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1. Introduction 39 

Because of their wide usage in society, coupled with a high durability, poor 40 

degradation and low density, plastics are widely distributed throughout the global 41 

ocean and littoral zone (Li et al., 2016). The impacts of plastic waste in the marine 42 

environment are many and varied and include a reduction in aesthetic and amenity 43 

value, damage to vessels and fishing gear, a threat to public safety and adverse effects 44 

on wildlife (Gregory, 2009). Regarding the latter, plastics can cause alterations to 45 

benthic community structure, entanglement, strangulation and suffocation, and 46 

starvation and choking via ingestion when material is mistaken for food (Baulch and 47 

Perry, 2014; Sigler, 2014; Wilcox et al., 2016). Through the association of chemicals 48 

with the polymeric matrix or the adsorption of aqueous species to the polymer 49 

surface, ingestion can also act as a vehicle for the transfer of contaminants into the 50 

foodchain (Ashton et al., 2010; Rochman et al., 2013; Tanaka et al., 2013).  51 

 52 

Beached plastic items categorised by OSPAR include multi-pack yokes, bags, bottles, 53 

engine oil containers, injection gun containers, cigarette lighters, toys, crates, food 54 

packaging, lobster pots, rope, cord, netting and foams (OSPAR Commission, 2010). 55 

With respect to foams, different size categories of expanded or extruded polystyrene 56 

(PS) pieces are specified but polyurethane (PU) is not mentioned. This is perhaps 57 

surprising because beach surveys that we have recently conducted have revealed an 58 

abundance of foamed PU that, in some cases, represents the dominant form of plastic 59 

litter on a number basis (Turner, 2016; Turner and Solman, 2016). The widespread 60 

occurrence of PU waste may be attributed to its extensive application in the domestic, 61 

industrial, transportation and maritime settings, with an annual demand among 62 

synthetic polymers that is exceeded only by polyethylene, polypropylene and 63 
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polyvinyl chloride (Plastics Europe, 2015). PU foam may be classified as flexible or 64 

rigid, with the former being open-cell, porous and having a density typically between 65 

10 and 80 kg m-3, and the latter being closed-cell, semi-porous to non-porous and 66 

having a density ranging from 30 to 400 kg m-3. Flexible PU foam is used for 67 

packaging and as cushioning in furniture and bedding, under carpets and in 68 

automobile and aircraft seating, while rigid PU foam is used principally as an 69 

insulator in buildings, refrigerators, pipelines, vehicles and storage facilities. 70 

Additional, maritime applications of rigid foam involve flotation, buoyancy, support 71 

and void filling in boats, pontoons, docks, baffles and barrels (Szycher, 1999). 72 

 73 

PU is formed by reacting a diisocyanate or polyisocyanate with an oligomeric polyol 74 

(polyester or polyether) to produce a urethane linkage, with the precise properties of 75 

the product dependent on the nature (e.g. molecular weight) of the reactants and the 76 

preparation process. For the formation of PU foam, a blowing reaction is also required 77 

in which a gas is either added or created. Additives used in the production of PU 78 

include tertiary amine or metal salt catalysts for the polymerisation and blowing 79 

reactions, fillers, pigments for colour, halogenated flame retardants, smoke 80 

suppressants and plasticisers.  Based on these characteristics and the carcinogenic and 81 

mutagenic properties of its component monomers, Lithner et al. (2011) ranked 82 

polyurethanes among the most hazardous polymers in current production. 83 

Accordingly, PU waste is a potential source of a variety of highly toxic contaminants 84 

to the environment whose concentrations, mobilities and fates are largely unknown. 85 

 86 

In the present study, foamed plastic waste has been collected from a section of a high-87 

energy, macrotidal sandy beach in south west England and classified by polymer type 88 
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 188 

3. Results 189 

3.1. Sample characteristics 190 

Overall, 70 samples were retrieved from Whitsand Bay, with a selection illustrated in 191 

Figure 1. Sample mass ranged from a few mg to > 10 g and thickness through the 192 

flattest (measurement) surface ranged from about 2 to 40 mm. FTIR spectra revealed 193 

that the majority of samples were polystyrene (PS; n = 27) or polyurethane (PU; n = 194 

39), with the presence of ester-based plasticisers and inorganic fillers evident in many 195 

of the latter type that were rigid. 196 

 197 

Samples of expanded PS were always white and were usually smooth and well-198 

rounded through erosion and weathering, with brown, oxidic deposits visible on the 199 

surface in many cases. The fewer number of extruded PS samples appeared to be 200 

more fragmented and exhibited a broader colour range of browns, yellows and blues. 201 

Most PU samples were rigid (or semi-rigid), brittle and well-rounded, displaying a 202 

variety of shades of brown and yellow but with discolourations on the surface of 203 

deeper shades of brown or black often evident. Although dissection of these samples 204 

usually revealed a paler interior, no significant change in IR spectra were observed 205 

across individual sections. Five PU samples were flexible, with a squarer and less 206 

smooth or torn appearance and colours that were yellow, brown, blue or green. 207 

Remaining, non-PS and non-PU samples (n = 4) were elasticated rubber or acrylic- or 208 

PVC-based expanded polymers that were black, pink or yellow and that appeared to 209 

be derived from neoprene products, beach footwear and rubber toys.  210 

 211 

3.2. Elemental concentrations 212 
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fragments are likely to have travelled considerable distances and undergone 287 

significant ageing since their original site of disposal. 288 

 289 

Of the foams identified and characterised, the rigid (and semi-rigid) PU types are of 290 

greatest concern from an environmental perspective because of their relative 291 

abundance and the concentrations of hazardous elements or elements that are 292 

indicative of hazardous chemicals in the polymeric matrix. For instance, high 293 

concentrations of Br and/or Cl in many rigid PU (and PS) foams likely reflect the 294 

addition of various halogenated flame retardants to the polymer, especially when the 295 

materials had been used for insulation. Bromine in the foam products analysed herein 296 

was not, however, measurably accessible to the avian PBET using ICP-MS. This 297 

suggests that in aged, expanded polymers, at least, residual brominated flame 298 

retardants are largely bound in the polymeric matrix through various functional (e.g. 299 

hydroxyl) groups rather than being mechanically mixed into the formulation (Szycher, 300 

1999). 301 

 302 

The presence of Fe and Zn in many of the foams, and in particular in PU, may be 303 

attributed to the use of additional additives in foam manufacture. For instance, 304 

synthetic iron oxides are used as high opacity pigments for colour (yellows, browns 305 

and black) (Szycher, 1999) while various zinc compounds have been used as 306 

pigments, catalysts, flame retardants (through char production) and smoke suppressors 307 

(Forrest, 2001). It is also likely that the Fe content of foamed plastics is augmented by 308 

the precipitation of natural iron oxides on to the polymer surface while suspended in 309 

sea water. This effect was apparent from the visible discoloration of many of the aged 310 
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Greater systematic reporting of the occurrence of foamed litter on beaches, in the 361 

oceans and ingested by organisms is called for, while further studies are required to 362 

evaluate the wider impacts of Pb in PU foam in the marine environment and on 363 

wildlife that are exposed to or consume plastics.  364 

 365 
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Table 2: Constants and concentrations defining the mobilisation of Pb from the four samples of rigid PU whose kinetic profiles are illustrated in 

Figure 2. (Note that terms are defined in the text and lettered samples do not correspond to those illustrated in Figure 1.) 

sample [PbT], 

 

 

 

 

 

 

 

 

 

 






