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Abstract 12 

Plastic pollution continues to worsen globally in volume and complexity. The complexity in 13 

plastic production, use and disposal is significant, highlighting the importance of clear 14 

communication to consumers. Yet despite this, poor plastic labelling is clear, evident from 15 

poor waste management metrics even in the most equipped countries. Plastic labelling must 16 

change to contribute to a holistic intervention on global plastic mismanagement. Discussion 17 

on this topic leads to three key recommendations: 1. An accurate and clear “sustainability 18 

scale” to empower consumers to make decisions informed by environmental and human 19 

health implications; 2. Directions for appropriate disposal action in the region of purchase; 20 

3. A comprehensive list of plastic composition, including additives. 21 

1. Introduction 22 

 23 

1.1 An ever-growing problem 24 

 25 

Plastic pollution has now permeated through the world’s ecosystems, from Arctic ice, the 26 

bottom of the Mariana trench, to the slopes of Mount Everest (Chiba, et al. 2018, Halsband 27 

and Herzke, 2019; Napper, et al. 2020, Peng, et al. 2020). The primary cause is high 28 

production and widespread mismanagement of plastics as a resource, with about 368 29 

million tonnes produced annually (2019 estimate from PlasticsEurope, 2020). Around 80% of 30 

the plastics produced still exist, having been dumped into landfills or released into the 31 

environment (Geyer, et al. 2017). 32 
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While there is a significant drive to change our relationship with plastics (evident from 33 

recent relevant legislative intervention propelled by consumer advocacy) (da Costa, et al. 34 

2020), the issue continues to worsen (Lau, et al. 2020). Highlighted in models, such as the 35 

Plastics-2-Ocean model by Lau, et al. (2020), even the most ambitious interventions will not 36 

completely stem the flow of plastic into the environment. However, they do make clear that 37 

the issue will become significantly worse if substantial action is not taken soon (Lau, et al. 38 

2020). 39 

Without a real-world applicable circular economy for plastic (given known issues from 40 

legacy additives, through to product degradation during recycling (Borrelle, et al. 2020; 41 

Matthews, et al. 2021; Wagner and Schlummer, 2020), there is no single, all-encompassing 42 

solution to rectify and mitigate our mismanaged relationship with plastics as a resource. The 43 

plastic pollution issue is multifaceted, and a key component to the problem is consumer 44 

miscommunication. 45 

1.2 Issues with labelling 46 

 47 

“Miscommunication” here refers to the labelling of plastic items. Based on present rates of 48 

recycling, estimated between 30% and <10% in China, Europe and the USA, labelling is 49 

ineffective at encouraging sustainable use (Geyer, et al. 2017; Lazarevic, et al. 2010). While 50 

plastic waste labels can differ by geographical region, they share clear limitations that 51 

contribute to their ineffectiveness (Figure 1). 52 

 53 
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Figure 1: International, UK-, European-, Chinese-, Japanese-, Taiwanese- and Australasian-specific recycling labels (Office of the State Council, 2017; Planet Ark, 2020; 

Recycling Fund Management Board, 2021; Sakura City, 2021; Wrap, 2021). 1. Mobius Loop Recycling Symbol, 2. International plastic resin code. 3. “RecycleNow” recycling 

labels (UK). 4. “The Green Dot” (EU). 5. “Recyclable” Chinese Recycling label (China). 6. Recyclable Plastic Symbol (Japan), 7. Recyclable Plastic Symbol (Taiwan), 8. 

“Recyclable” and “Conditionally recyclable” Australian Recycling Labels. 
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Credible and relevant information is key to enabling the public to make more sustainable 53 

decisions. Despite this, plastic labelling oversimplifies and often unintentionally misinforms 54 

the public regarding the sustainable handling of plastic waste. Plastic labels can falsely 55 

indicate a product is recyclable, for example through the use of the International Plastic 56 

Resin Symbols, The Mobius Loop from the UK and The Green Dot from the EU (Figure 57 

1.1,2,3) (WRAP, 2021). Labelling largely does not indicate regional recyclability, and when it 58 

does (Figure 1), it places the burden on the consumer to investigate for further information 59 

(WRAP, 2021; Planet Ark, 2020).  60 

1.3 Increasing complexity - new materials and additives 61 

 62 

These shortcomings in contemporary plastic labelling, alongside projected continued 63 

increases in plastic production are not the only drivers behind the urgency to improve 64 

labelling (Borrelle, et al. 2020). Commercial use and labelling of new materials such as 65 

copolymers, bioplastics, biodegradable, oxo-degradable and compostable plastics add 66 

further confusion for the consumer (Napper and Thomson, 2019). Furthermore, weak 67 

regulation of plastic additive chemicals complicates the matter further. There is significant 68 

need for more rigorous risk assessment before commercial application, to control human 69 

and environmental exposure to potentially toxic chemicals (Galloway et al., 2018, Ferguson, 70 

et al. 2019).  71 

Based on the above points, plastic labelling does not adequately reflect the complexity of 72 

the subject, nor does it facilitate sustainable use. To do this we must urgently adapt and 73 

standardise current labelling approaches to become more effective (American Chemistry 74 

Council, 2021; Borrelle, et al. 2021). Here, we recommend a more effective plastic labelling 75 

system, which considers three major components; petroleum-based plastics, new and 76 

“sustainable” plastics, and chemical additive content. 77 

 78 

2. Petroleum-based plastics 79 

 80 

2.1 Defining petroleum-based plastics 81 

 82 
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According to the International Union of Pure and Applied Chemistry (IUPAC), a polymer is a 83 

“molecule of high relative molecular mass, the structure of which essentially comprises the 84 

multiple repetition of units derived, actually or conceptually, from molecules of low relative 85 

molecular mass” (Jones, et al. 2008). Petroleum-based plastics are included in this category 86 

as synthetic polymers obtained from natural gas or oil, that usually include stabilizers and/or 87 

plasticisers to enhance the efficiency and durability of these materials (Andrady, et al. 2009; 88 

Thomson, et al. 2009). The main petroleum-based plastics include polyethylene (PE), 89 

polypropylene (PP), polyethylene terephthalate (PET), polystyrene (PS), and polyvinyl 90 

chloride (PVC) (Hartmann, et al. 2019).  91 

These plastics constitute the majority global domestic plastic waste (approximately 87%) 92 

and are divided into six main categories (1 – 6) and a broad “other” (7) (Table 1), through an 93 

International Resin Identification Coding System originally attributed by the Society of the 94 

Plastics Industry (SPI), also recently administered by the American Society for Testing and 95 

Materials International (ASTM) (Rahimi, et al. 2017). These categories were attributed by 96 

the SPI to facilitate sorting plastic products in recycling centres (Scalenghe, 2018). 97 
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Table 1. International Resin Identification Coding System for plastics, paired with 2018 estimated percentages recycled of the plastic produced in the USA that year 

(Environmental Protection Agency, 2018; Merrington, 2017; Rahimi and García, 2017). 
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2.2 Definition of contemporary recycling 98 

 99 

The concept of “recycling” plastic is defined here as the process of recovering plastic waste 100 

and transforming the material into useful products (Merrington, 2017). Plastics usually 101 

undergo a similar recycling process (mainly for primary and secondary recycling). Generally, 102 

they are collected, transported to the recycling facilities, sorted by resin type, washed, and 103 

dried to remove dirt, and ground into fine powder/particulate matter (Rahimi and García, 104 

2017). Depending on the desired end-product, further preparation through the addition of 105 

additives may also be undertaken (Rahimi and García, 2017). Four main types of plastic 106 

recycling are commonly described: primary (“closed-loop” recycling, where intact recovered 107 

material is used for the same purpose as the original plastic), secondary (mechanical 108 

recycling, where material is mechanically ground to produce a broad range of products that 109 

have less demanding performance requirements than the original material), tertiary 110 

(chemical recycling, recovers a mixture of monomers by exposing recyclate to elevated 111 

temperatures in the presence of a catalyst and absence of oxygen) and quaternary 112 

(incineration, with or without energy recovery) (Singh, et al. 2017) (Figure 2). While the 113 

International Resin Identification Code symbols (showing the triangle of arrows), appear to 114 

imply sustainable use of petroleum-based plastics is possible through recycling, this is not 115 

universally the case (Table 1). 116 

 117 



8 

 

Figure 2 - A summary flowchart of the recycling processing including: primary (“closed loop”) secondary (mechanical), tertiary (chemical), and quaternary (incineration) 

recycling. 
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2.3 Challenges to effective contemporary recycling: diversity in plastic material  118 

 119 

In Europe, China, and the United States, 30%, 25% and less than 10% of plastic is recycled, 120 

respectively (Geyer, et al. 2017; Lazarevic, et al. 2010). Plastics with the highest recovery 121 

rates are PET, high-density polyethylene (HDPE), low-density polyethylene (LDPE), and PS, 122 

although global recovery rates are typically reported as below 20% (Rahimi and García, 123 

2017). For other resins, as reported in Table 1, recoveries are generally between 0-1% 124 

(Rahimi and García, 2017). The primary difficulty associated with the recycling of these 125 

polymers is the sheer number of possible additives, coatings or treatments (some of which 126 

are known toxicants) that are incorporated into most products derived from plastics. This 127 

complicates matters for recycling companies when it comes to the recovery of plastics for 128 

reuse (Merrington, et al. 2017). 129 

The specific challenges and effective recycling rates associated with each plastic type can be 130 

addressed individually: PET (code 1) is a durable and malleable plastic broadly used in 131 

consumer products, though only a small portion is recycled for its original application since 132 

its malleability is compromised by more than 95% by the third recycling cycle. Consequently, 133 

50 to 77% of PET is converted to fibres to produce mixed material (La Mantia, 2002).  134 

The recycling processes for HDPE (code 2), LDPE (code 4) and PP (code 5) are remarkably 135 

similar, belonging to the group of polymers called polyolefins (Rahimi and García, 2017). 136 

These can be mechanically recycled, but over time become less stable (Rahimi and García, 137 

2017). While methods of chemical recycling for these polymers poses a potential way to 138 

circumvent this issue, chemical recycling is complicated and remains prohibitively expensive 139 

(Rahimi and García, 2017).  140 

PVC (code 3) is one of the most durable polymers owing to the blended additives 141 

incorporated in its composition. A significant drawback of the additives used in PVC-based 142 

materials is that they can easily contaminate entire batches of polymers in recycling plants 143 

(Rahimi and García, 2017). This additive content in PVC-containing materials is also 144 

problematic as it can leach for example, phthalate plasticizers and chlorine-containing 145 

organics during degradation (Rahimi and García, 2017).  146 
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The low recovery rates associated with PS (code 6) are mainly due to waste separation. In 147 

regard to PS production, 10% is EPS (expanded polystyrene), 50% is in the pure form and the 148 

remainder is blended with other materials (Goodier, 1961; Wünsch, 2000). Diversity of end-149 

products, paired with variances in polymer density, complicates the sorting mechanism at 150 

the recycling centres.  151 

Category 7 includes all other plastic polymers: polyurethane, polyurea, polycarbonate, 152 

nylon, poly(methyl methacrylate) (PMMA), high-performance thermoplastics, and 153 

thermosets such as epoxies and biopolymers (Rahimi and García, 2017). The use of thermal 154 

and photochemical approaches to polymers such as PMMA, the thermoplastic PES 155 

(polyethersulfone) and some nylon types, can allow for effective depolymerisation of these 156 

plastics to their monomer units (Rahimi and García, 2017). However, each polymer group 157 

has its own recycling challenges, in addition to required consideration of possible additive 158 

content and composite formations (Rahimi and García, 2017). 159 

Manual separation of resins can be time consuming and inefficient. Although automated 160 

techniques have been optimised to distinguish between diverse polymer types by 161 

identifying specific optical, density and spectroscopic properties of the plastic (Merrington, 162 

2017), their performance is not always effective (Rahimi and García, 2017). In addition, the 163 

sheer variety of plastic additives makes them a significantly complex issue to unravel in 164 

terms of recycling efficacy. 165 

2.4 Challenges to effective contemporary recycling: regional dependence 166 

 167 

Although the lack of good recycling practices by consumers is frequently identified as the 168 

main factor for low recycling rates, technological limitations are the key limiting factor on 169 

the efficiency and broad-scale adoption of plastics recycling. Consequently, the recyclability 170 

of plastics is geographically dependent, and should be considered in a regional, rather than 171 

a national or global perspective (Kollikkathara, et al. 2009; Kumar, et al. 2017).  172 

A clear example of this variation is shown when comparing two different regions of the 173 

globe, here Germany and the United States of America (USA). European Union (EU) member 174 

countries follow a series of strict guideline and targets established by the EU; previously the 175 

“Zero plastics to landfills by 2020”. Currently, the target for 2030 is to recycle 65% of 176 
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municipal solid waste (Žmak, et al. 2017). Among EU countries, Germany has the highest 177 

rate of plastic recycling (62%) and one of the lowest landfill rates (Žmak, et al. 2017). This is 178 

the result of schemes implemented by the German government that include: the “Green 179 

Dot” service - a dual disposable system for used sales packages, the public waste disposal 180 

service, and the plastic bottle deposit system (Hopewell, et al. 2009; Žmak, et al. 2017). This 181 

advanced plastic recycling capability is also possible due to available infrastructure. 182 

Germany has 68 operating waste incinerating plants with a total capacity of 20 million tons 183 

of plastic (Žmak, et al. 2017). 184 

In contrast to Germany, the USA reportedly recycles less than 8% of its plastic waste (Heller, 185 

et al. 2020). This is primarily due to the “National Sword” program implemented by China in 186 

2018, which banned the import of almost all plastic waste (Clarke, 2019), of which the USA 187 

was a major contributor. As such, the USA does not currently have sufficient infrastructure 188 

in place to process its plastic waste. Furthermore, the USA now exports most of its plastic 189 

waste to Malaysia, Vietnam, Indonesia, and Thailand instead. The effectiveness of this 190 

strategy for recycling is poor, as a large percentage of the plastic waste exported remains 191 

unprocessed, as these countries also lack the facilities for sufficient sorting and reprocessing 192 

(Heller, et al. 2020). Law, et al. (2020) estimated that in 2016 between 0.15 to 0.99 million 193 

tonnes of plastic waste collected for recycling was mismanaged in other countries. 194 

This dichotomy between two wealthy countries, with respect to plastics recycling, highlights 195 

the regional variability in this issue. Unless recycling strategies are economically viable and 196 

sufficient infrastructure is available, they are unlikely to be successful (Joshi, et al. 2019). 197 

 198 

2.5 Shifting focus from recyclability to sustainability 199 

 200 

Based on the nuance regarding what dictates “recyclability”, from the interference of 201 

different additive components to the regional availability of infrastructure, a better solution 202 

would be to present recyclability on a scale rather than a categorical characteristic on labels.  203 

Going further, solely focusing on recyclability is not going to solve the plastics issue. 204 

Consideration of other associated environmental and human health risks is needed. Factors 205 

such as: product lifespan, use of additives, the environmental impact of sourcing material 206 

etc, all have an environmental cost that should be communicated to the consumer. Despite 207 
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the significance of these values to the true “sustainability” of plastic products, the main 208 

message to the consumer is primarily a categorical recyclability label. There is a gap here, in 209 

the development of a more sustainable plastics industry, for a more accurate labelling 210 

system including a sustainability index. 211 

A sustainability index for plastic materials would require careful consideration of which 212 

factors in environmental outcomes (including leachate, end-of-life processing, material use 213 

and degradation behaviour) and life cycle assessments (LCA) are significant to the 214 

“sustainability” of plastic (Huisman, et al. 2003). An example of what such an assessment 215 

could look like would be the LCA perspective by Kouloumpis, et al. (2020), in which the 216 

carbon footprint of PET bottles versus glass bottles was assessed in Cornwall (UK), using 217 

high-resolution data on a local scale regarding available waste infrastructure to 218 

transportation. Making this information easily accessible and understandable to consumers 219 

would be an example of how to better facilitate sustainable plastic use. 220 

 221 

The onus to understand complex, technical, and sometimes misleading disposal processes 222 

and product attributes is placing an unreasonable expectation and burden on consumers 223 

(Boz, et al. 2020). Current labelling systems for plastic products are not practical and do not 224 

facilitate sustainable use. Rather than more categorical labels indicating end use, there 225 

needs to be a more holistic system which reflects the complex issue of real-world plastic 226 

manufacturing, use and disposal.  227 

 228 

3. Bioplastics and “sustainable alternatives” 229 

 230 

3.1 Defining bioplastics and new “alternative” materials 231 

 232 

Switching to bioplastics and other “sustainable alternatives” has been purported to play a key 233 

role in tackling plastic pollution (Iles and Martin, 2013; Lamberti, et al. 2020). The term 234 

“bioplastics” is used for two separate groups of plastic material: bio-based plastics, which are 235 

derived from plant or animal matter, and biodegradable plastics which include ‘Oxo-236 

biodegradable’ plastics (made with various additives which catalyse degradation) and 237 
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‘compostable’ plastics (which should be 90% chemically broken down within 180 days, given 238 

specific compositing conditions, according to the American Society for Testing and Materials 239 

(ASTM International, 2019)) (Fojt et al. 2020) (Figure 3). Replacing petroleum-based polymers 240 

with bioplastics is expected to reduce the demand for fossil fuels, potentially reducing carbon 241 

emissions. The shift towards bio-plastics has slowly increased in the past decade, where today 242 

they represent about one percent of the more than 368 million tonnes of plastic produced 243 

annually (Plastics Europe 2020; Fojt et al. 2020).  Bio-plastics can include few or several 244 

components and are typically divided into (i) bio-based plastics such as polyesters, PE, PET, 245 

polyamides (PA) and polyurethane (PUR), (ii) bio-based and degradable plastics such as 246 

polylactic acid (PLA), polyhydroxyalkanaoates (PHA), polybutylene succinate (PBS), and (iii) 247 

fossil-based but biodegradable plastics- such as polycaprolactone (PCL) and polybutylene 248 

adipate terephthalate (PBAT). Bio-based degradable alternatives are forecast to increase. In 249 

particular, products such as PLA and PHAs are increasing in popularity showing high growth 250 

rates due to their complete biodegradable behaviour under certain aerobic and anaerobic 251 

environments and potential as commercially viable compostable plastic material (Meereboer 252 

et al. 2020; Rujnic-Sokele & Pilipovic 2017). Among the challenges associated with these 253 

products are higher production costs and the need to incorporate organic fillers and fibres 254 

primarily composed of cellulosic material to strengthen the properties of polymers. These 255 

could impact the degree, and extent of, biodegradability of the product and the 256 

biodegradation efficiency between industrial and household composting environments and 257 

in marine systems (Meereboer et al. 2020; Song et al. 2009; Haider et al. 2019). End-products 258 

may not sufficiently degrade once in the environment or potentially deliver different leachate 259 

due to addition of chemical additives meant to increase the durability of products (Lambert 260 

& Wagner 2017). 261 

The debate remains whether bioplastics production truly relieves pressure on the 262 

environment. The topic is complicated by production details specific to each product in 263 

question, from the environmental cost of sourcing their raw materials, to required land use 264 

at scale, paired with the need for commercial viability and competitiveness regarding financial 265 

cost (Music, et al. 2022). It is debatable if they are better for the environment over 266 

conventional plastics and if they add to, or solve existing problems observed with their non-267 
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degradable counterparts, related to the miscommunication on, and the disposal of these 268 

products. 269 

 270 

Figure 3 – Defining “bioplastic” and “biodegradable” in a real-world context, as well as “compostable” and “oxo-271 

biodegradable” within “biodegradable” 272 

3.2 Miscommunication of correct disposal methods 273 

 274 

According to Dilkes-Hoffman et al. (2019ab), a plastic material which breaks down through 275 

the natural action of microbes including algae, fungi and bacteria resulting in water, 276 

biomass, methane, and CO2 without producing any residual by-product is truly 277 

biodegradable. Those that can breakdown due to catalysing additives ‘’Oxo-biodegradable 278 

plastics’’ are not truly biodegradable, as they can leave residual micro-fragments 279 

accelerating microplastics pollution (European Bioplastics, 2015). Currently there is 280 

confusion among bioplastics end-of-life labelling, with terms like “biodegradable”, 281 

“compostable” and “bio-based” plastics not clearly defined, making it harder for consumers 282 

to make environmentally responsible choices (Napper and Thomson, 2019).  283 

Generally, when thinking about bioplastics, consumers associate biodegradability as a key 284 

factor together with environmental friendliness, sustainability, and non-toxicity (Haider et 285 

al., 2019). However, the reality is, there are materials labelled biodegradable, compostable 286 
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or bio-based today which are not suitable for disposal in the open environment (Haider et 287 

al., 2019; Dilkes-Hoffman et al., 2019a, b). A typical example is bio-based PET which polymer 288 

chains can be synthesized from oil-based or renewable sources such as sugarcane, both 289 

resulting in the same or chemically identical material. Such non-biodegradable bioplastic will 290 

behave exactly as a conventional plastic in the environment and could persist for an 291 

unknown amount of time (Napper and Thomson, 2019). 292 

Not all biodegradable plastics are biodegradable under the same conditions (Dilkes-Hoffman 293 

et al., 2019ab). Polylactic acid (PLA), the common type of bioplastic derived from plant like 294 

materials and marketed ‘’biodegradable’’ is a typical example. Although biodegradable and 295 

compostable, PLA will not biodegrade in all environments, as it requires specialised 296 

industrial composting processing facilities and specific conditions/circumstances (e.g. higher 297 

temperature), contingent on proper management (Gorrasi & Pantani, 2017). This makes PLA 298 

technically an industrially compostable plastic rather than biodegradable (Gorrasi & Pantani, 299 

2017).  This important information is either not mentioned or ignored on product labelling.  300 

Furthermore, although the public may assume that all bioplastics are recyclable, there are 301 

complications with this assumption. The variability in material found within the bracket of 302 

“bioplastics” adds layers of complexity to the task of trying to successfully recycle them 303 

(Lamberti, et al. 2020). Individual bioplastics have specific optimal methods of recycling 304 

(Lamberti, et al. 2020). Bio-PET is most effectively recycled by glycolysis, PLA by alcoholysis, 305 

bio-PE by pyrolysis (Lamberti, et al. 2020). Unless these specific bioplastics can be 306 

sufficiently sorted and processed to their unique specifications, they may merely complicate 307 

current recycling streams and contribute to more plastic waste in the process. 308 

3.3 New sustainable alternatives need accurate and functional labelling 309 

 310 

The nuances in the sustainability of new materials such as bioplastics and other sustainable 311 

plastic alternatives, must be effectively communicated to consumers. A material such as PLA 312 

being labelled as “compostable” is misleading to the end user as it fails to indicate that the 313 

material requires industrial bioprocessing, and that the infrastructure required for this may 314 

not be available in their region. Without this information a consumer is unable to execute 315 

the sustainable disposal method which is the basis for these materials being sustainable 316 

alternatives. 317 
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Effective labelling should accurately communicate the most “sustainable” method of 318 

disposal, based on the region of purchase, which more accurately reflects the sustainability 319 

of purchasing the product. Such labelling would more clearly reflect the suitable handling of 320 

waste, and inform consumers whether such “sustainable” use and disposal is possible 321 

depending on regionally available infrastructure. 322 

 323 

4. Additives 324 

 325 

4.1 Not just a polymer – An array of plastic additives 326 

 327 

Additives are inorganic or organic chemicals added into polymer formulations during 328 

production to improve their performance, functionality, and aging properties. They include 329 

chemicals that act as plasticisers, flame-retardants, light and heat stabilisers, anti-oxidants, 330 

lubricants and pigments (Hahladakis et al. 2018). While the addition of chemical additives to 331 

a polymer improves the performance of the product, concerns arise as some of these are 332 

known toxicants providing pathways for human and environmental exposure (Hahladakis et 333 

al. 2018). Leaching is particularly a concern for additives which are not chemically bound to 334 

the polymer (Marklund, et al. 2003). 335 

Limited data exists on human and environmental health effects from exposure to these 336 

chemicals, and for the majority of these chemical additives, health risks are still widely 337 

unknown (Galloway, 2015; Muncke, et al. 2020). A summary of additive groups and 338 

potential human health impacts can be found in Table 2. 339 
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Table 2: A summary of the range in plastic additives (including: Plasticisers, Bisphenols, Organic flame retardants, UV stabilisers, Metals, and Monomers & unknowns), 

rationale for their use, examples of specific types and their potential health impacts. 

 

aHuang et al. 2020; Pérez-Albaladejo et al. 2020; Radke et al. 2018; Wei, et al. 2019. bBittner, 2014; Tang, 2020. cBlum, et al. 2019; Doherty et al. 2019; Rauert, et al. 2018. 
dIARC, 2013; Medina-Perez et al. 2020.   eHuerta-Pujol, 2010; Järup, 2003; Turner, 2016. fArvanitoyannis and Bosnea, 2004; Hahladakis et al. 2018; Vera, 2018.
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There is a plethora of additives used in plastic production, multiple groups with inter- and 340 

intra-variability in properties (Table 2) (Hahladakis, et al. 2018). Further to intentionally 341 

incorporated additives, there are also unreacted monomers and thousands of chemicals 342 

that are “unknown” or non-intentionally added substances (NIAS). Unreacted monomers 343 

from polymer production (Table 2) can migrate into food from packaging materials. Chlorine 344 

emissions from PVC plastics have been reported around 40%–56% Cl in PVC bags (Alam, 345 

2018). The presence of NIAS is of significant concern, with Vera et al. (2018) reporting that 346 

of 58 of the 76 compounds identified in 26 PP films and food contact materials were NIAS. In 347 

addition, Gomez Ramos et al. (2019) and Bauer et al. (2019) identified a total of 52 NIAS 348 

migrants from food pouches purchased from markets in Spain, Australia, and Germany. 349 

Adding to the burden of unknown chemicals are chemicals that have sorbed or migrated to 350 

the plastic material from other sources, providing the opportunity for further global 351 

transportation, e.g. through marine microplastics (Avio, 2015; Mato, 2001). One example is 352 

poly and per-fluorinated alkyl substances (PFAS), which are widely used in water/grease-353 

proof food packaging products with potential to leach into food (Akhbarizadeh, 2020). They 354 

have also been detected in plastic water bottles, thought to originate from the ink of the 355 

plastic labelling and the additives used during plastic manufacturing (Llorca, 2012; Schwanz, 356 

2016). 357 

 358 

4.2 A complex issue, with many unknowns 359 

 360 

Due to the broad chemical space that plastic additives occupy (in addition to NIAS and 361 

sorbed chemicals), there is immense difficulty in understanding the short- and long-term 362 

toxicological risks of different plastic types to human health and the environment (Galloway, 363 

2015; Thomson, et al. 2010). Furthermore, as the global production of additive containing 364 

plastics continues with all these unknowns inadequately addressed, the concept of toxicity 365 

debt (acknowledging potential lag-time to toxic effects as pollution continues) highlights the 366 

potential risk to human health and the environment is only increasing over time (Rillig, et al. 367 

2021). 368 
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Plastic materials present a potential “cocktail” of known and unknown chemicals, and the 369 

combined risk of these mixtures is poorly understood; the toxicological risk of mixtures is 370 

uncertain even when mixture composition is known (Kienzler, et al. 2010). A lack of 371 

information exists on where, how, why and in what quantities chemicals are used in the 372 

plastic manufacturing process. Without this information being provided by the 373 

manufacturer, accurate risk assessments cannot be carried out towards environmental and 374 

human health outcomes. Due to legislative and privacy-based restrictions imposed by 375 

industry, toxicologists are left to use crude estimates due to a lack of transparency. It is 376 

apparent that additive composition should be made clearer to the consumer and/or 377 

purchaser, and plastic manufacturers should be held more accountable for the composition 378 

of their product.  379 

 380 

5. Concluding recommendations 381 

The issue of plastic waste is more complex than indicated by contemporary labelling 382 

schemes (Figure 4a). As production rates increase, and the development of new materials 383 

and additives continues, communicating accurate information to consumers has never been 384 

more important. 385 
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 386 

Figure 4 – a. Moving away from limited, abstract, and categorical labelling schemes focused on recyclability to 387 

more detailed, regionally dependent, and scalable labels to facilitate more sustainable consumer choice. b. A 388 

visual concept based on the recommendations in this manuscript including: a clear indication of the plastic 389 

components, an instruction for responsible disposal based on the infrastructure available in the region of 390 

purchase, and a clear and understandable sustainability index score (based on above outlined factors such as, 391 

product lifespan, additive content, and availability of sustainable processing in region of purchase). 392 

 393 

Building on the discussion in this review, we have three main recommendations on plastic 394 

labelling: 395 

 396 
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1. Plastic labels should include an understandable “sustainability scale” to enable 397 

consumers to make informed decisions on the environmental and human health 398 

considerations related to plastic use (Figure 4b). We suggest the recyclability of 399 

plastic items is too complex for categorical recycling labels. The recyclability of a 400 

plastic item does not wholly determine how sustainable an item is when additive 401 

content, regional availability of disposal infrastructure and environmental cost of 402 

production are all factored in.  403 

 404 

2. Plastic labelling should use direct instructions appropriate for the region of 405 

purchase (e.g. PLA could have an “Industrial Bioprocessing Bin” instruction in 406 

Queensland Australia, but a “General Waste Bin” instruction in the Northern 407 

Territory Australia) (Figure 4b). Categorising plastic items with broad and 408 

confounding nomenclature causes confusion over how materials can be responsibly 409 

disposed of and hence we suggest plastic labelling should disregard generic words 410 

like “biodegradable” and “compostable”. 411 

 412 

 413 

3. Plastic labelling should include a legible list of additive components, so consumers 414 

can make informed decisions on the plastic additives they are willing to expose 415 

themselves and potentially the environment to (Figure 4b).  416 

 417 

These recommendations and the accompanying visual concept are not to be taken as exact 418 

instructions for international application; the issue of plastic waste management is one with 419 

significant regional variability. These recommendations are rather a guide for discussion 420 

around improving plastic labelling to better facilitate sustainable use, e.g. by local policy 421 

makers (in government and industry), with regional experience and understanding, to drive 422 

change in current, inadequate labelling schemes. 423 

The difficulty in actioning these recommendations cannot be understated, as it will require 424 

cooperation between government, industry, the scientific community, and the public. We 425 
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suggest this kind of cooperation is key to tackling such global challenges as plastic waste. 426 

The difficulty in this challenge is not sufficient reason for inaction. Labelling schemes will not 427 

solve excessive waste issues entirely, but if we are to stem the flow of plastic in the 428 

environment, the solution must be holistic in nature, including better communication of 429 

accurate information to the public. 430 

Acknowledgements 431 

Francisca Ribeiro and Stephen D. Burrows are funded by the QUEX Institute, a partnership 432 

between the University of Exeter and The University of Queensland. The Queensland Alliance 433 

for Environmental Health Sciences, The University of Queensland, gratefully acknowledges 434 

the financial support of Queensland Health. The Minderoo Centre– Plastics and Human health 435 

gratefully acknowledges the support of the Minderoo Foundation and their support of CR, NC 436 

and XW. TG acknowledges support from the Natural Environment Research Council grant 437 

NE/S003975/1 438 

 439 

References 440 

Akhbarizadeh, R., Dobaradaran, S., Schmidt, T. C., Nabipour, I., & Spitz, J. (2020). 441 

Worldwide bottled water occurrence of emerging contaminants: A review of the recent 442 

scientific literature. In Journal of Hazardous Materials (Vol. 392). Elsevier B.V. 443 

https://doi.org/10.1016/j.jhazmat.2020.122271 444 

Alam, O., Billah, M., & Yajie, D. (2018). Characteristics of plastic bags and their potential 445 

environmental hazards. Resources, Conservation and Recycling, 132, 121–129. 446 

https://doi.org/10.1016/j.resconrec.2018.01.037 447 

American Chemistry Council. (2021). Shale Gas Is Driving New Chemical Industry 448 

Investment in the U.S. https://www.americanchemistry.com/First-Shale-Study/. 449 

Andrady, A. L., & Neal, M. A. (2009). Applications and societal benefits of plastics. 450 

Philosophical Transactions of the Royal Society B: Biological Sciences, 364(1526), 451 

1977–1984. https://doi.org/10.1098/rstb.2008.0304 452 

Arends, D., Schlummer, M., Mäurer, A., Markowski, J., & Wagenknecht, U. (2015). 453 

Characterisation and materials flow management for waste electrical and electronic 454 

equipment plastics from German dismantling centres. Waste Management and Research, 455 

33(9), 775–784. https://doi.org/10.1177/0734242X15588585 456 

Arvanitoyannis, I. S., & Bosnea, L. (2004). Migration of Substances from Food Packaging 457 

Materials to Foods. Critical Reviews in Food Science and Nutrition, 44(2), 63–76. 458 

https://doi.org/10.1080/10408690490424621 459 



23 

 

ASTM International. (2019). Standard Specification for Labeling of Plastics Designed to be 460 

Aerobically Composted in Municipal or Industrial Facilities. 461 

Australian Competition and Consumer Commission. (2021). DEHP in children’s plastic 462 

items. Accessed April: Https://Www.Productsafety.Gov.Au/Bans/Dehp-in-Childrens-463 

Plastic-Items#about-the-Ban. 464 

Avio, C. G., Gorbi, S., & Regoli, F. (2015). Experimental development of a new protocol for 465 

extraction and characterization of microplastics in fish tissues: First observations in 466 

commercial species from Adriatic Sea. Marine Environmental Research, 111, 18–26. 467 

https://doi.org/10.1016/j.marenvres.2015.06.014 468 

Baensch-Baltruschat, B., Kocher, B., Stock, F., & Reifferscheid, G. (2020). Tyre and road 469 

wear particles (TRWP) - A review of generation, properties, emissions, human health 470 

risk, ecotoxicity, and fate in the environment. In Science of the Total Environment (Vol. 471 

733). Elsevier B.V. https://doi.org/10.1016/j.scitotenv.2020.137823 472 

Ballesteros, V., Costa, O., Iñiguez, C., Fletcher, T., Ballester, F., & Lopez-Espinosa, M. J. 473 

(2017). Exposure to perfluoroalkyl substances and thyroid function in pregnant women 474 

and children: A systematic review of epidemiologic studies. In Environment 475 

International (Vol. 99, pp. 15–28). Elsevier Ltd. 476 

https://doi.org/10.1016/j.envint.2016.10.015 477 

Barlow, Susan. (2005). Threshold of toxicological concern (TTC) : a tool for assessing 478 

substances of unknown toxicity present at low levels in the diet. ILSI Europe. 479 

Bauer, A., Jesús, F., Gómez Ramos, M. J., Lozano, A., & Fernández-Alba, A. R. (2019). 480 

Identification of unexpected chemical contaminants in baby food coming from plastic 481 

packaging migration by high resolution accurate mass spectrometry. Food Chemistry, 482 

295, 274–288. https://doi.org/10.1016/j.foodchem.2019.05.105 483 

Beiras, R., Verdejo, E., Campoy-López, P., & Vidal-Liñán, L. (2021). Aquatic toxicity of 484 

chemically defined microplastics can be explained by functional additives. Journal of 485 

Hazardous Materials, 406. https://doi.org/10.1016/j.jhazmat.2020.124338 486 

Bittner, G. D., Yang, C. Z., & Stoner, M. A. (2014a). Estrogenic chemicals often leach from 487 

BPA-free plastic products that are replacements for BPA-containing polycarbonate 488 

products. Environmental Health: A Global Access Science Source, 13(1). 489 

https://doi.org/10.1186/1476-069X-13-41 490 

Bittner, G. D., Yang, C. Z., & Stoner, M. A. (2014b). Estrogenic chemicals often leach from 491 

BPA-free plastic products that are replacements for BPA-containing polycarbonate 492 

products. Environmental Health: A Global Access Science Source, 13(1). 493 

https://doi.org/10.1186/1476-069X-13-41 494 

Borrelle, S. B., Ringma, J., Law, K. L., Monnahan, C. C., Lebreton, L., Mcgivern, A., 495 

Murphy, E., Jambeck, J., Leonard, G. H., Hilleary, M. A., Eriksen, M., Possingham, H. 496 

P., de Frond, H., Gerber, L. R., Polidoro, B., Tahir, A., Bernard, M., Mallos, N., Barnes, 497 

M., & Rochman, C. M. (2020). Predicted growth in plastic waste exceeds efforts to 498 

mitigate plastic pollution. Science, 369(6510), 1515-1518. 499 

https://doi.org/10.1126/science.aba3656 500 



24 

 

Boz, Z., Korhonen, V., & Sand, C. K. (2020). Consumer considerations for the 501 

implementation of sustainable packaging: A review. Sustainability (Switzerland), 12(6). 502 

https://doi.org/10.3390/su12062192 503 

Cecchini, C. (2017). Bioplastics made from upcycled food waste. Prospects for their use in 504 

the field of design. Design Journal, 20(sup1), S1596–S1610. 505 

https://doi.org/10.1080/14606925.2017.1352684 506 

Chiba, S., Saito, H., Fletcher, R., Yogi, T., Kayo, M., Miyagi, S., Ogido, M., & Fujikura, K. 507 

(2018). Human footprint in the abyss: 30 year records of deep-sea plastic debris. Marine 508 

Policy, 96, 204–212. https://doi.org/10.1016/j.marpol.2018.03.022 509 

Cinar, S. O., Chong, Z. K., Kucuker, M. A., Wieczorek, N., Cengiz, U., & Kuchta, K. (2020). 510 

Bioplastic production from microalgae: A review. In International Journal of 511 

Environmental Research and Public Health, 17(11) 3842. MDPI AG. 512 

https://doi.org/10.3390/ijerph17113842 513 

Clarke, H. (2019). China’s Tsunami of Waste [plastic waste]. Engineering & Technology, 514 

14(3). https://doi.org/10.1049/et.2019.0308 515 

Consumer safety commission. (2017). Prohibition of Children’s Toys and Child Care 516 

Articles Containing Specified Phthalates. https://www.cpsc.gov/ 517 

da Costa, J. P., Mouneyrac, C., Costa, M., Duarte, A. C., & Rocha-Santos, T. (2020). The 518 

Role of Legislation, Regulatory Initiatives and Guidelines on the Control of Plastic 519 

Pollution. In Frontiers in Environmental Science (Vol. 8). Frontiers Media S.A. 520 

https://doi.org/10.3389/fenvs.2020.00104 521 

Deanin, R. D. (1975). Additives in Plastic. In Environmental Health Perspectives (Vol. 11). 522 

Dilkes-Hoffman, L., Ashworth, P., Laycock, B., Pratt, S., & Lant, P. (2019). Public attitudes 523 

towards bioplastics – knowledge, perception and end-of-life management. Resources, 524 

Conservation and Recycling, 151. https://doi.org/10.1016/j.resconrec.2019.104479 525 

Dilkes-Hoffman, L. S., Pratt, S., Lant, P. A., & Laycock, B. (2019). The Role of 526 

Biodegradable Plastic in Solving Plastic Solid Waste Accumulation. In Plastics to 527 

Energy. Elsevier. https://doi.org/10.1016/B978-0-12-813140-4.00019-4 528 

Dilli, R., Peter, C. :, Approver, A., & Allan, P. (2007). Sustainability Victoria Comparison of 529 

existing life cycle analysis of shopping bag alternatives Final Report. 530 

Doherty, B. T., Hammel, S. C., Daniels, J. L., Stapleton, H. M., & Hoffman, K. (2019). 531 

Organophosphate Esters: Are These Flame Retardants and Plasticizers Affecting 532 

Children’s Health? In Current environmental health reports (Vol. 6, Issue 4, pp. 201–533 

213). Springer. https://doi.org/10.1007/s40572-019-00258-0 534 

EFSA Panel on CEF. (2011). Scientific Opinion on the criteria to be used for safety 535 

evaluation of a mechanical recycling process to produce recycled PET intended to be 536 

used for manufacture of materials and articles in contact with food. EFSA Journal, 9(7). 537 

https://doi.org/10.2903/j.efsa.2011.2184 538 



25 

 

Environmental Protection Agency, U., of Land, O., Management, E., & of Resource 539 

Conservation, O. (2018). Advancing Sustainable Materials Management: 2018 Tables 540 

and Figures Assessing Trends in Materials Generation and Management in the United 541 

States. 542 

Eriksson, O., & Finnveden, G. (2009). Plastic waste as a fuel - CO2-neutral or not? Energy 543 

and Environmental Science, 2(9), 907–914. https://doi.org/10.1039/b908135f 544 

Ernst, T., Popp, R., & van Eldik, R. (2000). Quantification of heavy metals for the recycling 545 

of waste plastics from electrotechnical applications. In Talanta (Vol. 53). 546 

www.elsevier.com/locate/talanta 547 

Erythropel, H. C., Maric, M., Nicell, J. A., Leask, R. L., & Yargeau, V. (2014). Leaching of 548 

the plasticizer di(2-ethylhexyl)phthalate (DEHP) from plastic containers and the 549 

question of human exposure. In Applied Microbiology and Biotechnology (Vol. 98, Issue 550 

24, pp. 9967–9981). Springer Verlag. https://doi.org/10.1007/s00253-014-6183-8 551 

European Chemicals Agency. (2020). Describing uses of additives in plastic material for 552 

articles and estimating related exposure Practical Guide for Industry. 553 

https://doi.org/10.2823/10870 554 

Faraca, G., & Astrup, T. (2019). Plastic waste from recycling centres: Characterisation and 555 

evaluation of plastic recyclability. Waste Management, 95, 388–398. 556 

https://doi.org/10.1016/j.wasman.2019.06.038 557 

Fatunsin, O. T., Oluseyi, T. O., Drage, D., Abdallah, M. A. E., Turner, A., & Harrad, S. 558 

(2020). Children’s exposure to hazardous brominated flame retardants in plastic toys. 559 

Science of the Total Environment, 720. https://doi.org/10.1016/j.scitotenv.2020.137623 560 

Ferguson, M., Lorenzen-Schmidt, I., & Pyle, W. G. (2019). Bisphenol S rapidly depresses 561 

heart function through estrogen receptor-β and decreases phospholamban 562 

phosphorylation in a sex-dependent manner. Scientific Reports, 9(1). 563 

https://doi.org/10.1038/s41598-019-52350-y 564 

Fojt, J., David, J., Přikryl, R., Řezáčová, V., & Kučerík, J. (2020). A critical review of the 565 

overlooked challenge of determining micro-bioplastics in soil. In Science of the Total 566 

Environment (Vol. 745). Elsevier B.V. https://doi.org/10.1016/j.scitotenv.2020.140975 567 

Food Drug Administration (US). (2007). Guidance for industry: preparation of premarket 568 

submissions for food contact substances: chemistry recommendations. 569 

Franklin-Johnson, E., Figge, F., & Canning, L. (2016). Resource duration as a managerial 570 

indicator for Circular Economy performance. Journal of Cleaner Production, 133, 589–571 

598. https://doi.org/10.1016/j.jclepro.2016.05.023 572 

Galloway, T. S. (2015). Micro- and nano-plastics and human health. In Marine 573 

Anthropogenic Litter (pp. 343–366). Springer International Publishing. 574 

https://doi.org/10.1007/978-3-319-16510-3_13 575 

Galloway, T. S., Baglin, N., Lee, B. P., Kocur, A. L., Shepherd, M. H., Steele, A. M., & 576 

Harries, L. W. (2018). An engaged research study to assess the effect of a “real-world” 577 



26 

 

dietary intervention on urinary bisphenol A (BPA) levels in teenagers. BMJ Open, 8(2). 578 

https://doi.org/10.1136/bmjopen-2017-018742 579 

Geyer, R., Jambeck, J. R., & Law, K. L. (2017). Production, use, and fate of all plastics ever 580 

made. Science Advances, 3(7), e1700782. https://doi.org/10.1126/sciadv.1700782 581 

Glenn, G., Shogren, R., Jin, X., Orts, W., Hart-Cooper, W., & Olson, L. (2021). Per- and 582 

polyfluoroalkyl substances and their alternatives in paper food packaging. 583 

Comprehensive Reviews in Food Science and Food Safety. https://doi.org/10.1111/1541-584 

4337.12726 585 

Gomes, F. O., Rocha, M. R., Alves, A., & Ratola, N. (2021). A review of potentially harmful 586 

chemicals in crumb rubber used in synthetic football pitches. In Journal of Hazardous 587 

Materials (Vol. 409). Elsevier B.V. https://doi.org/10.1016/j.jhazmat.2020.124998 588 

Gómez Ramos, M. J., Lozano, A., & Fernández-Alba, A. R. (2019). High-resolution mass 589 

spectrometry with data independent acquisition for the comprehensive non-targeted 590 

analysis of migrating chemicals coming from multilayer plastic packaging materials 591 

used for fruit purée and juice. Talanta, 191, 180–192. 592 

https://doi.org/10.1016/j.talanta.2018.08.023 593 

Goodier, K. (1961). Making and using an expanded plastic. New Scientist, 706–706. 594 

Government of Canada. (2020). Summary of flame retardant assessments and management 595 

conducted under the Canadian Environmental Protection Act, 1999. Available 596 

from:  Https://Www.Canada.ca/En/Environment-Climate-Change/Services/Evaluating-597 

Existing-Substances/Summary-Flame-Retardant-Assessments-Management-Conducted-598 

Cepa.Html. 599 

Graíño, S. G., Sendón, R., Hernández, J. L., & de Quirós, A. R. B. (2018). GC-MS screening 600 

analysis for the identification of potential migrants in plastic and paper-based candy 601 

wrappers. Polymers, 10(7). https://doi.org/10.3390/polym10070802 602 

Gregory, M. R. (1978). Accumulation and distribution of virgin plastic granules on New 603 

Zealand beaches. New Zealand Journal of Marine and Freshwater Research, 12(4), 604 

399–414. https://doi.org/10.1080/00288330.1978.9515768 605 

Groh, K. J., Backhaus, T., Carney-Almroth, B., Geueke, B., Inostroza, P. A., Lennquist, A., 606 

Leslie, H. A., Maffini, M., Slunge, D., Trasande, L., Warhurst, A. M., & Muncke, J. 607 

(2019). Overview of known plastic packaging-associated chemicals and their hazards. In 608 

Science of the Total Environment (Vol. 651, pp. 3253–3268). Elsevier B.V. 609 

https://doi.org/10.1016/j.scitotenv.2018.10.015 610 

Hahladakis, J. N., Velis, C. A., Weber, R., Iacovidou, E., & Purnell, P. (2018a). An overview 611 

of chemical additives present in plastics: Migration, release, fate and environmental 612 

impact during their use, disposal and recycling. In Journal of Hazardous Materials (Vol. 613 

344, pp. 179–199). Elsevier B.V. https://doi.org/10.1016/j.jhazmat.2017.10.014 614 

Hahladakis, J. N., Velis, C. A., Weber, R., Iacovidou, E., & Purnell, P. (2018b). An overview 615 

of chemical additives present in plastics: Migration, release, fate and environmental 616 

impact during their use, disposal and recycling. In Journal of Hazardous Materials (Vol. 617 

344, pp. 179–199). Elsevier B.V. https://doi.org/10.1016/j.jhazmat.2017.10.014 618 



27 

 

Haider, T. P., Völker, C., Kramm, J., Landfester, K., & Wurm, F. R. (2019). Kunststoffe der 619 

Zukunft? Der Einfluss von bioabbaubaren Polymeren auf Umwelt und Gesellschaft. 620 

Angewandte Chemie, 131(1), 50–63. https://doi.org/10.1002/ange.201805766 621 

Halsband, C., & Herzke, D. (2019). Plastic litter in the European Arctic: What do we know? 622 

Emerging Contaminants, 5, 308–318. https://doi.org/10.1016/j.emcon.2019.11.001 623 

Hartmann, L., & Rolim, A. (2002). Post-consumer plastic recycling as a sustainable 624 

development tool: a case study. Proceedings of the GPEC, 169–184. 625 

Hartmann, N. B., Hüffer, T., Thompson, R. C., Hassellöv, M., Verschoor, A., Daugaard, A. 626 

E., Rist, S., Karlsson, T., Brennholt, N., Cole, M., Herrling, M. P., Hess, M. C., Ivleva, 627 

N. P., Lusher, A. L., & Wagner, M. (2019). Are We Speaking the Same Language? 628 

Recommendations for a Definition and Categorization Framework for Plastic Debris. 629 

Environmental Science and Technology, 53(3), 1039–1047. 630 

https://doi.org/10.1021/acs.est.8b05297 631 

Heller, M. C., Mazor, M. H., & Keoleian, G. A. (2020). Plastics in the US: Toward a material 632 

flow characterization of production, markets and end of life. Environmental Research 633 

Letters, 15(9). https://doi.org/10.1088/1748-9326/ab9e1e 634 

Hopewell, J., Dvorak, R., & Kosior, E. (2009a). Plastics recycling: Challenges and 635 

opportunities. In Philosophical Transactions of the Royal Society B: Biological Sciences 636 

(Vol. 364, Issue 1526, pp. 2115–2126). Royal Society. 637 

https://doi.org/10.1098/rstb.2008.0311 638 

Hopewell, J., Dvorak, R., & Kosior, E. (2009b). Plastics recycling: Challenges and 639 

opportunities. In Philosophical Transactions of the Royal Society B: Biological Sciences 640 

(Vol. 364, Issue 1526, pp. 2115–2126). Royal Society. 641 

https://doi.org/10.1098/rstb.2008.0311 642 

Huang, P. C., Waits, A., Chen, H. C., Chang, W. T., Jaakkola, J. J. K., & Huang, H. bin. 643 

(2020). Mediating role of oxidative/nitrosative stress biomarkers in the associations 644 

between phthalate exposure and thyroid function in Taiwanese adults. Environment 645 

International, 140. https://doi.org/10.1016/j.envint.2020.105751 646 

Huang, X. L., Wang, Z. W., Hu, C. Y., Zhu, Y., & Wang, J. (2013). Factors affecting 647 

migration of contaminants from paper through polymer coating into food simulants. 648 

Packaging Technology and Science, 26(SUPPL.1), 23–31. 649 

https://doi.org/10.1002/pts.1993 650 

Huerta-Pujol, O., Soliva, M., Giró, F., & López, M. (2010). Heavy metal content in rubbish 651 

bags used for separate collection of biowaste. Waste Management, 30(8–9), 1450–1456. 652 

https://doi.org/10.1016/j.wasman.2010.03.023 653 

Huisman, J., Boks, C. B., & Stevels, A. L. N. (2003). Quotes for environmentally weighted 654 

recyclability (QWERTY): Concept of describing product recyclability in terms of 655 

environmental value. International Journal of Production Research, 41(16), 3649–3665. 656 

https://doi.org/10.1080/0020754031000120069 657 

IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. (n.d.). Some 658 

Chemicals Present in Industrial and Consumer Products, Food and Drinking-Water. 659 



28 

 

International Agency for Research on Cancer (2013) (IARC Monographs on the 660 

Evaluation of Carcinogenic Risks to Humans, No. 101.) BENZOPHENONE. Accessed 661 

March 2021, Available from: Https://Www.Ncbi.Nlm.Nih.Gov/Books/NBK373188/. 662 

Iles, A., & Martin, A. N. (2013). Expanding bioplastics production: Sustainable business 663 

innovation in the chemical industry. Journal of Cleaner Production, 45, 38–49. 664 

https://doi.org/10.1016/j.jclepro.2012.05.008 665 

Imai, T., Hamm, S., & Rothenbacher, K. P. (2003). Comparison of the recyclability of flame-666 

retarded plastics. Environmental Science and Technology, 37(3), 652–656. 667 

https://doi.org/10.1021/es025771c 668 

Ionas, A. C., Dirtu, A. C., Anthonissen, T., Neels, H., & Covaci, A. (2014). Downsides of the 669 

recycling process: Harmful organic chemicals in children’s toys. Environment 670 

International, 65, 54–62. https://doi.org/10.1016/j.envint.2013.12.019 671 

Järup, L. (2003). Hazards of heavy metal contamination. In British Medical Bulletin (Vol. 68, 672 

pp. 167–182). https://doi.org/10.1093/bmb/ldg032 673 

Jenks, A. B., & Obringer, K. M. (2020). The poverty of plastics bans: Environmentalism’s 674 

win is a loss for disabled people. In Critical Social Policy (Vol. 40, Issue 1, pp. 151–675 

161). SAGE Publications Ltd. https://doi.org/10.1177/0261018319868362 676 

Jones, R. G., Wilks, E. S., Metanomski, W. V., Kahovec, J., Hess, M., Stepto, R., & 677 

Kitayama, T. (2009). Compendium of Polymer Terminology and Nomenclature (R. G. 678 

Jones, E. S. Wilks, W. V. Metanomski, J. Kahovec, M. Hess, R. Stepto, & T. Kitayama, 679 

Eds.). Royal Society of Chemistry. https://doi.org/10.1039/9781847559425 680 

Joshi, C., Seay, J., & Banadda, N. (2019). A perspective on a locally managed decentralized 681 

circular economy for waste plastic in developing countries. In Environmental Progress 682 

and Sustainable Energy (Vol. 38, Issue 1, pp. 3–11). John Wiley and Sons Inc. 683 

https://doi.org/10.1002/ep.13086 684 

Kienzler, A., Bopp, S. K., van der Linden, S., Berggren, E., & Worth, A. (2016). Regulatory 685 

assessment of chemical mixtures: Requirements, current approaches and future 686 

perspectives. In Regulatory Toxicology and Pharmacology (Vol. 80, pp. 321–334). 687 

Academic Press Inc. https://doi.org/10.1016/j.yrtph.2016.05.020 688 

Kim, D. J., & Lee, K. T. (2012). Analysis of specific migration of monomers and oligomers 689 

from polyethylene terephthalate bottles and trays according to the testing methods as 690 

prescribed in the legislation of the EU and Asian countries. Polymer Testing, 31(8), 691 

1001–1007. https://doi.org/10.1016/j.polymertesting.2012.07.012 692 

Kim, Y. R., Harden, F. A., Toms, L. M. L., & Norman, R. E. (2014). Health consequences of 693 

exposure to brominated flame retardants: A systematic review. In Chemosphere (Vol. 694 

106, pp. 1–19). Elsevier Ltd. https://doi.org/10.1016/j.chemosphere.2013.12.064 695 

Klaunig, J. E. (2018). Oxidative stress and cancer. Current Pharmaceutical Design, 24(40), 696 

4771–4778. 697 



29 

 

Kollikkathara, N., Feng, H., & Stern, E. (2009). A purview of waste management evolution: 698 

Special emphasis on USA. In Waste Management (Vol. 29, Issue 2, pp. 974–985). 699 

https://doi.org/10.1016/j.wasman.2008.06.032 700 

Kouloumpis, V., Pell, R. S., Correa-Cano, M. E., & Yan, X. (2020). Potential trade-offs 701 

between eliminating plastics and mitigating climate change: An LCA perspective on 702 

Polyethylene Terephthalate (PET) bottles in Cornwall. Science of the Total 703 

Environment, 727. https://doi.org/10.1016/j.scitotenv.2020.138681 704 

Kumar, S., Smith, S. R., Fowler, G., Velis, C., Kumar, S. J., Arya, S., Rena, Kumar, R., & 705 

Cheeseman, C. (2017). Challenges and opportunities associated with waste management 706 

in India. In Royal Society Open Science (Vol. 4, Issue 3). Royal Society. 707 

https://doi.org/10.1098/rsos.160764 708 

Lackinger, E., Hettegger, H., Schwaiger, L., Zweckmair, T., Sartori, J., Potthast, A., & 709 

Rosenau, T. (2016). Novel paper sizing agents based on renewables. Part 8: on the 710 

binding behavior of reactive sizing agents—the question of covalent versus adsorptive 711 

binding. Cellulose, 23(1), 823–836. https://doi.org/10.1007/s10570-015-0794-9 712 

la Mantia, F. (2002). Handbook of plastics recycling. iSmithers Rapra Publishing. 713 

Lamberti, F. M., Román-Ramírez, L. A., & Wood, J. (2020). Recycling of Bioplastics: 714 

Routes and Benefits. In Journal of Polymers and the Environment (Vol. 28, Issue 10, pp. 715 

2551–2571). Springer. https://doi.org/10.1007/s10924-020-01795-8 716 

Lambert, S., & Wagner, M. (2017). Environmental performance of bio-based and 717 

biodegradable plastics: The road ahead. In Chemical Society Reviews (Vol. 46, Issue 22, 718 

pp. 6855–6871). Royal Society of Chemistry. https://doi.org/10.1039/c7cs00149e 719 

Lau, W. W. Y., Shiran, Y., Bailey, R. M., Cook, E., Stuchtey, M. R., Koskella, J., Velis, C. 720 

A., Godfrey, L., Boucher, J., Murphy, M. B., Thompson, R. C., Jankowska, E., Castillo 721 

Castillo, A., Pilditch, T. D., Dixon, B., Koerselman, L., Kosior, E., Favoino, E., 722 

Gutberlet, J. & Palardy, J. E. (2020). Evaluating scenarios toward zero plastic pollution. 723 

Science, 369(6510). https://doi.org/10.1126/science.aba9475 724 

Law, K. L., Starr, N., Siegler, T. R., Jambeck, J. R., Mallos, N. J., & Leonard, G. H. (2020). 725 

The United States’ contribution of plastic waste to land and ocean. Science Advances, 726 

6(44). https://doi.org/10.1126/sciadv.abd0288 727 

Lazarevic, D., Aoustin, E., Buclet, N., & Brandt, N. (2010). Plastic waste management in the 728 

context of a European recycling society: Comparing results and uncertainties in a life 729 

cycle perspective. Resources, Conservation and Recycling, 55(2), 246–259. 730 

https://doi.org/10.1016/j.resconrec.2010.09.014 731 

Liu, C., Zhang, X., & Medda, F. (2021). Plastic credit: A consortium blockchain-based 732 

plastic recyclability system. Waste Management, 121, 42–51. 733 

https://doi.org/10.1016/j.wasman.2020.11.045 734 

Llorca, M., Farré, M., Picó, Y., Müller, J., Knepper, T. P., & Barceló, D. (2012). Analysis of 735 

perfluoroalkyl substances in waters from Germany and Spain. Science of the Total 736 

Environment, 431, 139–150. https://doi.org/10.1016/j.scitotenv.2012.05.011 737 



30 

 

Lu, S., Yang, D., Ge, X., Li, L., Zhao, Y., Li, C., Ma, S., & Yu, Y. (2020). The internal 738 

exposure of phthalate metabolites and bisphenols in waste incineration plant workers 739 

and the associated health risks. Environment International, 145. 740 

https://doi.org/10.1016/j.envint.2020.106101 741 

Lu, W., Ness, J. E., Xie, W., Zhang, X., Minshull, J., & Gross, R. A. (2010). Biosynthesis of 742 

monomers for plastics from renewable oils. Journal of the American Chemical Society, 743 

132(43), 15451–15455. https://doi.org/10.1021/ja107707v 744 

Marklund, A., Andersson, B., & Haglund, P. (2003). Screening of organophosphorus 745 

compounds and their distribution in various indoor environments. Chemosphere, 53(9), 746 

1137–1146. https://doi.org/10.1016/S0045-6535(03)00666-0 747 

Mato, Y., Isobe, T., Takada, H., Kanehiro, H., Ohtake, C., & Kaminuma, T. (2001). Plastic 748 

resin pellets as a transport medium for toxic chemicals in the marine environment. 749 

Environmental Science and Technology, 35(2), 318–324. 750 

https://doi.org/10.1021/es0010498 751 

Matthews, C., Moran, F., & Jaiswal, A. K. (2021). A review on European Union’s strategy 752 

for plastics in a circular economy and its impact on food safety. In Journal of Cleaner 753 

Production (Vol. 283). Elsevier Ltd. https://doi.org/10.1016/j.jclepro.2020.125263 754 

Medina-Pérez, N. I., Arrizabalaga-Larrañaga, A., Seró, R., & Moyano, E. (2020). 755 

Determination of benzophenone and related compounds in plastic packaged baby food 756 

by ultra-high-performance liquid chromatography coupled to tandem mass spectrometry. 757 

Analytical Methods, 12(3), 358–367. https://doi.org/10.1039/c9ay02134e 758 

Meereboer, K. W., Misra, M., & Mohanty, A. K. (2020). Review of recent advances in the 759 

biodegradability of polyhydroxyalkanoate (PHA) bioplastics and their composites. In 760 

Green Chemistry (Vol. 22, Issue 17, pp. 5519–5558). Royal Society of Chemistry. 761 

https://doi.org/10.1039/d0gc01647k 762 

Merrington, A. (2017). Recycling of Plastics. In Applied Plastics Engineering Handbook. 763 

Elsevier. https://doi.org/10.1016/B978-0-323-39040-8.00009-2 764 

Miandad, R., Rehan, M., Barakat, M. A., Aburiazaiza, A. S., Khan, H., Ismail, I. M. I., 765 

Dhavamani, J., Gardy, J., Hassanpour, A., & Nizami, A. S. (2019). Catalytic pyrolysis of 766 

plastic waste: Moving toward pyrolysis based biorefineries. Frontiers in Energy 767 

Research, 7(MAR). https://doi.org/10.3389/fenrg.2019.00027 768 

Miller, R. (2005). The Landscape for Biopolymers in Packaging. 769 

Muncke, J., Andersson, A. M., Backhaus, T., Boucher, J. M., Carney Almroth, B., Castillo 770 

Castillo, A., Chevrier, J., Demeneix, B. A., Emmanuel, J. A., Fini, J. B., Gee, D., 771 

Geueke, B., Groh, K., Heindel, J. J., Houlihan, J., Kassotis, C. D., Kwiatkowski, C. F., 772 

Lefferts, L. Y., Maffini, M. v., & Scheringer, M. (2020). Impacts of food contact 773 

chemicals on human health: A consensus statement. Environmental Health, (Vol. 19, 774 

Issue 1). BioMed Central Ltd. https://doi.org/10.1186/s12940-020-0572-5 775 

Music, J., Walker, T., & Charlebois, S. (2022). Comment on the food industry’s pandemic 776 

packaging dilemma. Frontiers in Sustainability, 3, 812608. 777 

https://doi.org/10.1186/s12940-020-0572-5


31 

 

Napper, I. E., Davies, B. F. R., Clifford, H., Elvin, S., Koldewey, H. J., Mayewski, P. A., 778 

Miner, K. R., Potocki, M., Elmore, A. C., Gajurel, A. P., & Thompson, R. C. (2020). 779 

Reaching New Heights in Plastic Pollution—Preliminary Findings of Microplastics on 780 

Mount Everest. One Earth, 3(5), 621–630. https://doi.org/10.1016/j.oneear.2020.10.020 781 

Napper, I. E., & Thompson, R. C. (2019). Environmental Deterioration of Biodegradable, 782 

Oxo-biodegradable, Compostable, and Conventional Plastic Carrier Bags in the Sea, 783 

Soil, and Open-Air over a 3-Year Period. Environmental Science and Technology, 53(9), 784 

4775–4783. https://doi.org/10.1021/acs.est.8b06984 785 

Net, S., Sempéré, R., Delmont, A., Paluselli, A., & Ouddane, B. (2015). Occurrence, fate, 786 

behavior and ecotoxicological state of phthalates in different environmental matrices. In 787 

Environmental Science and Technology (Vol. 49, Issue 7, pp. 4019–4035). American 788 

Chemical Society. https://doi.org/10.1021/es505233b 789 

Nguyen, L. v., Diamond, M. L., Venier, M., Stubbings, W. A., Romanak, K., Bajard, L., 790 

Melymuk, L., Jantunen, L. M., & Arrandale, V. H. (2019). Exposure of Canadian 791 

electronic waste dismantlers to flame retardants. Environment International, 129, 95–792 

104. https://doi.org/10.1016/j.envint.2019.04.056 793 

Office of the State Council, Chinese Government (2017). The General Office of the State 794 

Council Regarding Forwarding the National Development and Reform 795 

Commission  Domestic waste classification by the Ministry of Housing and Urban-Rural 796 

Development  Notice of the system implementation plan. 797 

Http://Www.Gov.Cn/Zhengce/Content/2017-03/30/Content_5182124.Htm. 798 

Papadopoulou, E., Poothong, S., Koekkoek, J., Lucattini, L., Padilla-Sánchez, J. A., Haugen, 799 

M., Herzke, D., Valdersnes, S., Maage, A., Cousins, I. T., Leonards, P. E. G., & 800 

Småstuen Haug, L. (2017). Estimating human exposure to perfluoroalkyl acids via solid 801 

food and drinks: Implementation and comparison of different dietary assessment 802 

methods. Environmental Research, 158, 269–276. 803 

https://doi.org/10.1016/j.envres.2017.06.011 804 

Peng, G., Bellerby, R., Zhang, F., Sun, X., & Li, D. (2020). The ocean’s ultimate trashcan: 805 

Hadal trenches as major depositories for plastic pollution. Water Research, 168. 806 

https://doi.org/10.1016/j.watres.2019.115121 807 

Pérez-Albaladejo, E., Solé, M., & Porte, C. (2020). Plastics and plastic additives as inducers 808 

of oxidative stress. In Current Opinion in Toxicology (Vols. 20–21, pp. 69–76). Elsevier 809 

B.V. https://doi.org/10.1016/j.cotox.2020.07.002 810 

Peter, K. T., Tian, Z., Wu, C., Lin, P., White, S., Du, B., McIntyre, J. K., Scholz, N. L., & 811 

Kolodziej, E. P. (2018). Using High-Resolution Mass Spectrometry to Identify Organic 812 

Contaminants Linked to Urban Stormwater Mortality Syndrome in Coho Salmon. 813 

Environmental Science and Technology, 52(18), 10317–10327. 814 

https://doi.org/10.1021/acs.est.8b03287 815 

Pivnenko, K., Eriksen, M. K., Martín-Fernández, J. A., Eriksson, E., & Astrup, T. F. (2016). 816 

Recycling of plastic waste: Presence of phthalates in plastics from households and 817 

industry. Waste Management, 54, 44–52. https://doi.org/10.1016/j.wasman.2016.05.014 818 



32 

 

Planet Ark. (2020). Australasian Recycling Label. Https://Recyclingnearyou.Com.Au/Arl/. 819 

PlasticsEurope. (2020). Plastics-the Facts 2020 An analysis of European plastics production, 820 

demand and waste data. 821 

Qureshi, M. S., Oasmaa, A., Pihkola, H., Deviatkin, I., Tenhunen, A., Mannila, J., 822 

Minkkinen, H., Pohjakallio, M., & Laine-Ylijoki, J. (2020). Pyrolysis of plastic waste: 823 

Opportunities and challenges. Journal of Analytical and Applied Pyrolysis, 152. 824 

https://doi.org/10.1016/j.jaap.2020.104804 825 

Radke, E. G., Braun, J. M., Meeker, J. D., & Cooper, G. S. (2018). Phthalate exposure and 826 

male reproductive outcomes: A systematic review of the human epidemiological 827 

evidence. In Environment International (Vol. 121, pp. 764–793). Elsevier Ltd. 828 

https://doi.org/10.1016/j.envint.2018.07.029 829 

Ragossnig, A. M., & Schneider, D. R. (2019). Circular economy, recycling and end-of-waste. 830 

In Waste Management and Research (Vol. 37, Issue 2, pp. 109–111). SAGE 831 

Publications Ltd. https://doi.org/10.1177/0734242X19826776 832 

Rahimi, A. R., & Garciá, J. M. (2017). Chemical recycling of waste plastics for new 833 

materials production. In Nature Reviews Chemistry (Vol. 1). Nature Publishing Group. 834 

https://doi.org/10.1038/s41570-017-0046 835 

Rauert, C., Rødland, E. S., Okoffo, E. D., Reid, M. J., Meland, S., & Thomas, K. v. (2021). 836 

Challenges with Quantifying Tire Road Wear Particles: Recognizing the Need for 837 

Further Refinement of the ISO Technical Specification. Environmental Science and 838 

Technology Letters. https://doi.org/10.1021/acs.estlett.0c00949 839 

Rauert, C., Schuster, J. K., Eng, A., & Harner, T. (2018). Global Atmospheric Concentrations 840 

of Brominated and Chlorinated Flame Retardants and Organophosphate Esters. 841 

Environmental Science and Technology, 52(5), 2777–2789. 842 

https://doi.org/10.1021/acs.est.7b06239 843 

Recycling Fund Management Board. (2021). The 4-in-1 Recycling Program. Environmental 844 

Protection Administration, Executive Yuan, R.O.C. (Taiwan). 845 

Rillig, M. C., Kim, S. W., Kim, T.-Y., & Waldman, W. R. (2021). The Global Plastic 846 

Toxicity Debt. Environmental Science & Technology, 55(5), 2717–2719. 847 

https://doi.org/10.1021/acs.est.0c07781 848 

Rujnić-Sokele, M., & Pilipović, A. (2017). Challenges and opportunities of biodegradable 849 

plastics: A mini review. In Waste Management and Research (Vol. 35, Issue 2, pp. 132–850 

140). SAGE Publications Ltd. https://doi.org/10.1177/0734242X16683272 851 

Rumm, S., Klein, A., Zapilko, M., & Menrad, K. (2013). Labelling for bio-based plastics. 852 

First International Conference on Resource Efficiency in Interorganizational Networks, 853 

403–414. 854 

Sakura City. (2021). Sakura City Website, FAQ regarding disposing of garbage. 855 

Http://Www.City.Sakura.Lg.Jp/0000027699.Html#HONBUN. 856 



33 

 

Sánchez, C., Hortal, M., Aliaga, C., Devis, A., & Cloquell-Ballester, V. A. (2014). 857 

Recyclability assessment of nano-reinforced plastic packaging. Waste Management, 858 

34(12), 2647–2655. https://doi.org/10.1016/j.wasman.2014.08.006 859 

Sarigiannis, D. A., & Hansen, U. (2012). Considering the cumulative risk of mixtures of 860 

chemicals - A challenge for policy makers. In Environmental Health: A Global Access 861 

Science Source (Vol. 11, Issue SUPPL.1). https://doi.org/10.1186/1476-069X-11-S1-862 

S18 863 

Scalenghe, R. (2018). Resource or waste? A perspective of plastics degradation in soil with a 864 

focus on end-of-life options. Heliyon, 4, 941. https://doi.org/10.1016/j.heliyon.2018 865 

Schwanz, T. G., Llorca, M., Farré, M., & Barceló, D. (2016). Perfluoroalkyl substances 866 

assessment in drinking waters from Brazil, France and Spain. Science of the Total 867 

Environment, 539, 143–152. https://doi.org/10.1016/j.scitotenv.2015.08.034 868 

Scott, G., & Gilead, D. (1995). Degradable Polymers (G. Scott & D. Gilead, Eds.). Springer 869 

Netherlands. https://doi.org/10.1007/978-94-011-0571-2 870 

Shen, L., & Worrell, E. (2014). Plastic Recycling. In Handbook of Recycling: State-of-the-art 871 

for Practitioners, Analysts, and Scientists (pp. 179–190). Elsevier Inc. 872 

https://doi.org/10.1016/B978-0-12-396459-5.00013-1 873 

Singh, N., Hui, D., Singh, R., Ahuja, I. P. S., Feo, L., & Fraternali, F. (2017). Recycling of 874 

plastic solid waste: A state of art review and future applications. Composites Part B: 875 

Engineering, 115, 409–422. https://doi.org/10.1016/j.compositesb.2016.09.013 876 

Song, J. H., Murphy, R. J., Narayan, R., & Davies, G. B. H. (2009). Biodegradable and 877 

compostable alternatives to conventional plastics. Philosophical Transactions of the 878 

Royal Society B: Biological Sciences, 364(1526), 2127–2139. 879 

https://doi.org/10.1098/rstb.2008.0289 880 

Stockholm Convention. (2019). All POPs listed in the Stockholm Convention. Accessed 881 

March 2021: 882 

Http://Www.Pops.Int/TheConvention/ThePOPs/AllPOPs/Tabid/2509/Default.Aspx. 883 

Suciu, N. A., Tiberto, F., Vasileiadis, S., Lamastra, L., & Trevisan, M. (2013). Recycled 884 

paper-paperboard for food contact materials: Contaminants suspected and migration into 885 

foods and food simulant. Food Chemistry, 141(4), 4146–4151. 886 

https://doi.org/10.1016/j.foodchem.2013.07.014 887 

Tang, S., He, C., Thai, P. K., Heffernan, A., Vijayasarathy, S., Toms, L., Thompson, K., 888 

Hobson, P., Tscharke, B. J., O’Brien, J. W., Thomas, K. v., & Mueller, J. F. (2020). 889 

Urinary concentrations of bisphenols in the australian population and their association 890 

with the per capita mass loads in wastewater. Environmental Science and Technology, 891 

54(16), 10141–10148. https://doi.org/10.1021/acs.est.0c00921 892 

Teuten, E. L., Saquing, J. M., Knappe, D. R. U., Barlaz, M. A., Jonsson, S., Björn, A., 893 

Rowland, S. J., Thompson, R. C., Galloway, T. S., Yamashita, R., Ochi, D., Watanuki, 894 

Y., Moore, C., Viet, P. H., Tana, T. S., Prudente, M., Boonyatumanond, R., Zakaria, M. 895 

P., Akkhavong, K., … Takada, H. (2009). Transport and release of chemicals from 896 

plastics to the environment and to wildlife. Philosophical Transactions of the Royal 897 



34 

 

Society B: Biological Sciences, 364(1526), 2027–2045. 898 

https://doi.org/10.1098/rstb.2008.0284 899 

Thompson, R. C., Moore, C. J., Saal, F. S. V., & Swan, S. H. (2009). Plastics, the 900 

environment and human health: Current consensus and future trends. In Philosophical 901 

Transactions of the Royal Society B: Biological Sciences (Vol. 364, Issue 1526, pp. 902 

2153–2166). Royal Society. https://doi.org/10.1098/rstb.2009.0053 903 

Thompson, R. C., Swan, S. H., Moore, C. J., & vom Saal, F. S. (2009). Our plastic age. In 904 

Philosophical Transactions of the Royal Society B: Biological Sciences (Vol. 364, Issue 905 

1526, pp. 1973–1976). Royal Society. https://doi.org/10.1098/rstb.2009.0054 906 

Tian, Z., Peter, K. T., Gipe, A. D., Zhao, H., Hou, F., Wark, D. A., Khangaonkar, T., 907 

Kolodziej, E. P., & James, C. A. (2020). Suspect and Nontarget Screening for 908 

Contaminants of Emerging Concern in an Urban Estuary. Environmental Science and 909 

Technology, 54(2), 889–901. https://doi.org/10.1021/acs.est.9b06126 910 

Tsang, Y. F., Kumar, V., Samadar, P., Yang, Y., Lee, J., Ok, Y. S., Song, H., Kim, K. H., 911 

Kwon, E. E., & Jeon, Y. J. (2019). Production of bioplastic through food waste 912 

valorization. In Environment International (Vol. 127, pp. 625–644). Elsevier Ltd. 913 

https://doi.org/10.1016/j.envint.2019.03.076 914 

Turner, A. (2016). Heavy metals, metalloids and other hazardous elements in marine plastic 915 

litter. Marine Pollution Bulletin, 111(1–2), 136–142. 916 

https://doi.org/10.1016/j.marpolbul.2016.07.020 917 

Turner, A. (2018). Black plastics: Linear and circular economies, hazardous additives and 918 

marine pollution. In Environment International (Vol. 117, pp. 308–318). Elsevier Ltd. 919 

https://doi.org/10.1016/j.envint.2018.04.036 920 

United Nations. (2020). A Global Mapping and Assessment of Standards, Labels and Claims 921 

on Plastic Packaging “Can I Recycle This?” 922 

http://www.oneplanetnetwork.org/consumer-information-scp, 923 

van Mourik, L. M., Gaus, C., Leonards, P. E. G., & de Boer, J. (2016). Chlorinated paraffins 924 

in the environment: A review on their production, fate, levels and trends between 2010 925 

and 2015. In Chemosphere (Vol. 155, pp. 415–428). Elsevier Ltd. 926 

https://doi.org/10.1016/j.chemosphere.2016.04.037 927 

Vera, P., Canellas, E., & Nerín, C. (2018). Identification of non volatile migrant compounds 928 

and NIAS in polypropylene films used as food packaging characterized by UPLC-929 

MS/QTOF. Talanta, 188, 750–762. https://doi.org/10.1016/j.talanta.2018.06.022 930 

Villalba, G., Segarra, M., Fernández, A. I., Chimenos, J. M., & Espiell, F. (2002). A proposal 931 

for quantifying the recyclability of materials (Vol. 37). 932 

www.elsevier.com/locate/resconrec 933 

Wagner, S., & Schlummer, M. (2020). Legacy additives in a circular economy of plastics: 934 

Current dilemma, policy analysis, and emerging countermeasures. In Resources, 935 

Conservation and Recycling (Vol. 158). Elsevier B.V. 936 

https://doi.org/10.1016/j.resconrec.2020.104800 937 



35 

 

Wei, X.-F., Linde, E., & Hedenqvist, M. S. (2019). Plasticiser loss from plastic or rubber 938 

products through diffusion and evaporation. Npj Materials Degradation, 3(1). 939 

https://doi.org/10.1038/s41529-019-0080-7 940 

Wrap. (2021). Recycling symbols explained. Https://Www.Recyclenow.Com/Recycling-941 

Knowledge/Packaging-Symbols-Explained. 942 

Wünsch, J. R. (2000). Polystyrene: Synthesis, production and applications. Rapra publishing. 943 

Xiong, P., Yan, X., Zhu, Q., Qu, G., Shi, J., Liao, C., & Jiang, G. (2019). A Review of 944 

Environmental Occurrence, Fate, and Toxicity of Novel Brominated Flame Retardants. 945 

Environmental Science and Technology, 53(23), 13551–13569. 946 

https://doi.org/10.1021/acs.est.9b03159 947 

Zhang, D. Q., Tan, S. K., & Gersberg, R. M. (2010). Municipal solid waste management in 948 

China: Status, problems and challenges. In Journal of Environmental Management (Vol. 949 

91, Issue 8, pp. 1623–1633). https://doi.org/10.1016/j.jenvman.2010.03.012 950 

Zhang, N., Kenion, G., Bankmann, D., Mezouari, S., & Hartman, T. G. (2018). Migration 951 

studies and chemical characterization of low molecular weight cyclic polyester 952 

oligomers from food packaging lamination adhesives. Packaging Technology and 953 

Science, 31(4), 197–211. https://doi.org/10.1002/pts.2367 954 

Zhou, W., Zhao, S., Tong, C., Chen, L., Yu, X., Yuan, T., Aimuzi, R., Luo, F., Tian, Y., & 955 

Zhang, J. (2019). Dietary intake, drinking water ingestion and plasma perfluoroalkyl 956 

substances concentration in reproductive aged Chinese women. Environment 957 

International, 127, 487–494. https://doi.org/10.1016/j.envint.2019.03.075 958 

Zimmermann, L., Dierkes, G., Ternes, T. A., Völker, C., & Wagner, M. (2019a). 959 

Benchmarking the in Vitro Toxicity and Chemical Composition of Plastic Consumer 960 

Products. Environmental Science and Technology, 53(19). 961 

https://doi.org/10.1021/acs.est.9b02293 962 

Zimmermann, L., Dierkes, G., Ternes, T. A., Völker, C., & Wagner, M. (2019b). 963 

Benchmarking the in Vitro Toxicity and Chemical Composition of Plastic Consumer 964 

Products. Environmental Science and Technology, 53(19). 965 

https://doi.org/10.1021/acs.est.9b02293 966 

Žmak, I., & Hartmann, C. (2017). Current state of the plastic waste recycling system in the 967 

European Union and in Germany. Technical Journal, 11, 138–142. 968 

https://doi.org/10.1021/acs.est.9b02293

