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About the Chemical Sciences and Society Summit (CS3)



Glossary of terms used in this report

Additive: Most plastics contain various additives that 
help to maintain their long term performance. Typical 
additives include antioxidants, antistatic agents, 
colourants, curing agents, flame retardants, thermal 
stabilizers, UV stablizers, plasticizers and lubricants. 

Bio-based or bio-derived plastic: A polymer that is 
produced from biological resources, including chemicals 
derived from plants and algae. For example, polylactide 
is produced from sugar, which is harvested from plants 
like sugar cane. 

Biodegradable plastic: A plastic that undergoes 
accelerated degradation by organisms and biomolecules 
such as enzymes, forming small molecules that are 
metabolized by natural organisms. Biodegradable 
plastics should break down to natural materials that can 
be returned to the environment without pollution or 
deleterious effects.

Biopolymer: A naturally occurring polymer, such as 
cellulose or starch.

Chemical recycling



Summary and recommendations

Plastics have helped to build the modern world. They keep our food fresh and 



plastic particles are reported to occur from tropical to pristine polar areas, 
and from beaches to deep-sea sediments. Later, river and lake systems were 
examined, where plastic particles were found even in remote mountain lakes. 
Plastic particles have more recently been found in the atmosphere and in 
terrestrial ecosystems, especially in urban and agricultural soils. The ingestion 
of plastic particles together with food has already been investigated in a variety 
of organisms from aquatic and terrestrial habitats, and the resulting effects on 
organisms and human health are still under discussion. 

Possible risks associated with plastic particles cannot be generalized because 
microplastics and nanoplastics comprise a very heterogeneous group of particles 
that vary in polymer composition, additive content, size, shape, ageing state, 
and consequently in their physicochemical properties. However, the ubiquitous 
contamination of the environment with microplastics and nanoplastics, along with 
the possible associated risks to ecosystems and ultimately to human health, has 
recently attracted a great deal of public and scientific attention.

For many members of the general public, plastics now epitomize a disposable 
way of life and are associated with cheap, low-quality and low-value products. 
The visible evidence of plastic pollution and as yet unknown impacts of these 
materials are driving a reconsideration of their life cycles, designs and uses. 
Technical solutions will be needed to ensure that in future plastics combine 
useful properties with better end-of-life options, and chemistry will play a central 
role in delivering these. 

Developments in chemistry will be key to understand and mitigate the impact 
of plastics in the environment. Chemistry can help to develop efficient ways to 
recycle the plastics we use today and, in the longer term, create replacements 
that are made from sustainable starting materials, are more amenable to 
recycling at end-of-life, and have reduced environmental persistence or impact. 

Sustainability across the entire plastics life cycle must be a core design feature 
of the polymers of the future. It is also clear that a suite of materials will be 
required to meet the myriad of applications, just as different plastics are applied 
today. This means that underpinning investment is recommended in a range 
of different technologies and options. It is also essential to emphasize that no 
single solution is suitable for all scenarios, geographies or products. Different 
countries already employ a wide range of waste management practices, with 
varying degrees of environmental impacts. As such, the most sustainable option 
for a particular location is not necessarily a global solution. 

In some scenarios, improved sustainability will arise from deployment of 
polymers built entirely from renewable, biologically-derived feedstock 
chemicals, or from wastes like CO2 where the raw materials used to produce the 
polymer are carbon neutral. For some applications, durable or longer-lasting 
polymers, which can be reused multiple times prior to efficient closed-loop 



recycling, will be the best option. In yet other scenarios, it will be important 
to design polymers to incorporate special chemical and physical features to 
make them ‘degradable on demand’ – such features will reduce energy use and 
improve selectivity for closed-loop recycling. Fundamentally, there is a need to 
design polymers for efficient disassembly. Such an approach has the potential to 
enable closed-loop recycling over multiple cycles and to reduce, or even nullify, 
environmental persistence if they escape from waste systems. 

We recognize that building this new future for plastics necessitates a major 
collaboration between sciences, engineering, technology, materials design, 
humanities, human behaviour, policy, regulation, economics and business. This 
report focuses only on the contributions and solutions that could be technically 
feasible, and on the research challenges specific to chemistry and the chemical 
sciences. It deliberately avoids making recommendations on policies or 
regulations for recycling, waste management systems, use of financial incentives 
and taxation (the Further reading appendix p45 includes references to recent 
policy briefings and reports from expert working groups that address some of 
these important parallel issues). 

In coming up with our recommendations, we emphasize that technology alone 
cannot provide all solutions and that parallel advances in waste management, 
regulation, economics and behaviour will be needed to deliver the infrastructure and 
ecosystems for a sustainable plastics future. We signal that experts in chemistry are 
well placed to provide impartial evidence for policymaking and standardization of 
plastics, as well as in environmental monitoring and detection. 

We propose four major research challenges and their underpinning research 
priorities. These research challenges are interlinked and symbiotic, as such we 
do not recommend unbalanced selection or weighting of research in a particular 
direction. Our philosophy is that plastics should not be deliberately released or 
dumped into the environment and that efficient closed-loop waste management 
systems are vital to implement these technological advances and solutions. 
Meeting the technical challenges necessitates close integration with a range of 
other technical disciplines, as well as in parallel with the broader considerations 
outlined above. 

To ensure future researchers are able to invent effectively in this space, it is 
important to offer multi-disciplinary training and education of chemists in areas 
such as polymer science, materials engineering, process design, eco-toxicology, 
molecular biology, environmental sciences, life cycle assessment and data 
science. We, as a scientific community, recognize the benefits of, and urgent 
need for, outreach, advocacy and public engagement activities to stimulate 
a public dialogue about the impacts and solutions of future plastics, and to 
examine material selection choices using a life cycle approach, and in the context 
of sustainable development goals.
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Research challenge 1: To understand the impacts of plastics 
throughout their life cycles

a. Develop new analytical methods to study microplastics and nanoplastics for 
different types and shapes and at different size and time scales. These should 
include high-throughput spectroscopy and microscopy techniques that can 
rapidly generate reproducible data about the size distribution, structure and 
properties of microplastics in the environment.

b. These data should be applied in predictive models that simulate the transport 
and distribution of microplastics in the environment, which will help to 
understand the location, fate and persistence of plastic waste. In future, these 
models may also help to predict the environmental impact of new plastics 
before they get to market.

c. Research is needed to properly understand the factors that influence the 
formation of microplastics and nanoplastics, across a range of environments 
including soils, freshwater, and oceans. 

d. We must understand whether there is any toxicity from plastics and their 
degradation products, at all size scales of waste fragments. This will require 
detailed knowledge of the biological pathways involved in the chemical and 
particle toxicity of microplastics. It should also consider both direct and 



d. Improving plastic sustainability in some sectors will require production of 
durable or longer-lasting polymers. These plastics need to maintain their 
properties and performances over appropriate use time scales but be 
designed from the outset with managed end-of-life scenarios. Research 
into alternative reinforcing interactions, especially to produce alternatives to 
thermoset resins and networks, is a priority. Exploration of the use of non-
covalent or equilibrium interactions is recommended as a means to ensure 
properties are delivered while facilitating recycling and / or reprocessing. 
Research should also focus on how to control crystallization and loss of 
crystallinity in materials, as crystalline regimes confer useful properties but 
slow chain disassembly after use. 

e. Efforts to design new plastics must consider their properties across multiple 
length scales, including monomer sequences, polymer chain interactions, as 
well as nanostructures and microstructures. It is important to develop new 
experimental methods and theories to understand the relationships between 
the structures and properties of polymers. In future, it may be possible to 
apply homoplastic composites, whereby a single polymer chemistry performs 
multiple functions through control across length scales. For example, 
ensuring that in packaging only one type of material is used for the packaging, 
adhesive, and barrier layer would simplify recycling. 

f. Design data, analytical characterization methods and models should be 
developed that inform both polymerization and depolymerization processes. 
New theory and methodology is needed to accurately predict polymer 
performance and disassembly across multiple length and time scales.

Research challenge 3: Closed-loop plastics recycling

a. Chemical technologies are needed to improve labelling, identification and 
separation of waste plastics and composites into single-component, pure 
polymers. These polymers should be reprocessed into new products and / or 
fully recycled to pure polymer by chemical recycling. 

b. More efficient chemical recycling processes are needed to recover valuable 
oligomers, monomers and / or small molecules from wastes. Chemical 
technologies should be developed which function effectively using polymer 
composites and mixtures of plastics. These technologies include new 
catalysts, processes and reactions allowing chemical recycling of current large 
scale polymers. For example, polyolefins cannot yet be chemically recycled 
with sufficient efficiency or chemical selectivity to monomers.

c. To deliver better plastic recyclability, reactions for polymerization and 
depolymerization that are closer to equilibrium should be investigated. This 
approach may bring additional property benefits, such as self-healing plastics 
with extended lifetimes as well as reductions in energy demand required for 





Plastics are an essential part of modern life, and an 
indispensable tool in sustainable development. Some of 
today’s petrochemical-based plastics also have concerning 
environmental impacts, from the greenhouse gases involved 
in raw material extraction and manufacturing to waste plastic 
pollution in the environment. Chemistr y can underpin efforts 
to understand and mitigate these impacts by developing 
sustainability tools and, where appropriate, circular 
economies for plastics.

1. The impact of plastics
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microplastics that entered the oceans decades ago (Sci. Adv. 2019, DOI: 10.1126/
sciadv.aax0587). Some researchers are already studying the plastic in preserved 
samples of dead animals in the International Environmental Specimen Bank. 
This repository contains hundreds of thousands of specimens, including fish 
and seabirds, and researchers are gearing up to explore this trove to look for 
evidence of historic microplastic pollution.

Bringing data from many different sources and combining them into useful models 
will require a multidisciplinary research effort, involving more collaboration 
between many different fields: polymer chemistry, analytical chemistry, 
biochemistry, environmental chemistry, physical oceanography and informatics.

Mulch films

Plastic pollution is not restricted to oceans and freshwater. In some countries, 
farmers are facing a growing threat from plastic pollution in soil, due in part to 
an agricultural practice known as mulching. Plastic mulch films, comprised of 
polyethylene sheets, are used to cover crop fields soon after planting. They raise 
soil temperatures, limit weed growth and prevent moisture loss; as a result, 
water usage is reduced, while earlier harvesting and higher crop yields are 
feasible. As the world’s population grows and food demand increases, plastic 
mulch film has a key role to play in agriculture. For example, in 2018, China 
used 1.4 million tonnes of plastic mulch film to cover approximately 20 million 
hectares of land used to grow crops.
 
But when farmers remove the film, it often leaves shreds of residual plastic, and 
because polyethylene is not degradable, these plastic residues accumulate in 
the soil. The structure of soil becomes depleted, which may limit plant growth 
and foul machinery. Mulching is important for efficient agriculture, and despite 
its problems farmers are loath to lose the benefits of the practice. Alternative 
plastics could reduce these environmental impacts, and one strategy could be 
to develop plastic films that are environmentally degradable. Such a material 
would obviate the need for gathering up waste plastic, while ensuring that 
any residues left behind would break down to benign compounds in the soil. 
Combining these properties in a single plastic is not trivial, but it is a challenge 
that chemistry is well placed to tackle (see chapter 4: Degradation of plastics).

Plastic mulch film is used to improve 
the efficiency of growing crops.
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https://earthsky.org/earth/henderson-island-pacific-plastic-pollution-study
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Researchers have developed highly active and selective catalysts for these (co-)
polymerization reactions, but further improvements are needed to translate these 
to sustainable industrial processes that produce plastics with more desirable 
characteristics such as higher mechanical strength and better barrier properties. 

It is important to note that simply because a monomer can be produced from 
renewable resources does not guarantee improved sustainability. For example, 
bio-based polyethylene terephthalate (PET) can be produced by making the 
ethylene glycol co-monomer from glucose, but this gives rise to impacts such as 
eutrophication and acidification. The other co-monomer for PET, the aromatic 
diacid, cannot currently be economically produced from renewables. Alternative 
aromatic monomers derived from sugars show promise to produce fully bio-
based polymers with similar properties to PET, but there are still challenges with 
monomer and polymer production. Better catalysts and processes could help, 
for example by using high pressure CO2 together with new catalysts to reduce 
polymerization temperatures and energy consumption.  

It must be stressed that the material properties of a polymer are decisive for its 
applications. The thermal and mechanical properties of PLA, for example, define 
its possible applications, and exclude many others.

Using waste molecules

Better reuse of waste molecules, either from industrial, agricultural or other 
chemical processes, will be important in reducing the carbon emissions 
associated with plastics. But CO2 can also be used, in conjunction with a  
co-monomer, as a building block for plastics. In many ways, it is an ideal 
feedstock – it is cheap, abundant, and is the waste product from many  
industrial processes.

For example, polycarbonates can be produced by reacting epoxides with CO2. 
This process is operating at commercial scale, and life cycle assessments have 
quantified the reductions to overall greenhouse gas emissions (Green Chem. 
2014, DOI: 10.1039/c4gc00513a). The CO2 copolymerization process is critically 
dependent upon the catalyst, and recent inventions have uncovered the 
opportunity to increase performances using mixed-metal catalysts, for example 
of magnesium and zinc (Chem. Sci. 2019, DOI: 10.1039/C9SC00385A). As chemists 
develop a better understanding of how these metals cooperate, that should 
help to develop better catalysts that can make the process even more efficient, 
reducing manufacturing costs and prompting wider adoption of these plastics.

Plastic rulers amongst recyclable 
plastics. These rulers have been made 
from recycled materials.
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It may also be possible to develop chemical recycling technologies that break 





Although some biodegradable and compostable plastics are 
available, there remains some confusion among the public and 
in industr y regarding what these terms mean, and around the 
conditions and time scales necessary for these degradation 
processes. Research is needed to understand exactly how all 
plastics degrade in different circumstances, and the fate of 
their degradation products. This knowledge will help chemists 
to design polymers that are durable in life yet degradable 
on demand, and to ensure that there are not unintended 
environmental consequences resulting from the degradation 
products of plastics.

4. Degradation of plastics





Introduction

Most plastics are designed to be durable, so that they maintain their structure 
and performance during their useful life. But in application sectors such as 
packaging this durability can give rise to pollution, because discarded waste 
plastic can persist in the environment for years or even decades. It is also 
important to emphasize that for some applications, designing plastics to be 
more durable and longer-lived would be a more sustainable option and should 
be explored. In some scenarios allowing for plastic articles to be reused multiple 
times, for example in refillable packaging, will represent a more sustainable 
option than providing multiple disposable packaged articles. Nonetheless, 
there is a fundamental problem with having materials that are not degradable in 
applications where they can make their way into the environment. 

Designing a plastic to be durable in life, and degradable at the end of its life, is 
a major challenge. Biodegradable plastics are available today and have been 
developed for a number of sectors and contexts. For example, some materials 
were initially developed for use in medical implants that slowly break down in 
a patient’s body. Some plastics are best suited to degradation within industrial 
composting facilities, which require the same sort of collection and processing 
infrastructure as conventional recyclable polymers. Other polymers are designed 
to break down in home composting bins. For such degradable polymers it is 
vital to understand what conditions are required, how long it takes, and what 
breakdown products it leaves behind. It is recognized that that current standards 
and test methods cannot predict breakdown in the range of complex natural 
environments (R. Soc. Open Sci
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In academic laboratories, a wide range of other degradable polymers are 
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Further reading

United Nations Environment Programme ‘Biodegradable Plastics & Marine Litter: 
Misconceptions, Concerns and Impacts on Marine Environments’ 2015. Available 
at wedocs.unep.org/handle/20.500.11822/7468

Suschem ‘Plastics Strategic Research and Innovation Agenda in a Circular 
Economy’ 2018. Available at suschem.org/publications 

PlasticsEurope ‘Plastics – the Facts’ 2019. Available at plasticseurope.org/en/
resources/publications/1804-plastics-facts-2019 

House of Commons Library, Briefing Paper number 08515 ‘Plastic Waste’ 2020. 
Available at commonslibrary.parliament.uk/research-briefings/cbp-8515/

The National Academies of Sciences, Engineering and Medicine ‘Closing the Loop 
on the Plastics Dilemma: Proceedings of a Workshop in Brief’ 2020. Available at 
doi.org/10.17226/25647
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