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A B S T R A C T

As we approach a century since their discovery, per- and polyfluoroalkyl substances (PFAS) have become integral 
in various applications, from medical devices and electronics to home and personal care products, due to their 
unique properties. However, PFAS are now recognised for their persistence, bioaccumulation, toxicity, and 
mobility (PBTM), posing significant risks to human health, and the environment. Regulating complex chemicals 
has historically been challenging, which is exemplified with the case of PFAS and the regrettable substitutions of 
one PFAS with another. As a response to changing regulations, the chemical industry has introduced a plethora of 
replacement substances, often with shorter chains, which are still persistent and mobile. We highlight the in
adequacies in regulatory responses to global spread of PFAS, revealing an unintentional role that the approach to 
chemical management can create in regrettable substitution. To improve chemical regulation, we propose 
evaluating substances prior to issuance of registration numbers, comprehensive evaluation of policy impacts, 
such as the universal PFAS restriction, the need to harmonise the fragmented regulatory frameworks and 
encourage integration and communication both nationally and globally.

1. Background

Per- and polyfluoroalkyl substances (PFAS) were first discovered in 
the 1930s, and are synthetic chemicals known for their multiple carbon- 
fluorine bonds. They have been manufactured at scale since the 1940s 
(Buck et al., 2011; Environment Agency, 2021; Interstate Technology 
and Regulatory Council ITRC, 2020; Kissa, 2001; Wang et al., 2017) due 
to their unique surface-active properties, which has led to their wide
spread use since the 1950s (Brase et al., 2021; Brendel et al., 2018; 
Gaber et al., 2023; Gaines, 2023). Figs. 1 and 2 provide a brief synopsis 
of the PFAS timeline covering industry and regulatory activities in de
cades, the supplementary information (PFAS Timeline) contains chro
nological information on PFAS timeline highlighting key events and 
activities from various stakeholders. Their widespread use is due to their 
carbon-fluorine (C-F) bond which impacts stability and persistence, 
while their hydrophobic chain and hydrophilic head provide water, oil, 
and dirt repellency, temperature resistance, and friction reduction 
(Environment Agency, 2021; Gaber et al., 2023; Gaines, 2023; Lemal, 

2004; O’Hagan, 2008; Wang et al., 2017).
These special dual water and oil repelling properties means PFAS has 

widely been used in industrial and consumer applications, including 
firefighting foam (aqueous film forming foams, AFFF), textiles, leather, 
household goods, and many others (Birnbaum and Grandjean, 2015; 
Brase et al., 2021; Gaines, 2023; Glüge et al., 2020; Joerss and Menger, 
2023; KEMI, 2023). Some PFAS uses may be considered essential for 
health, safety, and societal functioning (e.g., medical devices), but 
others are not e.g., use in products like textiles and cosmetics (Cousins 
et al., 2019b). The (very) persistence and resistance to degradation in 
the environment and/or biota of the vast majority of PFAS have earned 
them the name “forever chemicals” (Allen, 2008; Brase et al., 2021; 
Cousins et al., 2020; Environment Agency, 2021; Glüge et al., 2020; 
Joerss and Menger, 2023) and also becomes the basis for using persis
tence alone as basis for chemical management (Cousins et al., 2019a; 
2020).

Until around 2000, the chemical industry incorrectly assumed that 
PFAS were inert and biologically unreactive, similar to the assumption 
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for polytetrafluoroethylene (PTFE, in Teflon) (Tepper, 1962). However, 
evidence from industry data suggests as early as the 1960s that PFAS 
may pose risks to humans and the environment (Gaber et al., 2023; 
Richter et al., 2021). Over the last thirty years, mounting evidence has 
linked PFAS with impacts on the environment and human health (Brase 
et al., 2021; Brendel et al., 2018; Brennan et al., 2021; Buck et al., 2011; 
Cousins et al., 2020; Glüge et al., 2020; Joerss and Menger, 2023; Munoz 
et al., 2019; Wei et al., 2018). The two most widely studied PFAS are 
long-chain perfluoroalkyl carboxylic acids, also known as C8, (per
fluorooctanoic acid (PFOA)), and long-chain perfluoroalkyl sulfonic 
acids, (perfluorosulfonic acid (PFOS)) (Wang et al., 2017). These legacy 
PFAS (Brase et al., 2021; Zhang et al., 2024), were primarily produced 
by 3 M and DuPont. Due to their significant human health and envi
ronmental effects, PFOA and PFOS are subject to regulatory controls and 
listed under Annex A and B of the Stockholm Convention on Persistent 
Organic Pollutants (POPs), respectively (UNEP, n.d.).

1.1. PFAS properties and impact

The properties of PFAS vary widely based on their chemical struc
ture, chain length and functional groups. PFOA and PFOS, for instance, 
are highly persistent, bioaccumulative, toxic and mobile (PBTM). Many 
PFAS have been reported in remote locations far from their point of use 
or manufacture while others are not (Brendel et al., 2018; Buck et al., 
2011; Cousins et al., 2020; Gaber et al., 2023; Jones., 2021; Jones and de 
Voogt., 1999; Sweetman., 2020). In the environment, some PFAS like 
perfluorobutanesulfonic acid, (PFBS), and perfluorohexanoic acid, 
(PFHxA) are mobile (Arp et al., 2017; Arp and Hale, 2022; Brendel et al., 
2018). Others, such as PFOA are bioaccumulative while some, like 
perfluorobutane sulfonate (PFBS) have lower bioaccumulation potential 
(Cousins et al., 2020; Groffen et al., 2025). PFAS have been detected in 
various environmental matrices including water, soil, and in human 
serum (Brase et al., 2021; Calafat et al., 2007; Joerss and Menger., 
2023). Exposure to PFOA and PFOS persists despite production and use 
being phased out (Gaber et al., 2023), although their concentrations are 
decreasing (ATSDR., 2021). Direct exposures to specific PFAS are linked 
to a range of adverse health effects, including immune system damage, 

liver issues, thyroid disruption, and low birth weight amidst widespread 
environmental contamination especially drinking water (Blake and 
Fenton., 2020; Brendel et al., 2018; Calafat et al., 2007; Gaber et al., 
2023; Gebbink and van Leeuwen., 2020; Lohmann et al., 2020; Wee and 
Aris., 2023). PFAS are identified as one of the eight issues of concern 
under the Strategic Approach to International Chemicals Management 
(SAICM), alongside chemicals in products (CiP), endocrine disrupting 
chemicals (EDCs), environmentally persistent pharmaceutical pollutants 
(EPPPs), highly hazardous pesticides (HHPs), lead in paint, nanotech
nology and manufactured nanomaterials (Nanomaterials) (UNEP., 
2020).

1.2. Regulatory scrutiny and alternatives development

Due to increased regulatory scrutiny of PFAS in the late 1990s and 
early 2000s, many shorter-chain alternatives were developed. Countries 
and regions including Australia, Canada, European Union (EU) and the 
United States (U.S.) heightened their regulations on PFAS due to con
cerns over their adverse effects on humans and the environment (Brase 
et al., 2021; T. Wang et al., 2009).

In 2000, the announcement by 3 M, a major PFOS manufacturer to 
voluntarily phase-out PFOS production by the end of 2002 (U.S. EPA, 
2000) and the PFOA Voluntary Stewardship Program between U.S. EPA 
and eight U.S. manufacturers at the end of 2015 (U.S. EPA, 2023b) led to 
the introduction of plethora of alternatives to PFOA and PFOS including 
shorter chain PFAS. Although many of these alternatives have subse
quently been shown to have similar properties, including persistence, 
mobility, and long-range transport potential, despite a reduced potential 
to bioaccumulate and lower toxicity than PFOA and PFOS (Brendel 
et al., 2018; Renner, 2006; U.S. EPA, 2024). The performance of these 
alternatives often requires larger quantities to be used in products to 
ensure similar levels of functionality, as the C8 chain length is optimal 
for surface activity (Poulsen et al., 2005; Renner, 2006). Although 
thousands of PFAS are identified, data for assessing their hazards and 
risks are available for only a few, like PFOA and PFOS, the major legacy 
PFAS (Blake and Fenton, 2020; Cousins et al., 2020; Gaber et al., 2023). 
Hence, current understanding of toxicity and other hazards of PFAS are 

Fig. 1. Synopsis of PFAS timeline in decades – Industry activities.
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limited (Cousins et al., 2020). PFAS such as perfluorohexane sulfonic 
acid (PFHxS), PFBS and ammonium salt of hexafluoropropylene oxide 
dimer acid (HFPO-DA, trademark as GenX) are now gaining attention 
and focus from regulatory agencies. The persistent nature of PFAS en
sures their continued presence in the environment long after production 
and use restrictions or bans. In the U.S., regulation targets specific PFAS 
compounds like PFOA and PFOS, whereas the EU has suggested a group 
approach (Bock and Laird, 2022). As part of the Chemicals Strategy for 
Sustainability (CSS), the EU developed a PFAS action plan to eliminate 
all non-essential uses of PFAS, resulting in the publication of a universal 
proposal to restrict or ban about 10,000 PFAS by the European Chemical 
Agency (ECHA) in February 2023 (Bock and Laird, 2022; European 
Commission, 2020a; ECHA, 2023). After reviewing over 5600 stake
holder comments from the 2023 consultation by the dossier submitters, 
ECHA published an updated PFAS restriction proposal in August 2025 
that, alongside a full ban, considers alternatives options such as 
continued use under risk-controlled conditions, time-limited deroga
tions for specific applications, and other risk-reduction measures (ECHA, 
2025).

The work of Gaber et al., (2023) highlights the role and actions of the 
chemical industry in contributing to global spread of PFAS. Similarly, 
Richter et al., (2021) highlighted systematic gaps in knowledge within 
U.S. chemical regulation by analysing the regulatory pathway under the 
Toxic Substances Control Act (TSCA). They used PFAS as a case study to 
demonstrate how both knowledge and ignorance are produced within 
this framework. This article examines the role of chemical regulation in 
the widespread prevalence of substances with adverse health effects, 
using PFAS as a case study. By focusing on the Registration, Evaluation, 
Authorisation and Restrictions of Chemicals (REACH) regulation, we 
suggest ways to better protect humans and the environment from sub
stances of concern. The ubiquitous nature of PFAS in the environment 
and human results from both chemical industry (in)actions and regu
latory frameworks intended to protect against them. Learning from past 
mistakes is crucial in the drive towards a zero-pollution ambition from 
substances of concern. We examined these points as two sides of the 
same coin, highlighting the interplay between regulatory (in) 

effectiveness and chemical industry (in)actions that have led to wide
spread PFAS exposure. The lapses in regulatory policies and subsequent 
chemical industry practices regarding PFAS are discussed in the 
following sections.

2. Chemical regulation and unintentional consequences of 
regulation

Across many jurisdictions, chemical regulations are developed and 
implemented to ensure a high level of protection of human health and 
the environment from the impacts of substances with adverse health 
effects. Making informed decisions on the potential risks to human 
health and the environment from these chemicals requires data avail
ability, adequate and effective scientific evaluation, interaction and 
know-how. The supplementary information (Regulatory history) pro
vides brief information on the background to U.S. TSCA and EU chem
ical regulations. The implementation of adequate risk management 
measures requires a generation of information on hazards, exposure 
including uses and lifecycles. Tools such as the globally harmonised 
system of classification and labelling (GHS) are developed and imple
mented in many jurisdictions to communicate information on hazards 
across the supply chain, to consumers and for regulatory decisions. 
Various chemical regulations have been implemented locally, nationally 
and globally to address the impact of chemicals of concerns. For 
example, the U.S. TSCA, EU/UK REACH and Stockholm Convention as a 
global treaty on Persistent Organic Pollutants (POPs).

In the U.S. and the EU/UK for example, the TSCA and REACH reg
ulations are to address the risks from chemicals of concerns and manage 
their safe use. But history suggests both the TSCA and REACH regula
tions have unwittingly contributed to continuous environmental and 
human exposure to substances of concerns as the proliferation of PFAS 
suggest. Under the REACH Regulation, Substances of Very High Concern 
(SVHC) are those that meet the criteria of REACH Article 57, which aims 
to target substances with hazardous properties that could cause severe 
and often irreversible damage to human health or the environment, 
including carcinogenicity, mutagenicity, toxic for reproduction, 

Fig. 2. Synopsis of PFAS timeline in decades – Regulatory activities.
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persistence and bioaccumulation with the identified substances priori
tised for inclusion on the EU/UK SVHC Candidate List based on their use 
patterns, inherent hazard properties and market volume.

As a result of the implementation of the REACH Regulation, 
improved protection of workers, consumers and the environment from 
harmful chemicals are reported including advancing the operation of the 
internal market (ECHA., 2021). It can however be argued that the way 
that the policies are developed, written and implemented can uninten
tionally contribute to the continued exposure and ubiquity of PFAS. In 
essence, chemical regulations have fallen short to adequately safeguard 
against PFAS risks, revealing systemic flaws in chemical management 
frameworks, for instance while the first restrictions on PFOS were 
implemented in the EU in 2006, the risks associated with the wider 
family of PFAS required follow-up work on a substance by substance 
basis, before the universal PFAS restriction proposal (Annex XV dossier) 
published in 2023, nearly two decades later, see Fig. 2. The environ
mental ubiquity of PFAS is both a factor of oversights (systematic 
weaknesses/failures preventing from ensuring safe production and use) 
from the chemical industry and that of the regulatory frameworks set up 
to protect human health and the environment from the impact of them. 
The failures of chemical regulations using PFAS as an example are dis
cussed under the following headings.

2.1. The chemical regulation ‘arms race’

History and current experience suggest that continuous and intense 
efforts by regulatory bodies are required to keep pace with the vast 
number of chemicals on (and entering) the market creating a cycle 
where regulators strive to mitigate risks through legislation while the 
industry innovates within these constraints. This often leads to gaps in 
regulatory systems and ongoing challenges in ensuring environmental 
and human health safety leading to what can be termed a ‘regulation 
arms race’.

The United States Environmental Protection Agency (EPA) was 
established in 1970, decades after PFAS discovery and use. In 1976, the 
TSCA came into force due to increasing concerns about the risks of 
chemicals to human health and the environment. Existing regulations at 
the time were considered inadequate, and TSCA aimed to address these 
shortcomings (Markell., 2010). The EPA’s administrator, Russell Train, 
declared TSCA "one of the most important pieces of ’preventive medi
cine’ legislation" and that “the legislation represents a major step toward 
an increasingly effective preventive approach toward the ’environ
mental disease’ that has been called the ’disease of the century’” (U.S. 
EPA., 1976). TSCA was anticipated as a toolbox that the EPA would use 
to address the risks associated with chemicals (Markell., 2010). Despite 
its ambitions, TSCA faced challenges, like managing the vast number of 
existing chemicals and assessing their toxicity, which hampered its 
effectiveness. The regulation was therefore widely considered ineffec
tive in identifying, managing their risks, and encouraging the develop
ment of safer alternatives (Allen., 2013; Applegate., 2008).

For decades, chemical regulation has lagged behind chemical pro
duction, use and innovation, increasing the exposure burden under the 
weight and number of chemicals it is required to manage. For this 
reason, it always appears that chemical regulation is always playing 
catch-up and preoccupied with intervention (which was one of the 
drivers for creation of the REACH Regulation in the EU in the first place) 
(European Commission., 2001). However, the preventive impact of 
intervention is highly dependent on the timing of its application. 
Harremoës et al., (2013) collects fourteen historical case studies of 
chemicals with well-known hazards to workers, public and the envi
ronment to describe how well governments and civil societies dealt with 
their impacts. The authors show that early, credible indications of harm 
were ignored, suppressed, or inadequately acted upon, with time lags 
between first warning signs and effective policy/regulatory response 
were often decades (30–100 years in many instances) (Gee., 2005).

As mentioned, PFAS was discovered in the 1940s and in use 

commercially since the 1950s, but significant regulatory attention only 
began in the late 1990s. In 1998, 3 M, prompted by overwhelming ev
idence of the wide presence in humans of PFOS at low levels and pres
sure from one of their own ecotoxicologists, notified the EPA about PFOS 
contamination in blood and its presence in environmental samples. In 
1999, the EPA entered into a comprehensive audit agreement under the 
Self Disclosure Policy of TSCA with 3 M between April 1999 and April 
2000. In 2001, following litigation against DuPont by the local farmer 
and complainant Wilbur Tennant, Tennant’s Attorney Robert Billot sent 
a 972-page document to the EPA and all relevant regulatory authorities 
requesting immediate action to regulate PFOA, while the U.S EPA 
perform a priority review of PFOA in 2002; it was not until 2005–2006 
that the U.S EPA fined both 3 M and Dupont and also announced the 
voluntary PFOA Stewardship program, see Fig. 2.

For existing chemicals under TSCA, manufacturers are required to 
obtain and report data on risk, manufacture, and processing, adverse 
health effects including published and unpublished health, and safety 
studies and ‘substantial risks’ to the EPA (Applegate., 2008). However, 
3 M and DuPont did not fulfil these requirements until PFAS had become 
ubiquitous in the environment. In 2006, a settlement agreement of $1.5 
million was reached between the EPA and 3 M for these violations (U.S. 
EPA., 2006). The agreement between the EPA and 3 M states that “3 M 
neither admits nor denies that reporting and mitigation by 3 M… 
constitute a violation of TSCA but nonetheless agrees to pay a civil 
penalty…” (3M., 2001; U.S. EPA., 1999, 2001, 2006). Similarly, in 2004 
enforcement action was taken against DuPont by the EPA for violation 
relating to PFOA under TSCA (Section 4e) and Resource Conservation 
and Recovery Act (RCRA) due to multiple failures to report information 
about substantial risk of injury to human health or the environment 
between June 1981 and March 2001. This resulted in DuPont being 
fined $10.25 million in addition to $6.2 million for two supplementary 
environmental projects (SEPs), the largest civil penalty ever obtained by 
the EPA (Bergman., 2004; Gaber et al., 2023; U.S. EPA., 2023d). 
Following the 2016 TSCA amendment (Frank Lautenberg Act), since 
2021, the U.S. EPA has strengthened the TSCA framework by enhancing 
the review process for new chemicals, particularly PFAS and other 
persistent, bioaccumulative, and toxic substances, to ensure thorough 
safety evaluations prior to manufacture. Additionally, the 2023 PFAS 
Reporting Rule now requires comprehensive disclosure from manufac
turers and importers on PFAS use, production, and disposal from 2011 to 
2022, with compliance mandated by October 2026 (U.S. EPA., 2025).

In the EU, several regulatory actions concerning some PFAS have 
been taken since the first restriction of PFOS in 2006 due to its very 
persistent, very bioaccumulative and toxic properties (European Com
mission., 2006). These actions include the harmonised classification of 
PFOA as a Category 2 Carcinogen and Category 1B Reproductive toxi
cant in 2010 and its inclusion on the EU Candidate List (list of Sub
stances of Very High Concern (SVHCs) that may be prioritised for 
inclusion on the authorisation list) in 2013. Other PFAS identified as 
SVHCs, added to EU Candidate List and/or have their use restricted are 
C11-C14 perfluoroalkyl carboxylic acids (PFCAs), PFNA, PFHxS and 
PFHxA. In February 2023, a universal proposal to restrict PFAS as a 
group in the EU was submitted by five EU countries. This universal re
striction proposal is a radical change in approach from the 
substance-by-substance evaluation that has been the case previously, 
but it’s meant to increase the speed of regulation, address the problem of 
emissions of PFAS, and reduce the practice of industry replacing one 
substance of concern with another from the same class, importantly to 
avoid regrettable substitution (ECHA., 2023).

On a global level, PFOS was added to Annex B of the POPs 
Convention in May 2009; 10 years later, PFOA was added to Annex A of 
the Convention in May 2019 and PFHxS added to Annex A in June 2022 
(UNEP, n.d.). Currently, long-chain PFCAs are recommended by the POP 
Review Committee for listing under Annex A of the Convention with 
time limited specific exemptions e.g., use in semiconductors (UNEP., 
2025), see Fig. 2. These regulatory actions aim to address the impact of 
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PFAS on human health and the environment. While commendable, they 
are largely a reactive approach following development of a weight of 
evidence over several years and mounting concerns within the scientific 
and policy making communities, noting that the primary objective of the 
Stockholm Convention is to protect human health and the environment 
from persistent organic pollutants. While the POP review committee 
carries the due scientific rigour of an international audience, the review 
process for candidate POPs can take several years to complete and add 
substances to the annexes of the Convention.

The weight of evidence approach creates a continuous cycle where 
regulatory bodies and the chemical industry are in a constant state of 
adaptation and response. Largely, current chemical regulations and 
policy developments are tools to address the risks already created after 
decades of exposure and use of these chemicals. Both REACH and TSCA 
require the chemical industry to generate data on the hazards and risks 
of their substances, including exposure estimates. However, while 
REACH places the full responsibility on industry to demonstrate safety, 
under TSCA the EPA retains primary responsibility for conducting risk 
evaluations and determining whether chemicals present an unreason
able risk. The effectiveness and success of this approach is partly 
dependent on the assumption that the chemical industry will act 
responsively, supported by effective regulatory oversight through eval
uation and monitoring. However, the validity of this assumption is 
questionable.

2.2. The mistake of grandfathering existing substances

Grandfathering (exempting existing chemicals from new regulatory 
requirements) when little or no information on hazards and uses is 
available, has proven to be a significant error in judgement. Thousands 
of chemicals were added to existing inventory without adequate 
assessment when TSCA was established in 1976, six years after the EPA 
was formed. During this process, chemicals were classified into existing 
and new substances. In the late 1970s, under the TSCA, all existing 
chemicals were presumed safe, and about 62000 chemicals were 
grandfathered and added to the U.S. Inventory of existing chemicals 
(Krimsky., 2017; Markell., 2010; Trasande., 2016; U.S. EPA., 2023c). As 
of January 2024, this inventory has grown to over 86000 chemicals, 
with more than 42,000 (about 49 %) actively used in U.S. commerce (U. 
S. EPA., 2023a). This approach may have been necessary to get the 
legislation operational; the regulatory failure lies in assuming these 
substances were safe and allowed on the market without further 
evaluation.

In the EU, before the introduction of the REACH Regulation, sub
stances were grouped into existing and new substances (European 
Commission., 2001). Before September 1981, thousands of chemicals on 
the EU market lacked basic safety information. Thus, on both sides of the 
Atlantic, little or no information on hazards and uses was available for 
grandfathered substances. While the EU has addressed the ‘burden of the 
past’ through the REACH regulation by ensuring both existing and new 
substances are subject to the same regulatory regime, the EPA is now 
required to evaluate both existing and new chemicals through the 2016 
TSCA amendment. However, responsibility to demonstrate the safety of 
chemicals introduced to the U.S. market still rests with the EPA.

Grandfathering of existing substances has put regulations at a 
disadvantage since such chemicals are assumed safe unless evidence to 
the contrary is available. Richter et al., (2018) argues that regulatory 
frameworks prioritise incentivising rapid market entry for the chemical 
industry over the protection of human health and the environment. 
Once these chemicals are introduced to the market, removing them 
becomes a complex and challenging task as evidenced by the case of 
PFAS. Thus, the need for more proactive and precautionary regulatory 
approaches to ensure chemical safety before market entry. However, 
generating the necessary data is both expensive and time consuming 
which can hinder innovation. This underscores the need to further 
develop and integrate high throughput screening methods, such as in 

vitro HTS assays and predictive modelling, into chemical risk assessment 
frameworks (Villeneuve et al., 2019).

2.3. The case of regulatory failures and unintended consequences of 
regulation

2.3.1. Voluntary initiatives and production of alternatives
To address concerns associated with PFAS, policymakers have used a 

‘carrot and stick’ approach. In May 2000, under pressure from the EPA, 
3 M, the major producer at the time, announced a voluntary phaseout of 
PFOS production and use by the end of 2002. This move is similar to 
Monsanto’s 1977 voluntary withdrawal from producing polychlorinated 
biphenyls (PCBs). However, Monsanto’s decision was driven by the 
combined efforts of environmental activists, regulators and the media, 
who highlighted the negative impacts of PCBs, damaging Monsanto’s 
image and profits (Markowitz and Rosner., 2018). The voluntary with
drawal of PFOS production by 3 M led to a situation where, due to 
market demand and lack of regulation, other entities filled the void to 
continue producing PFOS. Between 2006 and 2015, the EPA imple
mented the PFOA Voluntary Stewardship Program, involving eight 
major producers in the U.S. By the end of 2016, the EPA declared the 
program a success, see Fig. 2, citing the transition to alternatives and the 
industry’s cooperation (U.S. EPA., 2023b). However, this success was 
limited as the initiative was not binding on entities outside of the 
agreement, and the lack of data on the safety of alternatives as a result of 
this agreement.

The exposure of biota to PFAS is an unintended consequence of 
chemical regulation facilitating the industry’s transition to alternatives 
without adequate information on their hazards. For example, in the 
cases of PFOA and PFOS, the EPA worked with the chemical industry to 
transition to alternatives where little or no data for their hazards and 
risk are available. The goals of the PFOA Stewardship Program were met 
partly through the development of alternatives like HFPO-DA/GenX and 
ammonium 4,8-dioxa-3H-perfluorononanoate (ADONA), as well as 
short-chain C6-based fluorotelomers to replace long-chain (C8) fluo
rotelomers (Bock and Laird., 2022; U.S. EPA., 2023b). Consequently, 
numerous alternatives such as PFHxS, GenX, PFHxA, ADONA, and 6:2 
chlorinated polyfluoroalkylethersulfonic acid (6:2 Cl-PFESA, trademark 
F-53B) were developed and used in place of PFOA and PFOS and many of 
these alternatives are structurally similar to the original substances they 
replace. Many are found to persist in the environment, have the po
tential to cause adverse effects on human health and the environment, 
and as a result present an ongoing threat in the same way as the legacy 
PFAS (Brase et al., 2021; Gebbink and van Leeuwen., 2020; Hamid et al., 
2024; He et al., 2022; Li et al., 2023; Renner., 2006; U.S. EPA., 2021; 
Wee and Aris., 2023; Zhang et al., 2024). The regulatory shortcoming 
lies in allowing these alternatives onto the market without adequate 
hazard or risk assessments. For example, chronic data that may be 
required for some endpoints such as developmental toxicity are gener
ally unavailable and at great expense at the low tonnages that the al
ternatives are produced. This oversight reflects a broader issue in 
chemical regulation, where following the development of concerns over 
time it creates the focus on immediate solutions to resolve the issue as 
soon as possible, including phase-out windows and exemptions capped 
to the shortest time possible, which pressures industry decision making 
and can lead to regrettable long-term environmental and health risks of 
the replacement substances. The introduction of these alternatives 
highlights the need for more effective regulatory frameworks and 
comprehensive evaluation of new chemicals before they are approved 
for widespread use. And where thorough evaluation is not possible, 
regulators should apply the precautionary principle to manage risks in 
the face of scientific uncertainty and avoid endless data requests and 
reassessments, a situation often describe as ‘paralysis by analysis’ 
(Harremoës et al., 2013).
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2.3.2. Issuance of REACH registration numbers pre-substance evaluation
Under the REACH regulation, registration numbers are issued to 

registrants only after the business rule check (an administrative check 
before the dossier can be processed) and the technical completeness 
check (to confirm all required information is included in the dossier) are 
completed. In addition, receipt of payment issued by the Agency must be 
received. Fig. 3 illustrates the steps from dossier submission to regis
tration number issuance. However, these checks are not detailed sci
entific evaluations of the hazards or risks associated with production and 
use of the substances. Issuing a registration number before a detailed 
substance evaluation may not incentivise the chemical industry to 
develop and use safe alternatives. For instance, Rudin et al., (2023)
analysed PFAS registered under REACH and found at least 531 regis
tered PFAS, with 177 having full registration, meaning they are pro
duced or imported into the EU at a rate of at least 1 tonne per year.

The current regulatory approach of allowing access to market prior 
to detailed substance evaluation contributes to human and environ
mental exposure to substances of concerns and also pushes the problem 
downstream. Substances are evaluated if specific concerns are identified 
and based on a prioritisation scheme set by the Agency. Additionally, 
under REACH, the fundamental assumption is that increased knowledge 
about hazardous properties of chemicals will prompt companies to 
voluntarily reduce their use, considering it a sound business practice 
(Coria., 2018). While this may be true to some extent, the argument for 

obligatory regulation remains strong, particularly where, voluntary 
approaches have had more limited impact reducing their use or 
encouraged the adoption of safe alternatives (OECD., 2003). This is 
primarily because voluntary measures require vocal encouragement and 
leadership of key players and developing the business case for why 
others should act. This can be less compelling than mandatory regula
tory requirements or can often be more ineffective without the credible 
threat of regulatory actions specifying explicit targets and commitments 
to back-up the voluntary initiative.

2.3.3. The EU universal restriction of PFAS
The EU’s ambitious proposal to restrict or ban PFAS as a group is of 

great importance, given the significant concerns about their impact on 
human health and the environment. Continuous exposure to these 
chemicals should not be allowed to persist. However, PFAS are crucial in 
many applications due to their unique properties, such as high perfor
mance, surface activity, durability and low quantity used, which often 
cannot be matched by other substances (Buck et al., 2011; Thomas., 
2006; Glüge et al., 2020). For instance, PFAS are vital in medical devices 
and specialty applications where no substitutes currently exist (Cousins 
et al., 2019b).

Safe and sound management of PFAS is essential, especially in 
important or essential applications, while efforts to find safer alterna
tives continue (Blum et al., 2017). It is important to consider the broader 
implications of a complete ban on all PFAS since according to Cousins 
et al., (2019b), it is neither practicable nor reasonable to ban all PFAS 
uses in one step. PFAS are used due to their unique physical property of 
being inert and having both water and oil repellence (which in turn 
means they are highly resistant to degradation). Identifying and devel
oping alternatives that meet the same technical function without same 
environmental consequences is an issue that requires careful consider
ation to avoid the same regulatory fate (i.e., regrettable substitutions). 
The challenge is to find ways to meet desired functions without un
wanted properties. A reactive regulatory approach may not provide the 
necessary protection. Collaboration among industry, policymakers, and 
other stakeholders is crucial to ensure that efforts to protect human 
health and the environment do not lead to unintended consequences.

The concept of essentiality is inherently open to interpretation, as 
different stakeholders view what is essential differently. Karinen et al., 
(2024) examines EU citizens’ views on (non)essential uses of persistent 
chemicals and found significant variations in how uses were rated both 
within and across countries. In general, safety related uses were most 
often regarded as essential while recreational, household and personal 
care uses are more frequently considered non-essential. Within the EU 
CSS, the essential-use concept is intended to prioritise protection while 
allowing critical uses to continue (European Commission., 2020b). 
However, when uses are labelled as ‘essential,’ this can create a barrier 
to substitution, since such uses are more likely to be exempted from 
restrictions or phase-outs, even if safer alternatives exist. This un
derscores the importance of setting clear, transparent criteria for 
essential use to prevent the concept from unintentionally slowing down 
chemical substitution and innovation.

The chemical industry should develop a detailed inventory of 
essential PFAS applications, categorise them into use types and sectors, 
and propose a timeline for the development of alternatives. Policy
makers in consultation with NGOs and academia need to decide on uses 
that are essential and whether they pose acceptable risks. For uses where 
the risks are unacceptable, clear rationale should be provided in addi
tion to an effective regulatory plan. This collaboration is necessary to 
prevent the development of regrettable substitutions, where new 
chemicals might present similar or new hazards. Questions such as how 
to develop alternatives that are not persistent or do not break down into 
persistent products, and whether using reduced amounts of a chemical 
of concerns is an acceptable risk compared to using larger amounts of a 
safer alternative, need careful consideration. Lack of regulatory cer
tainty stifles innovation and hampers the development of safe 

Fig. 3. Steps from dossier submission to issuance of REACH registra
tion number.
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substitutes. Continuous changes in regulatory goals create uncertainty, 
undermining the purpose of regulation to promote innovation. Hence 
there is a need to develop a robust, transparent, and trustworthy regu
latory system that will give confidence to consumers, the chemical in
dustry, and all stakeholders. This system should ensure that the aim of 
protecting human health and the environment from chemicals of 
concern is achieved without leading to further unintended 
consequences.

2.3.4. The fragmentation of regulatory frameworks and siloed regulatory 
regimes

Chemicals are currently regulated based on their specific use, such as 
pesticides, industrial chemicals, biocides or food contact materials, etc. 
This fragmented approach does not provide sufficient protection from 
the myriads of chemicals to which humans, and the environment are 
potentially exposed (Munthe et al., 2019; Topping et al., 2020; van Dijk 
et al., 2021; Evans et al., 2016) and also contributes to the current levels 
of exposure due to different scopes, criteria and enforcement impacting 
on their effective management. For example, in 1966, the U.S. Food and 
Drug Administration (FDA) raised concerns about the toxicity of 
DuPont’s food packaging product Zonyl RP, which has the potential to 
breakdown to PFOA, due to liver and kidney issues in animal studies 
(Benesh., 2022; Crunden and Wittenberg., 2022; Hayes., 2019). How
ever, this information was not shared with the EPA after it was estab
lished in the 1970s. Despite these concerns, many PFAS chemicals were 
later authorised for use in food contact materials, see Fig. 2 and sup
plementary information (PFAS Timeline). Under the original TSCA, the 
EPA could not mandate actions such as requiring health and safety data 
without undergoing the formal and often lengthy Final Rule process. 
This significantly limits EPA’s ability to act swiftly on chemical risks, 
however, the 2016 amended TSCA addresses this limitation. The revised 
law grants EPA clearer authority to require data, conduct risk evalua
tions, and regulate substances without the need for full rulemaking in 
every case, thereby strengthening chemical oversight and enabling more 
timely public health and environmental protections.

The REACH Regulation in the EU functions independently of other 
chemical regulatory programs, with certain exclusions (Bergkamp and 
Herbatschek., 2014). Pharmaceuticals, biocides, and veterinary mate
rials/products are not required to register under REACH (Lahl and 
Hawxwell., 2006; Stokes and Vaughan., 2013; Williams et al., 2009), 
because they are regulated under different directives such as Biocides 
Regulation (EC) No 528/2012, pharmaceuticals Directive 2001/83/EC 
and veterinary products Directive 2001/82/EC (van Dijk et al., 2021). 
This fragmentation can result in inconsistencies and gaps in chemical 
safety regulation and according to Topping et al., (2020), the EU’s 
chemical regulation is fragmented, and could be improved to better 
protect both human health and the environment. Fragmentation is not 
limited to the EU; it is a global issue that results in divergent regulatory 
approaches and methods. Hence, closer cooperation, harmonisation and 
information exchange are necessary to manage chemicals effectively 
(Munthe et al., 2019). In response to the fragmentation, in December 
2023, the European Commission adopt the ‘one substance, one assess
ment’ policy with the purpose of streamlining chemicals assessment 
across the EU, strengthen knowledge base of chemicals and enable early 
detection and actions on chemicals of emerging concerns (European 
Commission., 2023). The ubiquitous nature of PFAS underscores the 
need for a more integrated and coordinated regulatory approach for 
chemicals bearing in mind the international trade of chemicals and 
products containing chemicals.

The siloed nature of chemical regulation, where different policy el
ements work independently with limited interaction and communica
tion, exacerbates the problem. A review by van Dijk et al., (2021) found 
that chemicals not approved under one regulatory framework might still 
be allowed under another, for example banned pesticides and biocides 
are allowed on the market under REACH. This siloed approach hinders 
the holistic and efficient development and implementation of chemical 

regulations. To address these issues, it is essential to integrate all regu
latory regimes and create effective communication channels between 
them. This integration will help reduce confusion and ensure adequate 
protection of human health and the environment. Enhanced coopera
tion, harmonisation, and information exchange among regulatory 
frameworks and stronger interactions between science and policy are 
crucial (Munthe et al., 2019). Chemicals are used in numerous appli
cations and the lack of information on their uses and lifecycles, coupled 
with the complexity of the supply chain, demands addressing the frag
mentation and siloed working nature of chemical regulation. In the EU 
CSS, the EU regulatory system is considered fragmented, limited and 
needs to be consolidated and simplified (European Commission., 
2020b). Therefore, integrating regulatory regimes and improving 
communication channels will better protect human health and the 
environment.

A related challenge is the need to break down barriers between 
different stakeholders across the chemical supply chain from production 
through to end-of-life product disposal particularly in the case of PFAS. 
Since demonstrating safe use at upstream level often relies on certain 
assumptions and conditions that may not hold further downstream. 
When chemicals are used differently or at greater extent than antici
pated, this can lead to unintended or emissions that can become prob
lematic. Such gap illustrates how fragmented regulatory approaches 
which often addresses only parts of the supply chain in isolation can miss 
critical risks. Strengthening dialogue, information sharing (Harremoës 
et al., 2001) and better integrated regulatory frameworks is essential to 
close these gaps and ensure consistent protection of human health and 
the environment across the supply chain.

The role of the chemical industry in the ubiquitous nature of PFAS is 
discussed below.

3. From innovation to contamination – the case of industry 
oversight

The delay in disclosing PFAS toxicity and environmental impact can 
be attributed to scientific uncertainties, questionable business practices, 
delayed and ineffective regulatory control, and financial interests. Flu
orochemicals, such as chlorofluorocarbons (CFCs), were initially 
developed in the 1920s to replace problematic refrigerants like 
ammonia, methyl chloride and sulfur dioxide, which were flammable, 
corrosive, and toxic (Okazoe., 2009; Hamilton., 1963). CFCs were sta
ble, had low acute toxicity, and were non-flammable, which made them 
ideal refrigerants. However, these same properties also made them 
potent ozone-depleting chemicals (Box., n.d.). The production of Freon 
(CFCs) in the 1930s exemplifies how the chemical industry solves soci
etal challenges through innovation. According to Okazoe., (2009), the 
need to reduce the environmental burden from organic materials such as 
plastics led to products that are durable, stable and last longer, but these 
solutions can have hidden or unknown problems as we now know. For 
example, CFCs were later found to deplete the ozone layer (Box., n.d.; 
Molina and Rowland., 1974; Okazoe., 2009), which led to the imple
mentation of the Montreal Protocol on Substances that Deplete the 
Ozone Layer to address the issue (UNEP., 1987).

Similar to the CFCs, the properties that make PFAS very useful also 
confer on them unwanted impacts on human health and the environ
ment. The industry became aware of the potential toxicity of PFAS 
during the 1950s and 1960s, see Fig. 1 and supplementary information
(PFAS Timeline). For example, a 1950 study by 3 M indicated that 
perfluorobutyric acid could accumulate in blood (Hayes., 2019). In 
1954, a DuPont employee received an inquiry into the potential toxicity 
of C8 and by 1955, a study from Stanford University found that PFOA 
(C8) binds to proteins in human blood (Nordby and Luck., 1956). In 
1961, a DuPont in-house toxicologist said that C8 should be handled 
with care due to its potential toxicity. DuPont’s internal study dated 
from 1968 to 1981 reported C8 has “moderate toxicity when injected 
and highly toxic when inhaled” (Gaber et al., 2023). While public 
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knowledge about PFAS toxicity was limited due to reduced knowledge 
and data disclosure, the chemical industry had significant internal 
awareness (Gaber et al., 2023; Richter et al., 2021). The limited public 
awareness meant reduced political and market pressure to demand 
effective control and safer products.

Knowledge generation and disclosure can be influenced by the po
sition of an entity or individual (Dalglish et al., 2021; Richter et al., 
2021). In August 1975, Guy and Taves reported the potential for PFAS to 
accumulate in blood samples, bringing this issue to the attention of the 
chemical industry (3 M) (3M., 1975). In response, 3 M researchers were 
tasked in September 1975 to compare the NMR spectra of PFOA and 
PFOS with those presented. By November 1975, 3 M confirmed that 
PFOS matched the spectra reported by Guy and Taves (3M., 1977). This 
was approximately 20 years after the production and use of PFOS star
ted. In 1976, 3 M began the internal screening of their employees that 
may have been exposed to C8, finding concentrations ranging from 
“50–1000 times normal” in the blood of employees (3M., 1977). In a 3 M 
meeting held with H.C. Hodge (a toxicologist) in 1979 to review the 
results of fluorochemicals in blood serum, the question of whether toxic 
effects observed in animal studies were attributed to fluorochemicals 
was raised (3M., 1979). Despite this, 3 M did not disclose these findings 
to the public or regulators until PFAS became widespread.

The chemical industry faces a challenging and complex set of issues. 
On the one hand, technical function, price, and compatibility of sub
stances to existing processes and mixtures will take priority for business 
continuity reasons. This can mean consideration of human health and 
environmental risks are pushed down the pecking order and potentially 
considered later in the substitution process. On the other hand, busi
nesses rely upon regulatory certainty and tend to take their cue from the 
developing regulatory process, which by its nature is reactive to the 
situation presented. These issues are further exacerbated by the fact that 
underlying data to understand and identify possible regrettable substi
tution requires specialist technical skills, is potentially costly, and in the 
case of toxicological data can take extended periods of time to develop, 
with a negative outcome resetting the entire substitution process (i.e., if 
the results of testing identify a regrettable substitute, a new alternative 
has to been identified and researched). Psychologically this can set in 
place a flawed approach whereby industry and regulators play contin
uous catch-up with one another, on the basis that if a substitute is regret
table, it’s tomorrow’s problem and other priorities are more pressing today.

4. Conclusions and recommendations

To prevent repeating past mistakes and failures, there is an urgent 
need to learn from them. Learning from past mistakes and successes will 
help move us forward toward effective chemical management and a 
sustainable future (UNEP., 2020). The exposure of humans and the 
environment to chemicals of concern should not be allowed to continue. 
Therefore, we propose the following key insights for further discussion.

4.1. Considerations for the chemical industry

Selective dissemination of favorable information may benefit the 
chemical industry in the short term by delaying regulatory scrutiny and 
public awareness. However, this practice erodes confidence and trust in 
the long term. Although PFAS has been important for the chemical 
industry’s profitability and success, decisions on environmental pollu
tion should be based on current state of science, and the precautionary 
principle applied.

The delay by the chemical industry in disclosing the toxicity of PFAS 
to the public and regulators, along with the continued use of PFAS in 
non-essential applications, has damaged stakeholder trust and contrib
uted to the ubiquitous presence of PFAS in the environment. The 
chemical industry must play a crucial role in restoring public trust not 
only in their products but also in their words and actions so that the gap 
between narrative and action is narrowed. The chemical industry should 

encourage full disclosure, open dialogue, and commitment to volun
tarily withdrawing PFAS from all non-essential uses or where alterna
tives exist.

When no suitable alternatives or technologies are available, the in
dustry should collaborate with all stakeholders to find solutions that 
avoid unintended consequences. Historically, the industry’s focus has 
been on chemical functionality, however, increased knowledge suggests 
that adopting safe and sustainable chemistry practices in addition to 
function is essential. The recent announcement by 3 M to exit PFAS 
manufacturing and discontinue PFAS use across its portfolio by the end 
of 2025 is a positive step (3M., 2022). However, past announcements 
have led to the development of alternatives with similar hazards to the 
PFAS they replaced. 3 M’s announcement is timely and should be 
applauded but more needs to be done to ensure humans and the envi
ronment are protected from negative effects from chemicals. Other 
companies should commit to eliminating all non-essential PFAS uses and 
propose timelines for finding and implementing safe alternatives. 
DuPont., (2019) commitment to eliminate long-chain PFAS in integrated 
operations by the end of that year (DuPont., 2019) falls short of the 
necessary commitment to reduce all PFAS impacts on human health and 
the environment. The chemical industry should not only follow the letter 
but the spirit of regulations, ensuring all alternatives resulting from 
these commitments are safe, sustainable, and not mere drop-in re
placements as previous practice suggests.

We propose that the chemical industry follow its sustainability 
commitments with concrete actions that build trust and ensure chem
icals of concern are used only for essential functions. One way to achieve 
this is to holistically engage with substitution, seeing it as an opportu
nity for innovation to solve the challenges of the 21st century. In this 
context, the European Commission’s exploration of a network of sub
stitution centres could provide valuable guidance and support to in
dustry, helping them identify safer alternatives, foster innovation, and 
reduce the risk of regrettable substitutions (European Commission., 
2024). Another appropriate action for PFAS would be to create an in
ventory of applications and uses that are considered essential, identify 
where alternatives are available, and propose timelines for developing 
alternatives when they are not. As part of this process, industry should 
allow transparent participation of all relevant stakeholders, including 
industry, academics, regulators, NGOs, and consumers, during the 
alternative selection process. By doing so, the chemical industry can 
move toward effective chemical management and a sustainable future, 
ensuring that the continued exposure of humans and the environment to 
the negative impact from chemicals is reduced.

4.2. Considerations for policymakers

Under REACH regulation, registration numbers are issued before 
adequate scientific evaluation, which contributes to continued expo
sure. Issuing registration numbers only after substance evaluation would 
align with the goal of REACH regulation to encourage innovation and 
propel the chemical industry towards development and use of safe al
ternatives. As an initial step, a review of key hazard properties such as 
carcinogenicity, mutagenicity and reproductive toxicity (CMR) and PBT 
should be incorporated into the technical completeness check before 
issuing of registration numbers. This can be achieved through an auto
mated traffic light model which would flag potential high-risk sub
stances early in the process, ensuring that substances that are flagged for 
these hazards undergo thorough evaluation before entering the market. 
Registration numbers and market access should be granted only when 
adequate and relevant data are available, risks are known and deemed 
acceptable, and safety is ensured.

Secondly, using group assessment and universal restrictions, as with 
PFAS, offers policymakers an opportunity to save time and cost, evaluate 
more substances, prompt regulators to look horizontally across chemical 
group(s) and prevent the replacement of chemicals with similar alter
natives compared to the traditional substance by substance evaluation. 
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While this approach has benefits, it may also have unintended conse
quences. We are aware of the risk posed to humans and the environment 
from the uncontrolled use of chemicals of concern and the need for 
policymakers to make bold and ambitious decisions to effectively 
manage this. But the need to consider unintended consequences of such 
approach should be explored and appropriate steps required to mitigate 
them should not be ruled out either.

The universal restriction could set a precedent for future approaches 
and such major policy changes should not be rushed without thorough 
evaluation of their implications, not only for European safety and well- 
being but also for the competitiveness of the European chemical sector. 
This is more necessary since policymakers from other geographies may 
be taking their cue and learning from the EU approach. It is thus 
important to remember that not all chemicals including those that are 
persistent are inherently harmful; many are crucial for achieving the 
United Nations’ sustainable development goals and the European 
Commission’s zero-pollution ambition when used safely and sustain
ably. Therefore, consulting and listening to all stakeholders, including 
the chemical industry, is essential, taking full account of the assump
tions, values and expertise of different groups. It is also crucial for pol
icymakers to continue to have an open-door policy that creates a 
channel for constructive engagement with the chemical industry and all 
stakeholders.

Addressing the fragmentation of chemical management requires 
concerted efforts to harmonise regulations from local to global levels, 
enhance coordination and cooperation, and leverage modern technolo
gies and methods such as the need for increased capacity building in the 
use of New Approach Methodologies (NAMs). For example, establishing 
a single database where information on all chemicals irrespective of use 
is easily accessible could help address the current fragmented informa
tion, which hampers early action. To this end, we support the European 
Commission’s proposal in this direction as part of the ‘one substance, 
one assessment’ initiative. Effective information exchange is crucial for 
efficient management of chemicals and transparency on decision mak
ing and data interpretation is important in this regard. Chemicals play a 
significant role in achieving the zero-pollution ambition; thus, their safe 
production, use, and management is everyone’s responsibility. Our op
erations should be conducted within the safe operating space available 
on our planet.
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