
Headlines

Issues
•	 Hundreds of chemicals with known toxicity 

to humans and the environment are still widely 
used as additives in plastics.

•	 The average consumer’s knowledge of what goes 
into plastic products is not sufficient to make informed 
choices about exposure. The data collection needed 
to make these choices often does not exist, especially 
for recycled products made of mixtures of existing plastics. 

•	 Though data on the toxicology of single additives 
in isolation may be available, there is very little data 
on the interaction of multiple additives in real world 
situations, either within a single product or between 
many products in a single place. 

•	 Most substances are not restricted until proven toxic. 
As a result, damage comes first and action second. 

•	 Substance-by-substance testing often results 
in the substitution of one hazardous molecule 
by another with similar toxicology.

Solutions
•	 Governments and consumers should demand 

the use of non-toxic chemicals for use in plastics, 
especially given the risk of admixture of toxic 
substances in recycled plastic products. 

•	 Consumers and producers should demand full 
supply chain transparency on additive presence 
in plastic products.

•	 Understanding the toxicology of mixtures of additives 
requires the generation of substantial new datasets. 
This data should include biomonitoring to characterise 
the complexity of real-world exposures. 

•	 Assessments of toxicity should not assume 
that a low dose always means a low risk. 

•	 Hazardous substances should be regulated 
by group rather than one-by-one, to avoid substituting 
one harmful chemical for another.

•	 A molecular science and engineering approach is crucial 
to finding chemical and functional alternatives to toxic 
additives, and also for developing new processes 
to better manage the toxicity of additives which 
cannot be replaced or omitted. 
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Objectives

A wide range of chemicals are added to plastics to give 
them specific desirable characteristics, for example 
to make them more flexible, give them different colours, 
increase their resistance to UV radiation or reduce their 
flammability. However within each of these classes 
of additives, there are several groups which have been 
shown to be potentially or actually toxic to human health 
and the environment. These may be partially released 
during the production, use, recycling or disposal of plastics.

In this Briefing Topic, we will review the current state 
of knowledge in the field of plastic additives, their 
potential toxicity and associated management challenges. 
We discuss options to address the complications 
of the current management regime and the sheer variety 
of substances to be evaluated. We outline how, in order 
to safeguard future human and environmental health, 
it is necessary to understand toxicological patterns 
and develop functional alternatives that do not result 
in new toxic materials. 

Introduction

Chemical additives present in humans 
and the environment 
Plastics have provided many societal benefits such 
as increased food production, improved hygiene, 
and preservation of materials and medications. 
However, there are concerns that many chemicals 
used in plastics can migrate into the environment, 
harming wildlife and humans (Box 1).1 

Our understanding of the presence, abundance, 
and persistence of chemical additives in humans 
and the environment is still at an early stage. However, 
human biomonitoring studies in Europe have discovered 
a growing number of different hazardous chemicals 
present in human blood and body tissue. These include 
certain heavy metals, plasticisers, and flame retardants 
that originate from additives in plastic.2 Understanding 
is also growing about how some population groups such 
as pregnant women and elderly people are particularly 
sensitive to chemicals with certain hazardous properties.3 

Box 1. Some consumer products 
with problematic additives

 
Clothes 
Polyester, nylon and acrylic are forms of plastic 
and constitute more than 60% of the fabric 
on the clothing market. Consumers are mostly 
unaware of the use of toxic flame retardants 
in textiles, carpets, upholstery and furniture 
due to insufficient labelling requirements.6

Toys  
Toys manufactured from thermo-mechanically 
recycled plastic from diverse sources can 
contain many banned, restricted or hazardous 
chemicals.6 This is possible due to insufficient 
supply  chain transparency, poor labelling, 
and inadequate regulation and monitoring 
of recycling operations.6

Plastic bottles  
Some of the chemical additives often recovered from 
the environment include bisphenol A and nonylphenol 
(plasticisers used in the production of plastic bottles) 
and brominated flame retardants.7
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The dispersion of chemicals additionally represents 
a hazard to the environment and wildlife.4 It can be 
expected that plastics and their additives will be 
increasingly found in environmental matrices such 
as sediment, causing significant concern over time.5

 

Tracing the consequences is complicated 
Understanding the impact of additives and other chemicals 
from plastics on human health and the environment 
is complicated. Hundreds of thousands of raw materials 
and chemicals are used in plastics manufacturing, 
so mixtures of them may be present in everyday spaces like 
homes, schools and workplaces (Figure 1). Based on their 
global consumption, indicated by their total internationally 
traded tonnage, the most significant groups of additives, 

in decreasing order, are: fillers, plasticisers, 
flame retardants, colorants, stabilisers, lubricants 
and surfactants (Box 2).8 Given the nature 
of international supply chains, most of these 
substances are not controlled. 

A further complication is the generation 
of non- intentionally added substances (NIAS), 
which can be impurities or degradation products 
of monomers, polymers and additives.9 

The hazards that these substances present on 
their own and in mixtures are unknown. To protect 
the environment and human health, there is a need 
to consider the risk-benefit ratio of chemical use, 
particularly when chemicals are just a component 
of a product, and not the product in themselves.1 

PFAS

DBP

TCEP

BPA/BPS

NP

Figure 1. Chemical exposure from ordinary household objects
An ordinary household is likely to have many plastic objects containing chemicals with known or suspected toxicity, including in clothes, toys, electronics 
and food containers.6 Dibutyl phthalate (DBP) and bisphenol A (BPA) are used as plasticisers. In some countries BPA is banned, so bisphenol S (BPS) 
is used instead. Tris (2-chloroethyl) phosphate (TCEP) is used as flame retardant. Per- and polyfluoroalkyl substances (PFAS) are used as water repellents. 
Nonylphenol (NP) is used as a plasticiser. 
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The three characteristics of concern

To simplify discussing the thousands of possible 
combinations of additives in plastics, we have broken 
down their effects on human health and the environment 
into three main characteristics of concern. These are:

•	 Carcinogenic, mutagenic and reprotoxic (CMR) substances,

•	 Persistent, bioaccumulative, and toxic (PBT) substances,

•	 Endocrine disrupting chemicals (EDC).

Carcinogenic, mutagenic 
and reprotoxic substances
Approximately 900 chemicals are known to cause cancer 
(carcinogenic), be capable of causing genetic mutation 
(mutagenic) or be toxic for reproduction (reprotoxic). 
These are referred to as CMR chemicals (Box 3).13 
Many of them are hardly studied, are not adequately 
regulated in many parts of the world, and some are even 
authorised for use in food-packaging plastics in some 
jurisdictions.14 CMR chemicals can be released during 
production and use of plastics, which poses risks to 
human health, the environment, and recycling systems. 

Box 2. Brief glossary of additives

Fillers 
Fillers reinforce plastics to improve their strength 
and heat resistance. Materials used as fillers include 
wood and glass fibres, but can be solid, liquid 
or gaseous substances that are added to a plastic.

Plasticisers 
Plasticisers improve the flexibility of plastics, 
whilst reducing hardness, viscosity and electrostatic 
charge.10 Examples include phthalates, which are used 
in food packaging, cosmetics and flooring materials, 
and bisphenol A (BPA), found in the lining layer 
of aluminium cans.

Flame retardants 
Flame retardants are used to reduce flammability 
of consumer goods such as electronic devices 
and furniture. Brominated flame retardants (BFRs)11 
are amongst those that have caused the most concern1 

as well as being amongst the most common additives 
recovered from the environment.5 High levels of flame 
retardants along with high levels of dioxins are typically 
detected in black plastic parts of personal electronic 
equipment and black plastic trays.6

Colourants 
Colourants enhance aesthetics and reduce light 
permeability. Different colourants include soluble 
dyes as well as organic and inorganic pigments.12 
Common organic pigments include cobalt(II) diacetate, 
whilst common inorganic pigments include cadmium, 
chromium and lead compounds.12 

Stabilisers  
Stabilisers are used to prolong the useful life 
of plastics by protecting them against various sources 
of structural stress. Stabilisers have many functions: 
they can be antioxidants, heat stabilisers, UV stabilisers 
and biocides amongst others. This large variety 
demonstrates the complexity in categorising additives. 

Lubricants 
Lubricants and slip agents prevent adhesion of plastic 
to processing equipment, improve fluidity and reduce 
surface friction. Groups of chemicals typically used 
as lubricants include waxes, metal soaps and fatty 
acid amides.12

Surfactants  
Surfactants find multiple uses such as wetting or antistatic 
agents and sometimes as dispersion agents in biocides 
or colourants, in which they and their degradation products 
can form a group of highly hazardous substances.8 
One important market application is to prevent static 
electrification of electrical insulators.12
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Box 3. Additive groups that can 
exhibit carcinogenic, mutagenic 
and reprotoxic properties

Different types and functions of chemicals in which 
CMR properties have been observed:12

•	 Organic and inorganic pigments; 

•	 Waxes employed as lubricants such as paraffin, 
carnauba and montan; 

•	 The metal soaps group of lubricants, such as lead 
stearate and zinc stearate;

•	 Slip agents of the fatty acid amides group, 
including erucamide and oleamide.

 

Persistent, bioaccumulative, 
and toxic substances
Persistent, bioaccumulative, toxic substances (PBTs) and very 
persistent, very bioaccumulative (vPvBs) substances do not 
degrade easily in the environment and tend to accumulate 
in fatty tissues in living organisms, and therefore increase 
in concentration up the food chain (Box 4). They have been 
linked to adverse health effects in humans and animals. 
These substances have different patterns of bioaccumulation 
in fish and birds depending on food source. A main concern 
with vBvPs is that even if emissions stopped in the short 
term, their concentration in the environment and in biota 
might not necessarily decrease. In the long term, these 
cumulative effects lead to uncertainty of the predicted 
environmental concentration.15 

Another large group of concern includes chemicals known 
as Persistent Organic Pollutants (POPs), regulated by the 
Stockholm Convention,16 such as many brominated flame 
retardants. Some chemicals are banned but many are still 
to be addressed under the Convention, which requires 
ongoing updates.

Box 4. Additive groups that can 
exhibit persistent, bioaccumulative, 
and toxic properties

Brominated flame retardants 
They are persistent in the environment and 
can stay in the body for several years. A number 
now have restricted uses or are banned, which will 
allow environmental levels to decrease gradually.1

UV stabilisers 
Phenolic benzotriazoles have been characterised 
as persistent, bioaccumulative, and toxic substances 
(PBTs) and as persistent organic pollutants (POPs).12 

Plasticisers  
Some chlorinated paraffins are classified as PBTs, 
but this depends on their carbon chain length.17 
Short chain chlorinated paraffins (10–13 carbon atoms 
in the chain) are widely classified as PBTs, and their 
use is restricted. Medium chain chlorinated paraffins 
(14–17 carbon atoms in the chain) have also been shown 
to be toxic to the environment. They are produced 
in higher quantities, but they are less widely studied 
and their use is not restricted.

Per- and polyfluoroalkyl substances 
Long-chain PFASs have been found to be persistent, 
bioaccumulative and toxic;18 however, not all of them 
have been classified or identified as substances of very 
high concern (SVHCs) in Europe for these properties.19 
Unlike typical POPs, perfluorooctane sulfonate (PFOS) 
and perfluorooctanoic acid (PFOA) do not accumulate 
in fatty tissues but instead bind to proteins and thus 
accumulate mainly in organs such as the liver, kidney, 
brain and spleen.6 In animal studies PFOS has been 
found to cause cancer, neonatal mortality, delays 
in physical development and endocrine disruption.20
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Endocrine disrupting chemicals 
The substances that individually or in mixtures interfere 
with the way the hormonal system influences body processes 
are known as endocrine disrupting chemicals (EDCs) (Box 5). 
Their main impacts include:21

•	 ‘Hormone mimics’ eliciting a response in the body 
that a natural hormone would have induced.

•	 Blocking natural hormones from performing their function.

•	 Increasing or decreasing the levels of hormones 
in the bloodstream by affecting how they are made, 
broken down, or stored in the body.

•	 Changing how sensitive the body is to different hormones.

Because of their ability to disrupt many different hormones 
simultaneously, EDCs have been linked to numerous 
adverse human health outcomes, for example: alterations 
in sperm quality and fertility, abnormalities in sexual organ 
development, endometriosis, early puberty, altered nervous 
system function, altered immune function, certain types 
of cancer, respiratory problems, metabolic disruption, 
diabetes, obesity, cardiovascular problems, abnormal 
growth,  and neurological and learning disabilities.21

Box 5. Additive groups that can exhibit 
endocrine disrupting properties

Plasticisers  
Plasticisers have been found to leach from finished 
products, which can lead to changes in their abundance 
in the human body, increasing the risk of long-term 
health concerns.22 Several phthalates can disrupt 
the endocrine system even at low concentrations.4 
Bisphenol A (BPA) has been reported to have the 
potential to leach from food packaging.8 In humans, 
BPA is linked to, amongst other things, reduced 
egg quality in female patients seeking fertility 
treatment.6 Studies of human exposure to BPA 
and 4-tertiary- octylphenol in the United States 
found a correlation between concentration and 
specific demographic groups. For instance, females 
had statistically higher concentrations than males, 
children had higher concentrations than adolescents, 
adolescents had higher concentrations than 
adults, and the lowest concentrations were found 
in participants from the highest income groups.23

Antioxidants 
The antioxidants butylated hydroxytoluene and butylated 
hydroxyanisole are used extensively in commodity plastics 
such as polyolefins, e.g. polyethylene.24 They have been 
reported to affect the oestrogen hormone system in vitro.25 
The in vivo picture is less clear.26

Biocides 
Biocides have been observed to have multiple effects. 
Two examples from the carbamate group, such as ziram 
and thiram, as well as triclosan, of the phenolic group, 
have been found to pose human and environmental health 
hazards and to show endocrine disrupting properties.8

Brominated flame retardants 
BFRs are officially classified as endocrine disrupting 
chemicals (EDCs) and although they have a low acute 
toxicity, the human health concern is long-term 
interference with the thyroid hormone system because 
of their structural similarity to endogenous hormones. 
They also tend to accumulate in lipid and can be 
found in human breast milk at levels up to 400 times 
higher than in blood.1  Exposure to BFRs is mostly 
through food but also from household dust. 
The highest dietary exposure in the European 
population tends to be from fish.1

UV stabilisers 
Notable examples of UV-stabilisers that have 
been identified as EDCs are benzophenones.12

Per- and polyfluoroalkyl substances  
PFAS, polybrominated diphenyl ethers and 
organophosphate esters are associated with thyroid 
disease, infertility, and impaired development.27

Nonylphenol  
Nonylphenol is used as antioxidant and plasticiser 
and has been found to leach from plastic 
bottles.28 The production and use of nonylphenol 
and its ethoxylates are prohibited in Europe.29
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What we are currently doing wrong

Wrong definitions and reactive approaches
Chemical additives have traditionally not been regulated 
to protect human and environmental health until damage 
has been proven, at which point a new unregulated 
substitute is introduced and the process is repeated.6 

Insufficient data, transparency, and disclosure
Good quality data on chemical inputs, toxicity and 
environmental impacts in different plastic applications 
are scarce and difficult to obtain, due to either the complexity 
of supply chains or to commercial confidentiality.8 
This scarcity makes it difficult to characterise hazard 
levels and exposure profiles, particularly where many

PFOA
Per- and polyfluoroalkyl 
substances, a water repellent 
used in outdoor clothing,
can cause kidney and testicular 
cancer and decreased fertility
in humans.

Bisphenol S, a plasticiser used in shampoo 
bottles, can cause endocrine disruption
via the thyroid, for example causing
obesity in mice.

Dibutyl phthalate, a plasticiser, can cause endocrine disruption
leading to reduced fertility in animals, especially via the male
reproductive system, and at low doses.

BPS

Perfluoroctanoic Acid, a water repellent
used in outdoor clothing, can reduce
sperm count in humans.

THYROID GLAND

ADRENAL GLAND

PANCREAS

KIDNEYS

OVARIES TESTES

PINEAL GLAND

DBP

PFAS

Figure 2. Examples of endocrine disrupting chemicals6,12 and the organs they affect. 
Data sources: PFOA,30 PFAS,31,32 DBT33 and BPS.34
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 plastic products are used simultaneously. The lack 
of data and transparency on plastic packaging is even 
more pronounced in parts of the value chain that include 
components such as adhesives, coatings, and inks, which 
exhibit severe data gaps on their constituent chemicals.8 
At the same time, to enable production of safer plastic 
objects and use of recycled material there is an urgent 
need to base risk assessments on actual data about 
composition of objects rather than estimates.8

Incompletely harmonized toxicological information
Difficulties in tracking toxicological information 
persist despite significant international efforts such 
as the European Classification, Labelling and Packaging 
(CLP) Regulation.35 The CLP is based on the Globally 
Harmonised System of the United Nations36 and it 
aims to ensure a high level of protection of health 
and the environment as well as safe trade of substances.37 
However, CLP hazard classifications are currently 
not available for many chemicals associated with plastic 
packaging, even for substances for which hazards 
have already been characterised.8

Complex regulatory processes
Building regulations that are fit for purpose is still 
a challenge. For example, in the EU alone there 
are approximately 40 legislative instruments 
including the Regulation on Registration, Evaluation, 
Authorisation and Restriction of Chemicals (REACH),38 
the CLP,35 as well as legislation addressing the safety 
of toys, cosmetics, biocides, plant protection products, 
food and carcinogens in the workplace, amongst others.3

After Brexit on 1 January 2021, EU REACH registrations 
held by businesses in Great Britain (but not Northern 
Ireland) were carried across directly into UK REACH.39 
UK- based businesses were required to re-register their 
products with UK REACH during a transitional period. 
The deadlines for providing the required data packages 
have  already been extended by three years. The Health 
and Safety Executive is also consulting on an alternative 
transitional registration model, to reduce the costs 
of supporting UK REACH registrations in addition to EU 
REACH registrations. The Department for Environment, 
Food and Rural Affairs (DEFRA) is coordinating a project 
to improve UK REACH, through a series of stakeholder 
workshops in 2022. This work is running alongside 
the  development of the UK Chemicals Strategy, to be 
published in 2023.40 UK REACH maintains EU REACH’s 
aims  and principles including the ‘no data, no market’ 
principle, the ‘last resort’ principle on animal testing, 
the  principle of access to information for workers, 
and  the  precautionary principle.

A crucial policy gap is that polymers, the building 
blocks of plastics, are not subject to registration under 
REACH.3 In fact, a comprehensive information base on all 
substances in the market is still lacking, which hinders 
the proper management of chemicals and products. For 
example, improving the efficiency of REACH evaluations 
whilst strengthening information requirements on critical 
hazards  at all production levels needs to be part of the 
efforts  to improve environmental and public health.3

Wrong testing 

Isolated substance-by-substance risk assessment
In substance-by-substance risk assessments, 
it is assumed that chemicals are released into a pristine 
environment or organism without any other chemicals 
present.41 This is likely to miss many other intentionally 
or unintentionally added components and their 
interactions.12 Unlike the pharmaceutical industry, 
which is expected to be aware of drug-drug interactions 
in patients, the chemical industry is not expected to be 
aware of interactions between chemicals.41 In some cases, 
the safety of intentional chemical mixtures for particular 
uses (e.g. paint) has been assessed, but the consequences 
of unintentional coincidental exposure to multiple chemicals 
from different sources over time has not been assessed 
(Figure 3).3 In this way, when separately evaluated substances 
coincide in an organism, e.g. in closed environments, 
the combined risk is drastically underestimated.41 

Lack of exposure data and testing
There is very little reliable data on the patterns of use 
of chemicals in the real world, so it is very difficult 
to carry out exposure-based risk assessments, as filling 
the data gaps using a scientific approach is practically 
impossible outside industry.8 Although some industry-
led projects have tried to address the gaps, the ability 
to supplement them with exposure data remains limited. 
Thus, the feasibility of moving beyond more basic hazard 
assessments for large numbers of chemicals is still unclear.8 

Assumed monotonicity of dose response relationships 
Most risk assessments assume that the higher 
the concentration and the exposure, the higher 
the risk of adverse health impacts. One consequence 
of using this toxicology paradigm is that the effects 
of untested chemicals likely to be taken up at low levels 
though the breath or through the skin are considered 
insignificant. However, the dose-response relationships 
of toxic substances are often non-monotonic, i.e., low 
doses can elicit adverse effects that are not observed 
at higher doses.43 This risk assessment strategy therefore 
underestimates the real risk of exposure at low doses.
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Shampoo bottles Takeaway container Bottle top Coated paper Clothing/thread Building insulation foam

PFAS  Micro�bres/Polyester/BzPs PURHDPE/BPSHDPE/BPS Polystyrene/Styrene 

Figure 3. Plastic additives in the environment 
An illustration of some of the most common plastic items identified in the river Thames in London,42 with a selection of typical chemical additives and NIAS which 
may migrate into the environment, and subsequently be incorporated into the human food chain via fish. These include an HDPE bottle for shampoo (contains BPS), 
a polystyrene take-away container (containing the monomer styrene as a NIAS), a bottle top made of high density polyethylene (HDPE, also contains BPS), take-away 
food boxes and wrappings in coated paper (contains PFAS), polyester microfibres (containing benzophenones (BzPs) as UV stabilisers), and fragments of building 
insulation foam made of polyurethane (PUR) and containing the latest flame retardants. 
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Substituting one harmful chemical with another 
The main cause for regrettable substitutions44 is where 
the banned substance and its replacement have similar 
structure and therefore comparable endocrine disrupting 
properties (Box 6 and Figure 4).8

How can we make additives safer?

The need for action and coordination
The case for action on chemical additives 
is clear, because under current manufacturing 
and recycling regulations, undesirable combinations 
of chemicals still occur in personal use products. 
This is due to a lack of concerted action.8 
It is no longer viable to work with non-harmonised 
classifications. New processes are needed 
to streamline the registration under UK REACH 
of chemicals that have a recommended classification 
under another internationally reputable register. 

Build on international regulation
Internationally recognised sources that classify chemicals 
as EDC, PBT (or vPvB) and CMR substances that have been 
or are used as additives include:

•	 the CLP35 by the European Chemicals Agency;

•	 the Danish voluntary CLP classifications50 by the Danish 
Environmental Protection Agency based on in silico models;

•	 International Panel on Chemical Pollution of the United 
Nations Environment Programme.47

Build on three relevant international conventions
There are three global chemicals and waste conventions 
that aim to help in identifying, substituting and managing 
toxic additives. They are also relevant for international efforts 
to address marine plastic litter, pollution by microplastics 
and the management of plastic wastes. The conventions are:6

•	 the Basel Convention on the Control of Transboundary 
Movements of Hazardous Wastes and their Disposal,51

•	 the Rotterdam Convention on the Prior Informed 
Consent Procedure for Certain Hazardous Chemicals 
and Pesticides in International Trade,52

•	 the Stockholm Convention on Persistent 
Organic Pollutants.16

Box 6. Key examples of regrettable 
substitutions associated with 
plastic packaging

Bisphenols8 
Bisphenol A (BPA) is widely used in some polycarbonate 
plastics and epoxy coatings and has been classified as 
an EDC under REACH, in addition to several pre-existing 
harmonised CLP classifications as a human health 
hazard.8 Chemicals such as bisphenol S (BPS) 
and bisphenol F (BPF) have been used as alternatives, 
although their endocrine activities are, predictably, 
very similar to those of BPA.45 The safety of these 
substitutions is highly questionable and may represent 
a health threat.46 The UN Environment Programme47 
recognised BPS and BPF as EDCs or potential EDCs 
but the equivalent classifications under REACH 
seem to be lagging.8 A similar situation applies 
to the ortho- phthalate group, as some phthalates 
are classified as EDCs within REACH, while others, 
some of which were recognised by UNEP, are not.

Per- and polyfluoroalkyl substances18 
GenX, a perfluoroether, has been available as a PFAS  
substitute since 2012, however, there are concerns about 
its persistence, accumulation potential and toxicity.48 
Under environmentally relevant conditions, perfluoroether 
chains were found to be as resistant to abiotic and biotic 
degradation as perfluoroalkyl chains, suggesting that 
GenX is as persistent as perfluorooctanoic acid (PFOA).49 
Surface-water influenced groundwater intake points within 
25 km from a fluoropolymer manufacturing plant showed 
similar levels of GenX and PFOA in all samples.48

Brominated flame retardants  
BFRs are being replaced with retardants containing 
chlorines, which are bio-accumulative, persistent 
and likely to be found in the environment 
throughout the 21st century.1
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   Bisphenol A

     
   Bisphenol F

The story 
behind 
bisphenols

     
  Bisphenol S

BPA FREE

BPA BPA BPA

Figure 4. A key regrettable substitution: bisphenols (Box 6) 
BPA and its replacements BPS and BPF have very similar chemical structures, and similar metabolism, potency and mechanisms of action, though much less 
data is available on the behaviour of BPS and BPF compared to BPA.45 Regulation of additives by structural group would avoid replacing a chemical classified 
as a human health hazard with others likely to have similar health impacts but for which this data is not yet available.
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What does policy need to do?

Improve risk assessments
To enable better use of plastic, we need to better understand 
the toxicity of what it contains and how it can affect human 
and environmental health. To identify and certify what 
is safe, the causes, mechanisms and pathways of toxicity 
that start with the use of additives must be understood. 
This requires transparency about what individual products 
contain, improving assessments of the toxicity of mixtures, 
and considering non-monotonic dose responses. 

Improve transparency 
Avoiding the use of toxic chemicals requires the availability 
of information on the composition of plastic objects, which 
is a challenge due to the complexity of global supply chains. 
Product manufacturers, consumers and recyclers have 
the right to make informed decisions and provide market 
demand for safe alternatives. Despite the urgency for this 
transparency, when unable to demonstrate a commercial 
interest, the research community has previously encountered 
difficulties in accessing industrial information.8 In future, 
disclosure and labelling schemes of plastic objects should 
include more information on the additives they contain.6

Improve assessments of mixture toxicity 
New techniques to analyse mixtures help to evaluate the 
effects of unknown NIAS and account for mixture toxicity. 
Thus, the overall quantity of substances migrating from 
a given packaging object can be tested for multiple 
types of toxicity using, e.g. in vitro systems.53 Improving 
understanding of mixture toxicity also requires more 
widespread assessments of mixtures in recycled materials, 
particularly those in food contact applications.54 In fact, 
because of international recognition of mixture toxicity 
there are now attempts to include it in legislation fields 
such as food additives, toys, food contact material, 
detergents and cosmetics.3

Address non-monotonic dose responses
It is worth highlighting two recent changes in approach 
to address non-monotonic dose-response relationships. 
First, the U.S. National Research Council55 proposes 
to use, as far as feasible, evidence tables and graphics 
with consistent units and scales providing more context 
for exposure ranges. Second, the Danish Centre on Endocrine 
Disruptors advocates using a non-threshold approach 
as the default in assessing the toxicity risk of EDCs, 
unless strong evidence for a threshold is available.50

Improve the toxicity knowledge base

Expand mapping by the European Chemicals Agency
The European Chemicals Agency’s (ECHA) mapping 
of additives already includes substances registered 
under REACH of which more than 100 tonnes per year 
are produced or imported.56 This helps companies 
prioritise instances where safe-use information along 
the supply chain should be improved.56 Innovation 
and safe substitution can be improved internationally 
by replicating the goals of the ECHA mapping such as: 
monitoring the improvement in quality of registrations 
of safe additives, and implementing guidance 
for businesses on how to characterise the uses 
of additives in plastics.

Enhance biomonitoring 
The analysis of blood, urine and hair samples of volunteers, 
i.e. biomonitoring, is a recognised tool in identifying what 
chemicals people are actually exposed to. This helps 
to estimate risks from coincidental chemical mixtures 
by monitoring the levels of toxic compounds in volunteers’ 
bodies over time.41 Biomonitoring is crucial to better 
understand of exposure levels on a population scale, 
which hinges on the ability to monitor large numbers 
of volunteers (Box 7). Therefore, it is important to 
support UK and international human and environmental 
biomonitoring capacities, complementing ecosystem 
monitoring initiatives similar to what is foreseen 
in the European Chemicals Strategy.3

Box 7. Progress in biomonitoring

In 2019, biomonitoring helped inform the reduction 
of acceptable exposure thresholds of four phthalate 
compounds (butyl benzyl phthalate, di(2-ethylhexyl) 
phthalate, dibutyl phthalate and diisobutyl phthalate), 
which are found in products such as floorings, 
mattresses and footwear, and are known to impair 
male sexual development and fertility.41 Examples 
of biomonitoring good practice include the US 
programme started in the 1960s, the programme 
in Germany started in the 1980s, and more recently 
the European Human Biomonitoring Initiative 
or HBM4EU.41,57
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Regulate by group 
Myriad administrative and public health costs arise 
when a chemical is phased out after years of research 
and negotiation, only to be replaced by others which 
turn out to exhibit similar toxic properties. Managing 
substances by structural group can be more efficient 
because of the large number of chemicals in use and 
the effort that fully characterising their individual 
environmental and human health impacts would entail.

Acknowledging that it is not practicable to assess 
an overwhelming number of possible mixtures and 
that their effects need to be integrated into risk assessments, 
a generic approach to risk management (GARM) can be 
beneficial.3 An example of this is the European Roadmap 
(Box 8). GARM offers a simpler preventive approach that 
sends clear signals to enforcement authorities, industry 
and downstream users on the types of substances where 

innovation should be prioritised. In the European context, 
GARM automatically triggers pre-determined measures 
including restrictions and bans based on hazardous 
properties of a chemical and generic considerations of 
its exposure such as use in products for children. Increasing 
evidence combined with public concern indicate that GARM 
should become the default option for the most harmful 
chemicals, particularly in consumer products.

To manage chemicals by group, the Health and Safety 
Executive of the UK should also exploit substance registration 
data to enable grouping by chemical structure. This function 
is essential to facilitate substitution of chemicals of concern 
and help prevent regrettable substitutions.59 

The HSE could disseminate information on substance 
groups identified under a suitable screening process to 
help downstream users who are considering substituting 
hazardous substances, materials or products.

Promote non-toxic chemicals 
in production systems
For cleaner production and recycling of plastics 
to become realistic, policies are needed to improve 
the quality of the first-time production of goods, 
as all materials containing toxic substances 
in a recycling stream undermine the quality 
and safety of the recyclate.54 Therefore, separate 
targets are required for production/recovery streams 
without toxic components, in addition to streams 
that are likely to be contaminated with toxic chemicals. 

Extended producer responsibility
In a growing number of countries, it is unacceptable 
to argue that producers have no responsibility for the 
safety and recoverability of products. Several governments 
recognise the benefit of placing responsibility for post-
consumer goods on producers.60 Producers can manage 
the hazardous materials they put on the market using 
extended producer responsibility (EPR) schemes, that 
require them to establish collection systems for their own 
waste to fulfil take-back mandates and achieve recycling 
targets. Usually, a fee-charging producer responsibility 
organisation (PRO) operates the scheme nationally on behalf 
of producers. Better use of EPR can prevent unintended shifts 
to unrecyclable materials when combined with landfill tax 
and tipping fees, incineration gate fees, taxes on unrecycled 
material, on virgin plastic resin, on single-use plastics, 
and subsidy reductions for oil and gas.61 However, a condition 
for best results is to measure success not only by quantity 
but also by the quality of recovered material.

Box 8. European Roadmap to assess 
and restrict harmful chemicals by group

The European Commission has stated that it will 
prioritise harmful substances for restrictions for all 
uses through grouping, instead of one by one, which 
helps address the associated challenges of mixture 
toxicity and regrettable substitutions.3 The ‘restrictions 
roadmap’ outlines the phase-out of a broad range of 
harmful chemicals by 2030. It includes a ‘rolling list’ 
of restrictions that have been planned for the most 
harmful substance groups that meet the criteria 
for CMRs, PBTs, vPvBs, EDCs and immunotoxicants. 
One of the aims is to allow industry and other 
stakeholders to be better prepared for potential 
upcoming restrictions.

This approach has the potential to improve 
the safety of most manufactured products and 
lower the chemical intensity of closed spaces such 
as schools, homes and workplaces. The roadmap 
arises in a context where international regulatory 
agencies are increasingly applying grouping 
approaches to hazard and risk assessments for, e.g. 
pesticides and food flavourings, and are planning 
to apply them to more chemicals in the future.8 
The broader scope within the roadmap could lead 
to 7,000 chemicals being banned by 2030 and should 
help phase out the practice of tweaking chemical 
formulations slightly to circumvent restrictions.58
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Support for innovation 
in materials and technology 
There is a pressing need for UK and international governments 
to develop safer materials that displace those with hazardous 
additives or recycled plastic with unidentified toxic mixtures. 
Additional non-toxic alternatives should be developed 
as in the example of the ongoing work on alternatives 
for short-chain chlorinated paraffins and decabromodiphenyl 
ether within the Stockholm Convention.6

Finding chemical and functional alternatives
‘Functional substitution’ removes the focus on properties 
and focuses on the technical functions of the substance, 
making substitution an innovative activity that 

creates commercial and environmental benefits. 
Introducing non- hazardous substances whilst preserving 
functionality requires procedural or organisational 
changes. Whenever no viable safer alternatives are known, 
connecting value chain stakeholders with scientists can 
help transition to safer chemicals, for example through 
supply chain workshops involving international authorities, 
industry associations, and NGOs working on substitution. 
It is worth remembering that although they have less technical 
knowledge on substances, downstream users can specify 
and demand safer alternatives from their suppliers. 
Some examples are listed in Box 9.

Box 9. Examples of mechanisms 
for promoting functional 
substitution of chemicals

The “Substitute it now!” list  
Substituting chemicals safely entails identifying 
hazardous chemicals as well as structurally similar 
chemicals with likely similar toxicity. The regularly updated 
SIN (Substitute It Now!) List indicates chemicals that 
should be phased out immediately. These are hazardous 
chemicals, used in a wide variety of objects and products, 
which have been evaluated by the International Chemical 
Secretariat, ChemSec, as meeting criteria for SVHCs under 
the REACH definitions.62

TCO Certified 
Hazardous substances in phones, computers and other 
information and communications technology products 
are a risk to human health. The TCO certification standard 
was created to guarantee that ICT products purchased 
by employers met environmental standards and were 
sufficiently ergonomic. TCO Certified works on the principle 
that simply banning substances is not enough and better 
information about substitutes is required, assuming 
that a chemical is considered a high risk until it is proven 

not to be. TCO provides a list of accepted substances 
and guidance to achieve certification.63

The Marketplace platform 
Marketplace is a platform where suppliers and buyers can 
offer and find safer alternatives to hazardous chemicals 
as an important first step in the substitution process. 
It can help businesses ensure future REACH compliance 
by facilitating advertisements of safer alternatives.64

OECD QSAR Toolbox 
The OECD QSAR Toolbox is software designed to fill gaps 
in human and environmental toxicity data needed for 
assessing the hazards of chemicals. It includes a logical 
workflow that groups chemicals into categories to allow 
users to develop new products and chemicals whilst 
avoiding regrettable substitution.59 The main functions 
of the Toolbox are:65 

•	 To identify relevant structural characteristics 
or mode of action of a target chemical,

•	 To identify chemicals that have the same 
structural characteristics and/or mode of action, 

•	 To use existing experimental data to fill the data gaps.
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Options for action by stakeholders

System realignment 
Industrial stakeholders with a conventional business model 
and public health responsibilities that stop at the factory 
gate often regard waste management, and more recently 
recycling, as the solution to plastic pollution. Although 
end-of-life interventions help to contain some waste 
leakage internationally, they do not help to reduce the 
surplus of plastic beyond the essential and do not reduce 
the release and intake of toxic additives. Unless the framing 
of responsibility for industrial stakeholders changes, 
the incentive for systems to realign will remain limited. 
 
Standards 
Guidance through standards created in collaboration 
between industry, government, international organisations 
and civil society has already led to effective substitutions. 
For instance, building renovations using safer materials have 
reduced concentrations of PFAS, polybrominated diphenyl 
ethers, and organophosphate esters in dust from offices 
compared to spaces without interventions.27 It is essential 
to ensure that international scientific data becomes easily 
accessible for safety assessments and to inform regulation. 
Several options within the Basel, Rotterdam and Stockholm 
Conventions are ideal to promote the sound management 
and safe removal of chemicals, and can create enough 
demand to make safer materials competitive.

New business models to reduce plastic waste
There remains a great need for work on development 
and implementation of techniques to mainstream new 
commercial models. All of them can support the material 
value preservation required for improved human 
and environmental health. Examples include:

•	 Product-service systems, whereby embedded material 
is not traded but only the functionality, incentivising 
high-quality durable materials in many reuse modalities,

•	 Remanufacturing through company take-back programmes,

•	 Right-to-repair regulations, where options for repair 
of customer-owned items are available,

•	 Discouraging built-in obsolescence through positive 
incentives or penalising measures.

Disclosure of materials and chemicals
Commercial confidentiality and the difficulty in tracking 
materials several stages upstream are the two main 
hurdles to achieving disclosure and transparency about 
additive content in any given plastic-containing product. 
At the same time, knowing the critical properties 
of substances is essential for chemical companies 
to understand the long-term viability of their portfolio, 
as investors start to include sustainable chemistry 
in their risk assessment. In addition, this knowledge 
will help companies integrate substitution in future 
operations. In the long run, increased chemical 
disclosure can help UK and international businesses 
remain competitive and at the forefront of technological 
developments. To address confidentiality, a demand- led 
approach is needed, where customers expect more 
information, and brand owners gradually disclose 
and require compliance from their suppliers until 
value chains are significantly covered (Box 10). 

Box 10. Apple’s Full Material 
Disclosure programme

Apple started the Full Material Disclosure programme 
in 2015, where it shares the chemical composition of 
components used in its electronics.66 Such initiatives 
demonstrate that additional companies in other sectors 
can follow Apple’s example. The company has gradually 
replaced phthalates that were used in power cords 
and headphone cables before 2013 with alternatives 
such as thermoplastic elastomers. It claims its current 
products are free of PVC and phthalates, except those 
manufactured in South Korea and India where it is 
seeking government approval for replacements.67
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Conclusion

The leakage of plastic additives into the environment 
and subsequent uptake by organisms is a serious problem, 
and yet plastics are an essential component of 21st century 
lives across the world. To enable better use and reuse 
of plastic, we need to better understand the toxicity of what 
it contains and how it can affect human and environmental 
health. UK and international human and environmental 
biomonitoring initiatives are an important step towards this.

Delivering new, safe alternatives to existing additives 
requires improved material design, advances in toxicology, 
new business models, and the better use of international 
conventions and similar policy instruments. Ideally, 
these should create a transparent market for substances, 
materials and products for a better environment. 

Analysis and management of substances by group, 
as proposed in the EU, will be a cornerstone in the effort 
to prevent regrettable substitutions and to lighten the 
burden of managing the toxicity of chemical mixtures.

The need for a transdisciplinary approach
The molecular science and engineering approach 
is central to reducing harm from toxic additives 
in plastics. It is needed to:

•	 develop new molecules to deliver properties such as 
UV- light resistance, flame retarding properties, and colour, 
but without the toxic hazards of existing additives,

•	 develop and improve methods to monitor the presence 
of additive molecules and their derivatives in the 
environment and in organisms. These technologies 
should be capable of identifying very low threshold 
concentrations and be non- or minimally invasive.

•	 develop and improve methods to measure 
or model the interaction of potential toxicants 
in real world situations, 

•	 develop new processes to reduce leakage of additives 
into the environment, for example by improving plastic 
manufacturing and recycling.

Acronyms

BPA Bisphenol A

BPF Bisphenol F

BPS Bisphenol S

BFRs Brominated flame retardants

CMR Carcinogenic, 
mutagenic and reprotoxic

CLP Classification, Labelling 
and Packaging Regulation

EDC Endocrine disrupting chemicals

EPR Extended producer responsibility

GARM Generic approach 
to risk management

NIAS Non-intentionally 
added substances

PFAS Per- and 
polyfluoroalkyl substances

PFOS Perfluorooctane sulfonate

PFOA Perfluorooctanoic acid

POPs Persistent Organic Pollutant

PBT Persistent, 
bioaccumulative, and toxic

PRO Producer 
responsibility organisation

REACH Registration, Evaluation, 
Authorisation and Restriction 
of Chemicals Regulation

SVHCs Substances of very high concern

vPvB Very persistent, 
very bioaccumulative

Ack
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