animal fur, and these HQI values were adjusted after 
data inspection. Fig. 7 also indicates that the group of soft foams showed 
the lowest HQI values for both applied reference libraries, which sug-
gested that this type of PUR foam needs to be better incorporated into 
the spectral libraries to increase the library search accuracy. 

4. Conclusion 

This study of the distribution and relative composition of different 
foamed plastic types from beaches has emphasized the relevance of 
more detailed analysis for characterization of sources of beach litter. A 
total of 1962 foamed litter items were observed in this study, corre-
sponding to 12% of the total pool of plastic litter items registered at 
Danish beaches in the period 2018–2021. Litter items consisting of 
foamed PS could be recognized with large accuracy by visual assessment 
and comprised 42% of all the foamed litter. However, only a relatively 
small proportion of the foamed PS litter were identifiable items such as 
cups and food containers for take-away, packaging materials or buoys 
and floats and hence, the large majority were fragments in the size-range 
2.5–50 cm. Thus, a better source identification of this large pool of 

Fig. 6. PCA performed using the FTIR data of the Cluster B samples (a), and the average spectrum of the clusters observed in the two first PCs (b). Reference spectrum 
of PUR foam with known NCO/OH ratio (c). 

Fig. 7. PCA performed using the FTIR data of the Cluster B samples with colour score plot based on HQI values obtained from the Reference beach litter library (a) 
and a reference library available at Primpke et al., 2018 (b). 
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unidentifiable PS fragments may be critical to establish proper means to 
significantly reduce the littering of foamed PS to the marine 
environment. 

Foamed litter consisting of other polymer types than PS were clas-
sified into two categories of either insulation/wrapping or foam 
sponges, which consisted of more rigid foam and flexible foam, 
respectively. The most dominant polymer was PUR, which comprised 
84% of the items in these categories, or corresponding to 48.8% of all the 
foamed litter items. In contrast, other foamed polymer types such as PE, 
PP, PVC, PA and EVA were only found in relatively small numbers. 
Thereby, polymer identification performed by FTIR provided a more 
precise picture of the chemical composition of the different foamed 
plastic groups. 

Multivariate data assessment of the FTIR spectra from the PUR litter 
items demonstrated distinct variability within this foam category, which 
were mainly regarded to rigid and flexible PUR foams. These spectral 
differences were associated to the NCO/OH ratio, which is applied to 
produce the PUR foam with the desired properties. Finally, this study 
also demonstrated the importance of including a higher number of 
different types of PUR spectra including weathered spectra in the 
reference libraries to achieve more accurate polymer assignment based 
on FTIR data and correlation methods - especially in relation to flexible 
foams that generally provided the lowest correlation values. 
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