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metric tons (Mt) in 2015.[2] However, the 
production and disposal of polymers 
and plastics has an increasingly negative 
impact on the environment by polluting 
land as well as oceans and threatening the 
social and economic health of mankind.

The current corona virus disease 2019 
(COVID-19) pandemic is an excellent 
example for the advantages and disadvan-
tages of polymers and plastics. Personal 
protective equipment such as face shields 
and masks; gloves and gowns; and med-
ical equipment such as syringes, catheters, 
and tubing are made of plastic and help 
to protect or treat people saving millions 
of lives worldwide. Polymers/macromole-
cules and laboratory equipment made 

of plastic also play a central role in the worldwide efforts to 
develop vaccines and treatments for COVID-19. However, after 
the (single) use of these essential devices, their sustainable dis-
posal and potential reuse is challenging.

Against the backdrop of limited resources and evolving cli-
mate change on the one hand and a growing population on the 
other hand, the sustainability of materials and products has 
gained more and more momentum and polymers and plastics 
play a central role in these developments. In 2015—after dec-
ades of work and negotiations—all United Nations member 
states adopted the 2030 Agenda for Sustainable Development. 
The core of this agenda spans 17 sustainable development goals 
(SDGs) including 169 targets.[3]

The Agenda 2030 represents a plan of action for people, 
planet, and prosperity. It also seeks to strengthen universal 
peace and larger freedom. These goals and targets are designed 
to enable action over the next 10 years in areas of critical impor-
tance for humanity and the planet.[4] The sustainability of plas-
tics and, in particular, the impact on the aquatic environment 
(e.g., by marine litter and microplastics) has been in the focus 
of discussions in recent years, i.e., SDG 14 “Life below water.” 
According to Zheng and Suh,[5] the global carbon footprint of 
plastics in 2015 has been 1781 Mt CO2 equivalents with a share 
of 61% for the resin production, 30% for the conversion, and 
9% for the end-of-life phase. With a growing plastic production, 
it is estimated that in 2050, plastics will account to 15% of the 
total global carbon budget. In this context, it is important to 
improve the sustainable performance of plastics and to enable 
their full potential within the SDGs.

The current essay intends to summarize aspects of presenta-
tions and panel discussions at the 37th Australasian Polymer 
Symposium within the session “Fighting Polymer Waste.” 

Plastic Waste

Polymers and plastics play a very important part in the modern world and 
contribute to people’s wellbeing and comfort. However, products made of 
them are contributing to land- and marine-based environmental pollution due 
to littering and other ways of emission, and therefore threaten ecosystems 
worldwide. However, waste management and responses by governments and 
the consumer differ strongly from country to country. The current article pro-
vides an overview of several important aspects of polymer waste and plastic 
pollution as well as describes selected strategies to mitigate these using 
examples from Germany and Australia, and therefore aims to contribute to 
the resolution of the ever-increasing problem of unsustainable plastic con-
sumption, disposal, and pollution.

1. Introduction

One hundred years ago, Hermann Staudinger published his 
seminal work, in which he introduced the concept of poly-
merization[1] and later coined the term “macromolecule.” Since 
then, macromolecules, polymers, and plastics have become 
materials that define our modern way of life. Polymers and 
plastics have remarkable chemical and physical properties and 
functionalities, and therefore find applications in an extremely 
wide range from protecting food and beverages, as health 
devices, building materials, in textiles and modern consumer 
goods, to vehicles—just to name a few. Since 1950, the world-
wide plastic production has increased from 2 to 380 million 
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Polymer and plastics production, and use and disposal are a 
global challenge. However, as the members of the panel dis-
cussion were from Australia and Germany, the current essay 
focuses mainly on these two countries.

2. Plastic Waste—Current Situation

2.1. Introduction to Waste Management and Plastic Waste

Between 1950 and 2015, 8300 Mt of polymer resins, synthetic 
fibers, and additives have been produced worldwide according 
to Geyer et  al. (Figure  1).[2] With 4900 Mt, the main share of 
these materials has already been discarded and only 600 Mt 
have been fed into a recycling pathway, i.e., 7.2% of the primary 
production—this highlights the linear nature of today’s plas-
tics economy. To develop a more sustainable plastic economy, 

the development of a sound circular economy is an important 
building block.

Plastics offer a broad range of available end-of-life options, 
which result in different end-of-waste products (e.g., recyclates, 
energy), need different technology levels, and cause different 
costs. To develop sound circular economy pathways for plastic 
products, the sustainability impact of these options has to be 
analyzed on a regional product level as the impact may differ 
in various geographical frameworks. Figure 2 shows the poten-
tial end-of-life options for plastics (including “bioplastics”) and 
their hierarchy in comparison to the EU waste pyramid.[6]

The different end-of-life options for plastics as well as bio-
plastics contribute to different levels of the EU waste hierarchy 
and loop back in different stages of the plastics and bioplastics 
life-cycle. The first step of the EU waste hierarchy resembles 
the prevention of plastic waste and thereby does not produce 
any waste. The second step is the reuse, which can directly 

Figure 1. Global production, use, and fate of polymer resins, synthetic fibers, and additives (1950–2015; in million metric tons). Adapted with permis-
sion.[2] Copyright 2017, American Association for the Advancement of Science (AAAS).

Figure 2. End-of-life options of plastics and bioplastics in context of circular economy pathways and the EU waste hierarchy. Adapted with permission.[7] 
Copyright 2018, AAAS.
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loop back into the use phase of plastic products. Mechanical 
recycling and chemical recycling enable a direct recycling into 
the production of new plastic products with same or similar 
properties (depending on plastic type and process, mechanical 
recycling might cause a reduction of technical properties).[8] 
Aerobic and anaerobic digestion as well as incineration with 
and without recovery of energy corresponds to the step of 
recovery and disposal. In general, prevention, reuse, and recy-
cling are the most important aspects of the waste hierarchy for 
a sustainable use of plastics. In contrast to disposal, which also 
includes landfill, and therefore—currently—enables no loop 
back into the value chain.[9]

2.2. Situation in Germany

The Federal Republic of Germany consists of 16 states, has a 
population of 82.2 million people (in 2016),[10] and is part of the 
European Union with a total of 511.8 million inhabitants in its 
28 member states (in 2017).[11] In 2017, the plastic production in 
Europe reached 64.4 Mt (18.5% of the global production).[12] The 
plastic production in Germany was at ≈21.8 Mt in 2017.[13] Main 
applications for plastics in Europe are packaging with 39.7% as 
well as building and construction with 19.8%.[14] In 2016, 27.1 Mt 
post-consumer plastic waste was collected in Europe. A total of 
27.3% of it went to landfill, 41.6% to energy recovery, and 31.1% 
to recycling (63% inside EU and 37% outside EU). The fate of 
plastic waste in Germany differs in comparison to the Euro-
pean average in 2016 as follows: from a total of 5.1 Mt of plastic 
waste, 38.6% went into recycling, 60.6% into energy recovery, 
and just 0.8% into landfill.

In 2018, the United Nations Environment Program issued the 
theme for the World Environment Day, “beat plastic pollution,” 
calling on all countries in the world to work together to fight 
the problem of pollution by the disposal of plastics. In the same 
year, the European Commission issued the “plastic strategy in 
the European circular economy,” which proposes that more 
than half of the plastic waste in the European market will be 
recycled by 2030. During 2018–2019, more than 15 countries/
regions around the world have successively issued policies to 
“ban plastic” and “limit plastic.”[15] The existing measures focus 
on improving the environmental awareness of the public, as 
well as promoting the treatment and recycling of plastic waste 
on land. These attempts aim to stop the plastic waste problem 
at its source, i.e., stop pollution on land before plastics are 
washed into the oceans. In addition, the scientific and the 
public awareness of the problem of plastic waste increased in 
many countries.[16] Numerous actions tackling plastic accumu-
lation by encouraging active involvement of consumers, pro-
ducers, industry, and companies have been discussed in the 
media, active measures need to be implemented especially for a 
sustainable future of polymer-based packaging.

In 2015, the EU released the “circular economy action plan,” 
which identified plastics as a priority area and promised to 
“prepare a strategy addressing the challenges posed by plastics 
throughout the value chain and taking into account their entire 
life-cycle.” In 2017, the Commission further focused on plas-
tics production and use and promised that all plastic packaging 
will be recyclable by 2030. In 2018, the Commission adopted 

the European strategy for plastics in a circular economy. Addi-
tionally, the EU targeted ten single-use plastic products, such 
as single-use plastic cutlery, cotton buds, straws, and stirrers, 
which are most often found on Europe’s beaches and seas, as 
well as lost and abandoned fishing gear. This EU regulation 
passed the German cabinet in June 2020 to be active in 2021.

The new German Packaging Act (VerpackG) entered 
into force on January 1, 2019, which replaced the Packaging 
Ordinance (VerpackV), which was in force until December 
31, 2018.[17] The aim of the new law is to reduce the nega-
tive impacts of packaging waste on the environment and to 
increase recycling rates. According to Article 9 of the German 
Packaging Act, anyone who places packaging and filler mate-
rial on the market needs to register at the “Stiftung Zentrale 
Stelle Verpackungsregister” and the new packaging register 
(LUCID) is published online. Any producer or retailer has 
to arrange for the sales packaging and secondary packaging 
to participate in the so-called “dual system.” Packaging pro-
ducers and retailers need to cooperate with commercial dis-
posal companies, i.e., the dual system, and pay for the proper 
disposal of packaging (“yellow” recycling bin, glass container, 
etc.). The central register should support the enforcement 
authorities and ensure better transparency through strict 
market surveillance. The primary objective is the proper and 
sustainable disposal of packaging on a competition-neutral 
basis. A key of the Packaging Act is the tightening of recy-
cling targets, which are now increased for all sales packaging. 
For plastics, the old Packaging Ordinance prescribed a target 
for mechanical recycling of 36%, for example. From 2019, 
this target increases to 58.5% and will rise even further in 
the future, to as much as 63% for plastics and 90% for metal, 
glass, and paper by 2022.[17]

2.3. Situation in Australia

The Commonwealth of Australia consists of six states and 
two territories with a total population of almost 25.6 million. 
Most of the Australian population (63%) lives in five major 
cities (Sydney, Melbourne, Brisbane, Perth, and Adelaide, i.e., 
metropolitan areas) that are all situated near the coast.[18] The 
remainder of the population lives in regional, rural, or remote 
regions. In the financial year 2016/2017 (July 2016 to June 2017), 
68.9 Mt of waste was generated in Australia, which is 2.8 tons 
of waste per person. Plastic waste counted for 3.7% of all waste, 
i.e., 2.6 Mt in 2016/2017. The largest source of plastic waste in 
Australia is households, which generated 1.2 Mt or 45.6% of all 
plastic waste. Poly(ethylene terephthalate) (PET) is the largest 
fraction of plastic waste at 420 000 tons or 35.9%, followed by 
high-density polyethylene (HDPE) at 338 000 tons or 32.3%, the 
remainder of 268 000 tons (22.9%) is categorized as “other plas-
tics.” The second-largest source of plastic waste in Australia is 
from manufacturing.

The 2017–2018 Australian Plastics Recycling Survey found 
that 3.4 Mt of plastics had been consumed in Australia and 
only 320 000 tons were recovered, resulting in a recycling rate 
of 9.4%.[19] However, it should be noted that plastic products 
also include long-term durable products, which will last many 
years before they reach their end-of-life and subsequently 
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have to be disposed of or recycled. The majority of plastic 
waste for recycling was exported (54%) and 46% was recycled 
in Australia. However, most of the plastic waste is depos-
ited in landfills and only a very small percentage (≈3–4%) 
is used for energy production. The survey also revealed that 
PET and HDPE have the highest recycling rates with 21.1% 
and 15.0%, respectively. Interestingly, the survey also states 
that the recycling rate of “bioplastics,” i.e., plastics that are 
biobased, biodegradable, or both, stands at 0% in Australia, 
although they could be recycled.

The Australian federal government is responsible for the 
implementation of Australia’s obligations under international 
agreements such as the Basel convention (i.e., the control 
of transboundary movements of hazardous waste).[20] The 
federal government also initiates national waste policies in 
partnership with state and territory governments and the 
industry as well as product stewardships (PSs) to promote 
the recovery of valuable resources. The state and territory 
governments are responsible for the regulation and manage-
ment of waste and resource recovery, whereas the respon-
sibility to provide household waste collection and recycling 
as well as managing landfill sites lays with the local govern-
ment and councils.[21] The types of waste service that local 
governments can provide depends strongly on the region 
type, i.e., metro, regional, rural, or remote. Whereas metro-
politan areas provide services such as kerbside collection and 
recycling, kerbside organics, street litter bins, public place 
recycling, street sweeping, litter and dumping clean-ups, as 
well as drop-off services, these services become more scarce 
going from regional to remote areas.[22] Another challenge is 
that—in many regions of Australia—waste that could poten-
tially be recycled is not segregated at the household level, but 
rather disposed of in the same kerbside recyclable bin (i.e., 
“yellow” bin). In other words, cardboard and paper, (hard) 
packaging plastics, glass, and metals are all collected in the 
same recycling bin, resulting in the contamination and value-
degradation of the recyclable goods and subsequently lead to 
a cost-intensive separation at the materials recovery facilities 
(MRF). In addition, soft plastics (i.e., bags, foils, wrapping) 
cannot be disposed of via the “yellow” bin. However, they can 
be dropped off at selected supermarkets for collection and 
recovery (i.e., “REDcycle,” www.redcycle.net.au). In regards 
to plastic household waste, there is also a lot of confusion 
among the consumers which plastic items can be disposed 
via the kerbside yellow bin and which not (e.g., expanded 
polystyrene (EPS) cannot be disposed via the yellow bin). The 
National Waste Report states high levels of contamination, 
i.e., items that are not recyclable including non-recyclable 
plastics, in yellow bins between 4% and 12% and finds that 
these contamination rates depend on “the effort put into edu-
cation and enforcement and the socio-economic characteris-
tics of the area” (page 52 of the report). This report also states 
that Australia generates more waste than the average when 
compared with a selection of other developed economies. 
However, the proportion that is recycled in Australia is a little 
less than the average.

In recent years, both governments at all levels as well as 
the public in Australia are becoming more and more aware of 
the enormous challenge that plastics present when they become 

waste or are littered on land or in marine environments. At the 
state and territory level, several policies address the manage-
ment and avoidance of waste such as resource recovery centers, 
landfill levies, (beverage) container deposit schemes, single-use 
shopping bag bans, or landfill bans.[22]

Australia has implemented a PS scheme to manage 
the impacts of products and materials on the environ-
ment, human health and safety throughout their lifecycle 
by involving the entities that produce and/or bring these 
products to market. The Product Stewardship Act 2011 (PS 
Act) regulates the legal framework for establishing PS pro-
grams; these programs can be voluntary, co-regulated, or 
mandatory (although in 2018, no mandatory schemes were 
established). In the realm of plastics and polymers, PS pro-
grams for mobile phones and accessories, TVs and com-
puters, agricultural and veterinary chemical containers, 
paints, as well as tyres are established. Concerning plastic, 
one of the most important PS schemes is the Australian 
Packaging Covenant operated by the Australian Packaging 
Covenant Organisation (APCO) (www.packagingcovenant.
org.au), with the aim to improve the sustainability of the 
packaging industry in Australia. APCO is also instrumental 
in reaching the 2025 National Packaging Targets, which are 
100% reusable, recyclable, or compostable packaging, 70% 
of plastic packaging being recycled or composted, 50% of 
average recycled content included in packaging, as well as the 
phasing out of problematic and unnecessary single-use plas-
tics packaging.[23] APCO has also introduced the Australasian 
recycling label (ARL)—a label on packaging that informs how 
the parts of the packaging should be disposed of, i.e., kerb-
side recycling or waste bins, or store drop off (Figure 3).[24]

APCO also provides an online tool—the Packaging Recy-
clability Evaluation Portal (PREP) —to help assess the recy-
clability in the Australian and New Zealand recovery systems 
(https://prep.org.au/). Importantly in 2020, APCO also started 
to develop the ANZPAC Plastics Pact in cooperation with busi-
nesses, governments, and NGOs, i.e., a common vision of the 
circular economy for plastics.

In 2019—and for the first time—the Australian Federal 
Government appointed an Assistant Minister for Waste 
Reduction and Environmental Management that high-
lights the increasing importance of waste reduction.[26] In 
August 2019, the Council of Australian Government (COAG) 

Figure 3. Examples of the ARL for a packaging item: The box can be 
disposed of in the recycling bin, the wrap can be returned to the shop for 
recycling, and the lid will go to landfill and has to be disposed of via the 
kerbside waste bin.[25]
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announced that Australia will establish a timeline to ban the 
export of waste including plastics and tyres. The export ban 
for “mixed plastics” (i.e., not of a single resin/polymer type 
and/or further sorting, cleaning and processing is required 
before use in remanufacturing) will start in July 2021 fol-
lowed by a ban of single resin/polymer plastics that have 
not been reprocessed in July 2022.[27] The export ban also 
includes unprocessed glass, whole used tyres, as well as 
mixed and unsorted paper and cardboard. It is planned that 
all waste export bans are in effect by July 2024.

3. Plastics in the Environment

3.1. Littering of Plastics

3.1.1. Littering in Germany

Current research focuses on microplastic emission in single 
countries or worldwide projections. For Germany, a yearly emis-
sion of microplastics in the range of 182 000–423 000 tons per 
year (≈2200–5130 g per capita per year) was calculated recently. 
The microplastics emission worldwide was projected in the 
area between 1.8 and 5 million tons per year (or 236–660 g per 
capita per year). For littering of plastic waste, i.e., macroplastic, 
in Germany, only few empirical studies exist, and predicting 
accurate numbers is difficult as not all waste streams are quan-
tified. According to a recent approximation, for Germany, an 
average of 1.4 kg per capita per year of littering plastic waste 
was projected by using the difference of the consumption rate 
and the amount of collected waste. According to the same 
study, in Germany, the littering of plastics makes up ≈3.1% of 
the whole plastic consumption and is based on ≈26% macro-
plastics and 74% microplastics, the latter mainly by abrasion of 
tires, etc. By assuming that ≈3.1% of the produced plastics are 
littered worldwide, in total, 279 Mt plastics have been littered to 
date in the environment.

3.1.2. Littering in Australia

As in many countries, littering and illegal dumping is having 
a negative impact on the environment in Australia. The “Keep 
Australia Beautiful” organization publishes a biannual report 
(National Litter Index) summarizing the trends in littering in 
Australia. The organization counts the amount and type of 
litter found at 983 undisclosed sites across Australia covering 
beaches, car parks, highways, shopping centers, and other 
urban areas.[28] The survey counts items spanning from ciga-
rette butts and packaging; container deposit legislation (CDL) 
beverage containers, takeaway food, and beverage packaging; 
other glass, other paper, other plastic, plastic bags to a “gen-
eral other” category, as well as illegal dumping. The report also 
releases detailed data for individual states and territories, and 
therefore helps in identifying the effectiveness and impact of 
newly introduced legislation and policy changes by the states 
and territories. For example, after Queensland introduced a 
container deposit scheme in November 2018, the amount of 
CDL beverage packaging that was littered decreased by 41%, 

demonstrating the positive environmental impact of the new 
legislation. The survey also shows that highways are hot-spots 
for littering regardless of the state or territory and therefore 
interventions to reduce littering at highways should be devel-
oped further. The data from the National Litter Index also 
clearly show the positive impact of the plastic bag bans (i.e., 
single-use lightweight polyethylene bags) introduced by most 
states and territories.

3.1.3. Impact of Littering on the Marine Environment

Ocean pollution is increasingly becoming a focus of today’s dis-
cussions. According to the United Nations Environment Pro-
gramme (UNEP), ≈80% of marine litter originates on land. A 
majority of scientific studies have concluded that plastic in the 
ocean is the result of poor or insufficient waste management 
and a lack of sufficient recycling and recovery. Marine plastics 
debris originates from various sources and can enter the sea 
in different ways. Important ways of entry are landfill sites; 
sewage treatment plants; beach tourism; shore fishing; plastic 
production, processing, and transport; illegal dumping of 
waste; street litter that is washed by rain or snowmelt or blown 
by the wind into waterways. With the first scientific article 
on plastic pollution in the ocean by Carpenter and co-workers 
in 1972, it took several decades until plastic pollution became 
a focus of modern research. Marine plastic waste pollution has 
been listed as one of the top ten environmental problems to be 
solved globally at the first UN Environment Conference in 2014.

Today, many strategies to fight marine plastic pollution are 
present in scientific literature and other media or rely on indi-
vidual measures to remove plastic waste from waters. However, 
these strategies are only effective locally and cannot remove 
marine microplastics.

Only some polymers undergo degradation in seawater and 
the use of seawater-degradable plastics probably will only be 
part of the solution of the plastic waste problem. With only 
slightly basic pH-value, high salt content, and relatively low 
temperatures, seawater-degradation either needs to rely on 
quick hydrolysis or selective enzymatic cleavage of the poly-
mers. Today, aliphatic polyesters are the majority of synthetic 
biodegradable polymers. Microbial enzymatic degradation 
of them can occur in compost or soil over periods of several 
months, resulting in full biomineralization. However, in sea-
water, only very slow degradation rates have been reported. In 
a recent article, Haider et al. summarized data on the biodegra-
dation of promising degradable polymers (such as polylactide 
(PLA)) under realistic and natural conditions including marine 
waters, soil, and compost.[29] It is important to note that bio-
degradable polymers exhibit different degradation rates in sea-
water and not all polyester degrade on reasonable time scales 
(Figure 4).[30]

In general, the degradation process is affected by intrinsic 
factors of the polymer, such as chemical structure, crystal-
linity, shape, and size of the products. Moreover, external 
environmental factors, such as type and amounts of micro-
organisms, salinity in different water environments, and tem-
perature, need to be considered to assess their degradation 
rates.[29] While several studies report the degradation of PLA 
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in the soil, much fewer publications report its degradation 
in seawater or rivers. No weight loss after 45 days of incuba-
tion in seawater was reported for PLA by Martin et  al.[31] In 
addition, during a simultaneous degradation test of a PLA 
and a poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 
bottle, the PHBV bottle partially degraded, while the PLA 
bottle showed no disintegration in seawater after 1 year at 
25  °C. Bagheri et  al.[32] compared the biodegradation of PLA 
films in artificial seawater and freshwater with films made of 
poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), 
PHB, PET, and poly(butylene adipate terephthalate) (PBAT, 
Ecoflex). After 280 days, PLGA was fully degraded, the PHB 
foil lost ≈10% of its initial weight after 380 days. However, the 
other polymers (including PLA) showed no or only minimal 
weight loss during this time frame.

Despite these concerns, modern polymer chemistry offers 
the potential to develop polymers and polymer blends with 
useful mechanical stability or barrier properties that prove 
reasonable degradation rates in seawater with non-toxic deg-
radation products. Promising approaches combine quickly 
enzymatically degradable polymers, such as starch or poly(vinyl 
alcohol), that are blended into polyesters (e.g., PCL, PGLA, or 
PBS, i.e., polybutylene succinate) matrices. After degradation of 
the filler, the remaining matrix degrades faster, due to a higher 
surface area. Besides blending, also chemical handles can be 
installed that increase hydrophilicity or decrease hydrolytic sta-
bility of the polymer (or copolymer), which eventually results 
in a degradation in seawater by hydrolysis or in combination 
with a certain microbial attack. In summary, development of 
seawater-degradable polymers is possible, but can only be part 
of the fight against the worldwide waste problem and plastic 
pollution. Reduce, reuse, and recycling are the major strategies 
that will help to tackle the increasing plastic waste amounts in 

our waterways and oceans. In addition, it is paramount to pre-
vent that plastics items are intentionally or unintentionally dis-
posed of into waterways and oceans.

3.2. Sustainability Assessments

To improve the sustainable impact of plastics, it is impor-
tant to quantify their sustainability. Therefore, the concept 
of life cycle sustainability assessment is applied to products 
and materials, which addresses all three pillars of sustain-
ability with life cycle assessment (LCA) for the environment, 
social life cycle assessment (S-LCA) for the social aspects, and 
life cycle costing (LCC) for economic aspects.[33] While for 
the socioeconomic aspects, standards are still in the devel-
opment, for the environmental assessment, a sound frame-
work does already exist with the ISO 14040/44 standard. LCA 
enables an assessment of plastics along the whole life cycle 
from the acquisition of raw materials to the end-of-life phase, 
showing the contribution of different process steps to the 
environmental impacts that are reflected by different impact 
categories (e.g., global warming potential, acidification poten-
tial, eutrophication potential, or land use). To determine the 
impact correctly, it is important to assess plastics along the 
whole life cycle from cradle to grave. According to Zheng and 
Suh,[5] the overall life cycle impacts for the impact category of 
global warming potential of conventional plastics have been 
1781 Mt of CO2 equivalents in 2015. Against this backdrop, 
bioplastics have been identified as a sustainable alternative to 
conventional plastics. According to Spierling et al.,[33] bioplas-
tics show on an average a saving potential in comparison to 
conventional plastics in some impact categories (e.g., global 
warming potential), but do also have a higher impact in other 
impact categories (e.g., eutrophication potential) that are asso-
ciated with the production of renewable raw materials used as 
feedstock for most bioplastics.[33] Therefore, it is important to 
not consider bioplastics per se as sustainable, but rather to 
assess at a product-specific level which material is the more 
sustainable choice. As plastics have a versatile use range, the 
product demand differs from sector to sector (e.g., packaging 
in contrast to automotive application). Therefore, sustainable 
performance can change depending on the application for 
one material if the whole life cycle is taken into account.

4. Background Information about Plastics

4.1. Plastics and Polymers

The terms polymers and plastics are often used interchangeably. 
However, there exists a pronounced difference between these 
two terms, as shown in Figure 5. Polymers are the main con-
stituent of plastic and do not contain additives like stabilizers 
or plasticizers, which are needed for most product applications. 
The term plastics describe the ready-to-use material that meets 
the technical needs of the final product. As the product needs 
differ depending on the application, the range of finishing 
steps also differs, ranging from a huge variety of tailoring addi-
tives, colors, and reinforcement to blending. Accordingly, also 

Figure 4. Percentage weight loss of aliphatic polyesters biodegraded in 
static seawater controlled at 25 °C as a function of degradation time: Δ, 
PCL; □, R-PHB; ○, PLLA-C; ●, PLLA-A. Reproduced with permission.[30] 
Copyright 2002, Elsevier.
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the content of additive types as well as quantities is changing 
depending on the application. The possible additives that can 
be used are ranging from fillers like talc to reinforcing compo-
nents like glass fiber or natural fibers. Against the backdrop of 
circular economy, especially the finishing step from polymers 
to plastics is causing an issue as a large number of possible 
plastics formulations cause challenges in the end-of-life phase. 
Additionally, e.g., the impact of additives on the recyclability of 
plastics is often neglected during the production phase as the 
technical performance is in the focus. To establish a compre-
hensive circular economy, the monitoring of these additives 
will be one of the most challenging issues.

4.2. Resin Identification Code

The resin identification code (RIC) was developed to pro-
vide information about the resin (i.e., polymer type) used in a 
product. The symbol used for the RICs is an arrow in the form 
of a triangle (changed to a solid triangle in 2013) with a number 
in the middle whereby the number identifies the resin (1: PET, 
2: HDPE, 3: polyvinyl chloride, 4: low-density polyethylene, 5: 
polypropylene, 6: polystyrene and EPS, 7: all other plastics).[35] 
As the RIC symbol is similar to the recycling symbol, mem-
bers of the general public often believe that products with a RIC 
can be disposed via kerbside recycling bins (even some polymer 
chemists to whom one of the authors talked to thought that the 
RIC is a recycling symbol). However, options for the recycling 
of items with RIC strongly depend on the infrastructure avail-
able at the local council. For example, in Brisbane, soft plastics 
(e.g., films and bags) and polystyrene cannot be disposed via 
the recycling bin, although they display the appropriate RIC.[36] 
The recyclability of a plastic item strongly depends on several 

factors: the availability of infrastructure for collection of the 
plastic item (e.g., kerbside collection or drop-off facilities), the 
technical recyclability of the plastic, and the economic viability 
of the recycled plastic (i.e., availability of markets).

Another issue is that RIC number 7 comprises “all other 
plastics”—ranging from rubber, and polycarbonate to biode-
gradable polymers such as PLA. In contrast, China is using 
140 codes for the identification of polymer resins.[37] In addi-
tion, the RIC does not provide information about the additives 
used in the products/plastics.

4.3. Bioplastics

In recent years, bioplastics have been in the focus of research 
as promising sustainable alternatives to conventional plastics. 
Bioplastics consist of three groups (Figure 6). The first group is 
fossil-based types that are biodegradable, e.g., polycaprolactone; 
the second group is bio-based types that are also degradable, 
e.g., PLA; and the third group is bio-based types that are non-
degradable, e.g., bio-polyethylene (Bio-PE). Bioplastics from 
the two degradable types enable a final degradation to H2O 
and CO2, or CH4 in case of an anaerobic degradation process. 
However, the degradation rate and compostability of bioplastics 
depends on the product dimensions they are used in, the deg-
radation behavior of the material, and the surrounding condi-
tions caused by the composting scheme.[38]

Bioplastics have been the first materials that were used on an 
industrial scale in the early 20th century till conventional plas-
tics that are fossil-based and non-degradable started to be devel-
oped. Some examples of these early bioplastics are rubber, lino-
leum, or cellulose acetate. These materials are still in use and 
are, therefore, called “old economy bioplastics” (see Figure 7).

Figure 5. Differentiation between polymers and plastics. Adapted with permission.[34] Copyright 2017, Springer Nature.
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The term “new economy” describes novel bioplastics that 
have been developed in recent decades. Especially against 
the background of processing and recycling of bioplastics, it 
is important to further differentiate between “drop-in” and 
“chemical novel” bioplastics. Drop-in versions have a conven-
tional plastic counterpart, e.g., PE and Bio-PE. These mate-
rials have the same chemical structure and just differ in the 
type of feedstock used for production. Therefore, the prop-
erties, processing, as well as the recycling technologies are 
the same. All knowledge of the conventional plastics can also 
be used for their bioplastic versions. The chemically novel 
bioplastics represent a new type having a novel chemical 

structure and no direct conventional counterpart. They have, 
therefore, also a novel range of properties such as biodegra-
dability and might have different needs with regard to pro-
cessing or recycling in comparison to conventional plastics. 
With regard to communication, there is a fundamental dif-
ference between the use of the term bioplastic in Germany 
(in German Biokunststoff) and Australia. In Germany, the 
phrase “bio” is also used for organic food (Biolebensmittel 
in German), and therefore bioplastics are associated with 
organic food. This difference in the use of the term “bio” can 
result in misleading of German consumers and might result 
in false expectations.[39]

Figure 6. Definition of bioplastics adapted from Endres and Siebert-Raths. Adapted with permission.[38] Copyright 2011, Carl Hanser Verlag.

Figure 7. Bioplastics—old economy and new economy. Reproduced with permission.[38] Copyright 2011, Carl Hanser Verlag.
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4.4. Compostable and Biodegradable Polymers

In regard to plastic packaging, the term “biodegradability” is 
often used synonymously with “compostability.” However, this 
statement is incorrect as compostability strongly depends on the 
shape and thickness of the biodegradable product as well as the 
environmental conditions supporting the composting process. In 
addition, there are two different composting methods, i.e., home 
composting and industrial composting. Two Australian Stand-
ards define whether a material is home compostable (AS 5810) or 
industrial compostable (AS 4736). In Australia, products made of 
biodegradable polymers can be certified by the Australasian Bio-
plastics Association[40] that is the peak industry body for manu-
facturers, converters, and distributors of bioplastic products and 
materials in Australia and New Zealand. Products that fulfill the 
requirements of the Australian Standards for compostability can 
be labeled as home compostable or compostable (in an indus-
trial compost facility) (Figure 8). The website of the Australasian 
Bioplastics Association also provides information about certified 
products available in Australia and New Zealand.[41]

One challenge regarding the use of compostable products—
e.g., lids for single-use coffee cups—is that some of the non-
biodegradable plastics in use can be easily perceived as biode-
gradable plastics and therefore can lead to contamination of 
material deemed for composting. Therefore, very prominent 
labeling of these items should be encouraged. In addition, 
adequate collection of home or industrial compostable mate-
rials is still lacking in many areas in Australia. Further, some 
biodegradable plastics such as PLA—depending on their use—
should be collected for recycling first, rather than be composted.

4.5. Microplastics and Microfibers

Microplastics and microfibers are often assumed to be a special 
class of plastics by members of the general public. However, the 

term microplastic does not refer to a type of plastic, but rather 
the dimensions of a plastic fragment. Scudo et  al.[42] define 
microplastics as a particle with a size below 5 mm that con-
sists of man-made, conventional plastics. In addition, micro-
plastics can also be made of biodegradable plastics, biobased 
analog plastics, and biobased alternative plastics. Importantly, 
microplastics are solid and insoluble in water. Microplastics 
can be released into the environment either through products 
that contain microplastics (e.g., microbeads in personal care 
products that are subsequently washed off and therefore release 
microplastic into the wastewater stream) or by the disintegra-
tion of larger plastic items that are in the environment (e.g., 
littering) and are degraded by weathering or microbes. Micro-
fibers are released in the environment from textiles either by 
washing or normal wear-and-tear. The number of microplastics 
released into the environment should be reduced as much as 
possible. The Australian Government has, therefore, initiated 
a voluntary program for the phase-out of microbeads from 
personal care and cosmetic products.[43] The European Union 
is also investigating to restrict the use of intentionally added 
microplastic particles in consumer or professional use products 
of any kind.[44]

5. Challenges—Working Together to Solve the 
Problems
The plastic industry and polymer community have developed 
and improved plastics for the last 100 years with focuses on 
technical and economic aspects, making plastics cheaper, 
stronger, more versatile, or more durable. With current chal-
lenges such as climate change, limited fossil resources as well 
as (micro)plastics in the environment, the need for more sus-
tainable plastics is becoming more and more imminent. The 
whole plastic economy has to be re-thought and the business 
model of a linear economy has to be transformed into a cir-
cular economy, i.e., providing resources for new products at 
the end-of-life of plastic products instead of turning them into 
waste. With concepts like design for recycling, ecodesign, and 
circular economy, such a change might be accomplished. In a 
holistic approach, technical, environmental, and socioeconomic 
aspects have to be taken into account to create more sustain-
able plastics. But besides a change of the economy model, also 
our attitude and behavior towards plastics and their use have 
to change. Plastics have to become once more the prestigious 
material they once were and have to shed their “cheap” repu-
tation. Plastics are a versatile material that enables us oppor-
tunities ranging from food preservation to medical treatments. 
Plastics are the enabler of life quality and convenience in all 
areas of daily life. In addition, pollution of the environment 
caused by plastics is mostly a social and behavioral problem 
and not necessarily a problem of the material itself. If we learn 
to appreciate plastic once more as valuable material, we will be 
able to solve the plastic challenge and mitigate their negative 
impact on the environment.

Polymer chemistry can contribute and intervene in sev-
eral aspects of the plastic waste hierarchy: from reducing the 
number of plastics used, to promoting safe and environmentally 
benign degradation or recycling of polymers. Polymer science 

Figure 8. Label for (left) home compostable products and (right) indus-
trial compostable products from the Australasian Bioplastics Association. 
Reproduced with permission.[40] Copyright 2019, Australian Bioplastics 
Association.

Macromol. Rapid Commun. 2020, 41, 2000351



© 2020 Wiley-VCH GmbH2000351 (10 of 12)

www.advancedsciencenews.com www.mrc-journal.de

can design a multitude of polymeric materials. Concerning 
conventional recycling, this might be a problem as copolymers 
are almost impossible to recycle as comonomer ratios vary. 
Another important research topic that would strengthen the cir-
cular economy is the development of more harmless and sus-
tainable additives as well as reducing their variety at the same 
time. However, polymer chemistry also offers the possibility to 
design polymers that degrade on demand, e.g., in the soil or 
maybe even in seawater or at the point of recovery.

Polymers and plastics are closely connected with our 
economy and consumer behavior, and chemical education is 
an important part of fostering changes in people’s behavior. 
It should also be the mission of polymer chemists to be open 
to changes and to actively teach students on the conscious 
handling of polymer products. Polymer chemists and engineers 
can help people to understand what polymers and plastics are, 
and how they can be degraded, recycled, or reused. Education 
and public campaigns about polymer products and how plastics 
can be recycled might increase the awareness about polymer 
products and their value. There is a need to dispel misinfor-
mation about particular types of packaging based on accurate 
scientific evidence (e.g., paper vs plastic bags).

Although plastic waste and pollution is a worldwide 
problem, the measures to mitigate the impact of plastics differ 
from country to country. In Australia, most waste (not just 
plastic waste) is deposited into landfills and not incinerated 
as in Germany. Therefore, efforts should concentrate on min-
imizing the (plastic) waste that is bound to landfill, e.g., by 
minimizing the amount of single-use-plastics that cannot be 
recycled, minimizing the amount of multi-material items that 
cannot be reused or recycled in an economical way as well 
as establishing systems that enable the reuse of plastic pack-
aging. Australia’s average population number per square kilo-
meter is very low (3.25 persons km–2 in 2018), transportation 
costs are high, and recycling facilities are often too far away 
from rural or remote areas or in some cases even metropolitan 
areas. In addition, biosecurity concerns can increase the costs 
for recycling and safe disposal of plastic and other waste even 
further. On one side, 63% of Australia’s population lives in or 
near five major cities. Therefore, efforts should concentrate 
on minimizing plastic waste in these highly populated areas 
as well as on the establishment of a local circular economy 
for plastics. Plastic packaging needs to be redesigned for 
reuse, e.g., the German “Mehrwegflasche” concept (i.e., PET 
bottles that are designed to be collected, washed and re-filled 
several times) should be evaluated for adaptation in the major 
cities. As all of Australia’s major cities are near the ocean, it 
is very important to increase the efforts to eliminate plastic 
pollution and the formation of microplastics and microfibers 
on land and in the waterways in order reduce the impact of 
plastic waste and debris on the marine environment. On the 
other side, innovative concepts for minimization, reuse, and 
recycling of plastics for Australia’s rural and remote areas are 
urgently needed. In addition, Australia is an importer of plas-
tics, i.e., consumer goods or packaging, and manufacturing 
of plastic products is limited to a few companies. In order to 
establish a circular economy for plastics in Australia, capaci-
ties for recycling and manufacturing using recovered material 
should be increased.

6. Conclusions

On one hand, polymers and plastics are materials that govern 
our modern way of life and add to our comfort and wellbeing. 
On the other hand, the global negative impact that polymers 
and plastics have on the environment needs to be addressed in a 
matter of urgency, admitting the fact that plastics and polymers 
are an irrevocable part of modern life. Principles of sustain-
ability and circular economy have to be introduced and further 
developed for plastic production, consumption, and disposal.

In addition, it is of paramount importance that next genera-
tions of polymer chemists and engineers are educated about 
the challenges of polymers and plastics, their negative impact 
on the environment, and how to apply circular economy prin-
ciples as well as life cycle analysis to the development of novel 
polymers and plastics products.
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