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Abstract 
Per- and polyfluoroalkyl substances (PFAS) are widely used in hydrogen technologies, par-
ticularly as perfluorosulfonic acid (PFSA) in proton exchange membrane (PEM) fuel cells and 
electrolysers, due to their chemical stability, hydrophobicity, and ion-conducting properties. 
However, these same properties pose environmental and regulatory challenges, as PFAS 
are persistent, bioaccumulative, and potentially toxic. This review provides a comprehen-
sive overview of PFAS in the hydrogen sector, examining degradation pathways, emission 
sources across production, use, and end-of-life stages, and the associated environmental 
and analytical challenges. Current research highlights the emission of fluoride ions and pol-
ymer fragments during device operation, but substantial knowledge gaps remain regarding 
emissions from manufacturing, recycling, and nanoparticle release. Strategies for mitigating 
PFAS-related risks, including effluent filtration and alternative fluorine-free membranes and 
ionomers, are discussed, alongside the technological, chemical, and operational hurdles 
associated with their implementation. By mapping current scientific understanding and out-
standing research needs, this review aims to guide efforts toward environmentally responsi-
ble, sustainable hydrogen technologies while reducing reliance on PFAS.
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Introduction 
Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic chemicals valued for 
their chemical and thermal stability, hydrophobicity, and resistance to degradation. These 
properties make them integral to numerous industrial applications, including hydrogen 
technologies, where perfluorosulfonic acid (PFSA)—a PFAS subclass—is widely used in 
polymer electrolyte membranes and electrocatalyst layers for proton exchange membrane 
(PEM) fuel cells and electrolysers. However, the very same properties that make PFAS 
ideal for energy conversion components also raise environmental and regulatory concerns 
due to their persistence, bioaccumulation potential, and emerging links to adverse health 
and ecological effects.1

In recent years, growing scrutiny over PFAS has triggered regulatory developments and 
intensified scientific inquiry into their lifecycle impacts across technologies.2 While some 
research in the hydrogen sector has focused on degradation pathways and the release 
of fluoride and fluorinated organic fragments during device operation, PFAS emissions 
also occur at other lifecycle stages, including production, manufacturing, and end-of-life 
handling. Furthermore, substantial knowledge gaps remain on the path to fully understand 
degradation processes and the development of adequate analytical tools—particularly in 
the context of electrolysers, upstream emissions, nanoparticle formation, and long-term 
environmental behaviour. Simultaneously, it is imperative to advance research on filtration 
technologies aimed at preventing emissions, as well as on the identification and develop-
ment of alternative materials that can replicate the unique functional properties required for 
various components within fuel cells and electrolysers.

This paper provides a comprehensive overview of the current state of research on PFAS 
in the hydrogen sector. It examines degradation mechanisms and emission profiles, ex-
plores sources of PFAS release across the production–use–disposal chain, reviews the 
environmental and analytical challenges, and surveys emerging mitigation and substitution 
strategies. By mapping the scientific progress and outstanding research challenges, this 
review aims to inform ongoing efforts to manage PFAS-related risks and accelerate the 
development of safe, sustainable hydrogen technologies.
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Current State of 
Research
Degradation of H2 technologies and link with emissions

Polymer electrolytes in fuel cells and electrolysers are for the most part relying on per-
fluorosulfonic acid (PFSA) in both the membrane and electrocatalyst layers. It is highlight-
ed, however, that the PFSAs implemented in the membrane and in the electrocatalyst 
layers have to satisfy different requirements.3  PFSAs for membranes must yield a high 
proton conductivity (to minimize ohmic drops) and a low gas permeability (to maximize 
durability). On the other hand, PFSAs for electrocatalyst layers must exhibit a high gas per-
meability to facilitate mass transport. PFSA consists of a fluorocarbon-based backbone 
with perfluoroethereal side chains terminated by sulfonic acid groups and are classified as 
polyfluoroalkyl substances (PFAS). The use of PFAS has come under scrutiny due to their 
exceptionally high stability.4  This stability, however, makes them also almost irreplaceable 
in PEM fuel cells and electrolysers.

Despite their remarkable stability, it has been known that the degradation of PFSA leads 
to the emission of fluorine containing compounds  early on. In fact, the emission of fluoride 
ions has been suggested as a metric to monitor fuel cell and electrolyser membrane deg-
radation in 1990 and used as such ever since.5  The underlying degradation mechanism 
is based on the generation of radicals from hydrogen peroxide, the latter formed either 
as a byproduct of the electrode processes or from gas crossover. Depending on the site 
of chemical attack as well as general polymer structure, it has been assumed in the past 
that the majority of emitted fluorine is in the form of fluoride ions or HF.6  However, more 
recent data shows that besides fluoride ions, substantial amounts of polymer fragments 
are emitted as well.7–9  A significant amount of data has been collected on fuel cells and, 
to some extent, electrolysers operating under conditions that selectively allow for a high 
level of crossover and in general favour the generation of radicals. Such conditions are 
achieved under the OCV hold tests proposed by the US Department of Energy.10,11 While 
these degradation pathways only have limited transferability to real applications, where 
countermeasures are specifically taken to prevent harmful conditions, similar results have 
been replicated under operation.9,12  

Throughout literature, a dependency of the emission of fluorinated species as well as 
fluoride (and their respective ratios) on time, conditions and materials has been recorded 
and it is clear that there are underlying influencing factors that need to be carefully consid-
ered.7,8,13 For example, it was found that an initial chain cleavage can lead to the formation 
of more degradation-susceptible carbonyl end groups, which allow for consecutive chain 
unzipping as proposed by Coms et al..6
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While much research has been dedicated to enhancing the understanding of membrane 
degradation, it is worth noting that the same or similar compounds are used in the electro-
catalyst layers as well. Such PFSA can undergo degradation, which leads to the emission 
of fluorinated species just the same. The proton-exchange membrane, on the other hand, 
typically does not only include the proton-conducting ionomer, but also chemical and 
mechanical stabilisers, with PTFE being one of them. In addition, layers such as the mi-
croporous layer, the gas diffusion layer or the porous transport layer are commonly treated 
with PTFE in order to modulate their hydrophobicity and thus the water management in 
a fuel cell or in an electrolyser. Processing aids can also contain fluorine. These perfluori-
nated compounds can degrade as well, contributing to the overall emission of fluorinated 
compounds A. 

Sources of emissions during the production, usage and recycling 

As of today, research into PFAS emissions in the hydrogen industry has primarily focused 
on the operation of electrochemical cells—namely fuel cells and electrolysers. These 
studies typically examine degradation products released under accelerated aging con-
ditions or stress tests.15–17  However, PFAS contamination has also been detected in the 
environment near chemical industry sites, indicating a broader range of emission sources 
requiring attention.18,19

The production stage is a critical but underexplored contributor of PFAS emissions. This 
includes the synthesis of PFSA-based ionomers, membrane fabrication, electrocatalyst 
ink formulation, and the manufacturing of catalyst-coated membranes (CCMs). Mechan-
ical processes such as the fabrication of membrane-electrode assemblies (MEAs) and 
the assembly of cell stacks—especially during sealing component integration—can cause 
abrasions and an unintentional particle release.

Environmental monitoring has revealed elevated PFAS levels around industrial production 
sites, emphasizing that significant emissions may occur during manufacturing and not 
only during use.18  These findings call for a more detailed assessment of upstream PFAS 
sources in hydrogen technologies.

During operation, PFAS-based materials are subjected to chemical and mechanical stress-
es. The aggressive electrochemical environment found in fuel cells and electrolysers can 
lead to degradation, while pressure fluctuations and flow dynamics may gradually release 
PFAS into effluent streams.

At end-of-life system disassembly, disposal, or recycling introduces additional risks. Me-

A	  From conversation notes with Ian T. Cousins, Juliane Glüge and Amanda Rensmo, see 
also: Dalmijn, Joost; Glüge, Juliane; Scheringer, Martin; Cousins, Ian T. (2024): Emis-
sion inventory of PFASs and other fluorinated organic substances for the fluoropolymer 
production industry in Europe. In Environmental Science: Processes & Impacts 26 (2), 
pp. 269–287. DOI: 10.1039/D3EM00426K.
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chanical handling may damage PFAS-containing components, and chemical recycling 
could release harmful substances if not properly managed. These aspects remain insuffi-
ciently studied.

Environmental impact of PFAS and analytical techniques  for their 
detection

The monitoring of fluoride ions – which are detectable by common analytical techniques 
such as high-performance liquid chromatography and ion chromatography (HPLC/IC) or 
fluoride ion-selective electrodes (F-ISE) – already poses many challenges. The applicable 
techniques require substantial volumes of sample, especially if sample preparation (e.g., 
due to a complex matrix) is needed. In addition, such techniques are time-consuming 
and equipment-intense, giving neither the possibility for finely time-resolved monitoring of 
emissions nor straightforward possibilities for online monitoring.

At the same time, the decomposition of PFSA is known to lead not only to the emission 
of fluoride ions, which occur naturally in salt form, but also of the much more concerning 
polymer fragments as shown in recent work by Yandrasits et al.,7,8 who use liquid chroma-
tography and mass spectroscopy (LC-MS), IC as well as combustion ion chromatography 
(CIC) to allow for a more holistic understanding of the degradation products. However, 
although the detection and identification of some of the fragments obtained upon PFAS 
and PFSA degradation is progressing, the heterogeneity and low concentrations of such 
fragments under regular operation remains an unsolved challenge for analytical techniques.

PFAS capture and avoiding emissions 

Polymers belonging to the perfluorosulfonic acid (PFSA) subclass of PFAS are widely used 
as both ion-exchange membranes and electrocatalyst layer ionomers in state-of-the-art 
proton exchange membrane fuel cells and electrolysers. In the last decade, the devel-
opment of fluorine-free aromatic hydrocarbon (AH)-type alternatives to PFSAs has been 
at the centre of significant research interests. Compared to PFSAs, AHs often involve 
trade-offs, notably reduced stability against radical-induced degradation, resulting in a 
shorter in-device lifespan. Among AH-type materials, sulfonated polyphenylenes are the 
only ones that exhibit a sufficient chemical stability and performance in comparison with 
PFSAs.20,21 However, their use in energy conversion devices remains limited to low TRL. 
Given that PFSA cannot be replaced by alternative materials in the short- and middle-term, 
it is crucial to focus on understanding and mitigating emissions into natural water bodies 
resulting from the chemical-induced degradation of PFSA-based materials. 

Various remediation techniques exist, that are based on the separation and/or destruction 
of PFAS that are already present in natural waters.22 For low PFAS concentrations, typical 
of natural water bodies, concentration-based methods are often more cost-effective due 
to the higher energy demand and complex infrastructure (i.e., due to scalability issues) 
required for destruction-based approaches. Several high-TRL remediation technologies 
that are based on PFAS concentration are currently being developed to effectively remove 
PFAS contaminants from various water bodies or landfills, and include: (i) foam fractiona-
tion;23,24 (ii) filtration over granular activated carbons;25  and (iii) adoption of ion exchange 
resins.26,27 The limited selectivity of these methods often necessitates specific material 
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compositions or frequent filter regeneration. Recently, an approach comprising a fluorinat-
ed anion-exchange membrane-based sorbent achieved a removal efficiency of over 98% 
for 11 different types of PFAS, demonstrating its potential for advancing to higher TRLs.28

Alternatives to PFSA-based membranes and ionomers and 
implications of alternative technologies on fuel cell technologies 

Over the last decades, numerous fluorine-free proton-exchange membranes have been in-
vestigated as alternatives to Nafion for use in fuel cell and electroylser technologies, includ-
ing poly(arylene ether ketones),29 poly(arylene ether sulfones),30 polyimides,31 poly(arylene 
sulfone sulfides),32  and poly(phenylenes).21 

Recent advances in the field of fluorine-free PEMs have led to drastically improved perfor-
mance and durability of these alternative membranes, with recent reports showing compa-
rable results to PFSA. Qelibari et al. employed a sulfonated poly(phenylene sulfone) (sPPS) 
membrane in a single-cell proton exchange membrane water electrolyser, demonstrating a 
performance of 3.2 A/cm2 at 1.8 V and stable operation for 650 hours with a degradation 
rate of 80 µV/h.33  Adamski et al. 21 and Yazili et al. 34 employed poly(phenylene) and 
poly(phenylene sulfone) membranes, respectively, in single-cell PEMFCs, demonstrating a 
similar performance in comparison to PFSA. These studies also demonstrate an improved 
durability compared with PFSA under accelerated stress tests consisting of an extended 
open circuit voltage hold at 90 °C and 30 %RH. A recent study, however, has shown that 
this accelerated stress test designed for PFSA-based membranes is not appropriate for 
hydrocarbon-based membranes due to the different degradation mechanisms affecting 
the latter.35  To definitively prove the durability of non-fluorinated membranes in fuel cell 
applications, it is imperative that future studies perform extended “in-situ” drive cycles 
under real operating conditions.

While a steady output of high-quality research investigating alternative fluorine-free PEMs 
in electrochemical hydrogen technologies has been ongoing since the 1990s, the Clean 
Hydrogen Joint Undertaking (CH JU) has recently highlighted this area of research as 
a key topic in the impeding uncertainty surrounding the use of PFAS-based materials 
in Europe. In 2023, the SUSTAINCELL (101101479) and HIGHLANDER (101101346) 
projects kicked off, where part of the activities will be dedicated to the development of 
fluorine-free membranes and ionomers. In 2024, the CH JU launched a call dedicated to 
the development of non-fluorinated components for fuel cells and electrolysers (HORI-
ZON-JTI-CLEANH2-2024-05-02), where three projects will begin in 2025 : PROMISERS 
(101192151), FASTCH2ANGE (101192325), and ECOPEM (101192366).

The recent advances in fluorine-free PEM research have led to the commercialization of a 
few different membranes and ionomers, mainly through Ionomr Innovations (Canada) and 
Toray (Japan). Additionally, Ionysis (Germany) is focusing on producing membrane elec-
trode assemblies (MEAs) with PFAS-free materials. Many of the largest European polymer 
manufacturers also have ongoing R&D initiatives to develop fluorine-free membranes and 
ionomers. Despite the recent flurry of commercial interest in fluorine-free materials, there 
are currently no commercially available proton exchange membrane fuel cells or elec-
trolysers which incorporate these alternative materials. This points to the fact that many 
challenges remain to be overcome and must be addressed through low TRL research.
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PFAS & Sealing technologies for H2 applications

Within the hydrogen value chain, fluoropolymers—such as FKM, FFKM, and PTFE—and 
fluorinated elastomers (commonly referred to as fluoroelastomers) are currently employed 
in gaskets and sealing components in most electrolyser and fuel cell types. These mate-
rials are also integral to components of hydrogen transport and distribution infrastructure, 
including regulator membranes, meters, and valves. Their exceptional properties, including 
high thermal and chemical resistance, non-wetting and non-sticking properties, and low 
friction coefficients, render them essential for meeting the stringent performance criteria of 
hydrogen applications. In particular, their use is critical to ensuring high levels of tightness 
and minimizing fugitive emissions from both static and dynamic sealing systems. Ongoing 
research has been investigating the behaviour of these polymers under high-pressure 
hydrogen environments in both static and dynamic sealing contexts.36,37
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Research 
Challenges 
Degradation of H2 technologies and link with emissions 

To this day, the combination of limited availability of analytical techniques, low concentra-
tion and heterogeneity of the degradation products make their identification difficult and in 
particular limit the possibilities for time-resolved detection and identification as well as online 
monitoring beyond the emission of fluoride ions. In addition, there is scientific consensus 
that the underlying degradation mechanisms are not fully and sufficiently understood as 
the exact interplay between operating conditions and degradation emission products re-
mains unknown. Furthermore, much of the work on the detection and identification of PFSA 
degradation products has been conducted based on fuel cells, with far less information 
available for electrolysers. 

Sources of emissions during the production, usage and recycling 

There is a significant knowledge gap regarding the nature, quantity, and environmental 
impact of PFAS emissions as well as their relation to fluoride emissions across all lifecycle 
stages of hydrogen technologies. While fluoride ions and polymer fragments are known 
degradation products in the use phase, much less is understood about emissions during 
production and recycling. Particularly concerning are bioavailable compounds for which 
data is scarce, despite their potential ecological and toxicological relevance.

Analytical challenges further complicate the issue. Many PFAS compounds occur at trace 
levels, within complex matrices, or as nanoparticles—forms that current methods struggle to 
detect reliably. This limits our ability to characterize emissions and assess their associated risks.

To address these challenges, future research should focus on closing key knowledge gaps 
by generating robust data, enhancing analytical methods, and investigating emission path-
ways and material behaviour. At the same time, mitigation strategies—such as filtration, 
material recovery, and cleaner production and recycling processes—must be developed 
and validated. The overarching goal is to understand and reduce PFAS-related risks, ena-
bling the environmentally responsible use of hydrogen technologies.

Environmental impact of PFAS and analytical techniques  for their 
detection

The OECD identified more than 4 700 individual PFAS-related CAS numbers, referring to 
compounds in commercial use and often with an unknown impact on the environment 
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and human health, but often also with little to no alternative.38–40 To add to the complexity, 
there are also limited means to detect these compounds individually, as standards are miss-
ing and non-targeted approaches for detection are time time-consuming. In comparison 
studies between the extractable organic fluorine and known, selected fluorinated organic 
compounds, in some cases only 10% of species could be identified, highlighting the limit-
ed possibilities in analytics available today.41,42  An additional challenge lies in the fact that 
emissions are not only in the form of broken-down polymer fragments in liquid or gaseous 
phase, but also in the form of highly bioavailable nanoparticles (K. Schreyer, “Conversation 
notes Kristin Schreyer and Jörg Feldmann (University of Graz).” 2024). Currently, there are 
no techniques able to detect these particles and their potential emission from fuel cells and 
electrolysers is unexplored.

PFAS capture and avoiding emissions 

PFAS capture is challenging due to several factors summarized below.43 The high stability 
of carbon-fluorine bonds makes PFAS highly resistant to destruction-based approaches 
and poses challenges for long-term waste management in methods that focus on PFAS 
concentration. PFAS include thousands of compounds with varying chain lengths and 
chemical structure (e.g., functional groups), complicating the development of uniform 
removal strategies. PFAS are often present at extremely low concentrations, i.e., ppt 
levels, requiring highly efficient removal technologies complemented by highly sensitive 
analytical techniques for detection. Standard water treatment methods (e.g., coagulation 
and flocculation) are ineffective at these concentrations. Most high-TRL approaches face 
challenges with capture efficiency, as PFAS compounds of different chain lengths exhibit 
significantly different mobility and adsorption behaviour. Moreover, the presence of other 
inorganic or organic contaminants aggravates the selectivity issue and necessitates fre-
quent adsorbent regeneration (or replacement), resulting in increased operational costs. 
PFAS-selective sorbents show a high selectivity; however, they contain fluorinated constit-
uents, which are necessary for halogen-bonding interactions with the target compounds. 
Moreover, evolving regulations make it difficult to select optimal long-term solutions, re-
quiring constant adaptation of existing technologies. 

Effluent filtration of energy conversion devices may address several of the challenges out-
lined above: it enables targeted removal of PFAS directly at the source, before its discharge 
into the environment and its subsequent dilution. Moreover, the effluent typically contains 
higher concentrations of target contaminants and lower concentrations of background 
contaminants compared to natural waters, making the removal process more effective 
and selective.

The use of PFAS-selective sorbents in effluent filtration provides a more targeted and 
efficient approach for PFAS removal, demonstrating promising potential as a long-term 
solution for PFAS remediation.44  However, challenges related to filter durability, cost, and 
the management of concentrated PFAS waste must be addressed to advance the TRL of 
this approach. The latter issue might be alleviated for instance by combining filtration with 
already existing high TRL destruction-based approaches.
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Alternatives to PFSA-based membranes and ionomers 

One of the main considerations for the development of non-fluorinated ionomers is that 
the sulfonic acid groups tethered to a hydrocarbon backbone do not exhibit the same su-
per-acidity of those tethered to a perfluorinated backbone. Consequently, non-fluorinated 
ionomers require a much higher density of sulfonic acid groups (i.e., higher ion exchange 
capacities – IECs) to achieve similar proton conductivities as PFSA ionomers. The high 
density of sulfonic acid groups, however, also leads to increased water absorption by 
the membrane and electrocatalyst layer ionomers, resulting in excessive swelling and a 
reduced mechanical stability. The lack of proven stability has been a major challenge in 
the area of non-fluorinated ionomer development. Additionally, the incorporation of flu-
orine-free ionomer binders in the electrocatalyst layer is a significant challenge due to 
unmitigated swelling, low gas permeability, potential electrocatalyst poisoning/deactiva-
tion through interactions with the phenyl groups, and the potential for electrochemical 
oxidation of phenyl groups at elevated potentials in electrolyser applications.

These new materials will also require re-thinking some of the approaches to fuel cell and 
electrolyser state-of-health monitoring, as well as degradation mitigation strategies. 

PFAS & Sealing technologies for H2 applications

Despite the progresses made so far significant research gaps remain, particularly con-
cerning the development of per- and polyfluoroalkyl substances (PFAS)-free alternatives. 
Further research and development are needed to design and evaluate new sealing mate-
rials and configurations that can meet or exceed current in-service performance specifica-
tions. This includes the establishment of dedicated characterization methods and testing 
platforms to accurately assess material behaviour under operational conditions. Prioritizing 
the development of sustainable, high-performance alternatives to PFAS-based materials 
is essential to ensure safety, reliability, and environmental compliance in both static and 
dynamic hydrogen sealing applications.
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Timeline and 
Resources 
Degradation of H2 technologies and link with emissions

Research regarding the better linkage between material selection, operating conditions 
and the emission of fluorinated species is already underway. However, due to the com-
plexity of the topic and the multitude of influencing factors, it is evident that it will not be 
possible to answer the linked research questions in the short term. With growing means 
for analysis, identification and quantification of fluorinated species, the mechanistic under-
standing of the underlying degradation mechanisms is expected to improve. Furthermore, 
the in-depth understanding of the harmful conditions is also expected to accelerate the 
integration of novel, non-fluorinated ionomers.

Sources of emissions during the production, usage and recycling

Establishing a comprehensive understanding of PFAS emissions across the entire life-
cycle of hydrogen technologies is a long-term objective. This effort is challenged by the 
complexity and cost of sampling and analytical techniques, particularly when dealing with 
trace concentrations and diverse PFAS compounds. However, certain aspects require 
immediate attention: in particular, emissions from systems during operation should be 
assessed as soon as possible. Early monitoring capabilities would allow for the identifica-
tion of critical emission pathways and enable retrofitting or mitigation measures in existing 
systems where necessary.

In the short to medium term, focused studies on emissions during recycling and disman-
tling processes are also essential. These areas remain underexplored but are increasingly 
relevant as more systems approach end-of-life. Without proper understanding and con-
trols, there is a risk that such systems could contribute to significant environmental harm.

Environmental impact and analytical techniques

It is evident that the development of analytical techniques and reliable test procedures is 
mandatory in order to fully understand the emission pathways and the potential environ-
mental risks. This is a concern that reaches far beyond hydrogen technologies, but also 
impacts them directly. A close exchange between different fields and the early validation 
of novel analytical techniques for their suitability for hydrogen technologies is crucial for a 
fast adoption.
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PFAS capture and avoiding emissions

There is a significant increase in the use of proton exchange membrane (PEM) electrolys-
ers and fuel cells, driven by the global shift towards clean energy, hydrogen production 
and use. In the absence of high-TRL alternative materials to PFSA-type polymers, their 
capture needs to be addressed in the medium term. Low-TRL solutions already exist that 
can be further developed.

Alternatives to PFSA-based membranes and ionomers

With the recent support of the CH JU, at least five European projects focused on the 
development of fluorine-free membranes and ionomers will be complete before 2030, po-
tentially providing promising materials demonstrated up to TRL 4. Any materials developed 
within this period, however, must undergo an extensive qualification and demonstration 
period in operational fuel cell and electrolyser stacks run in realistic conditions. Concerted 
efforts between industry and research partners will be required to bring low TRL research 
developments through to market-ready solutions in a timely manner. In parallel, it is imper-
ative that low TRL research continues to be funded to ensure innovation does not remain 
stagnant in favour of only upscaling the most promising state-of-of-the-art solutions.



19

PFAS in the hydrogen industry  
Position Paper



20

References
1	 Lohmann, R.; Cousins, I. T.; DeWitt, J. C.; Glüge, J.; Goldenman, G.; Herzke, D.; 

Lindstrom, A. B.; Miller, M. F.; Ng, C. A.; Patton, S.; Scheringer, M.; Trier, X.; Wang, 
Z. Are Fluoropolymers Really of Low Concern for Human and Environmental Health 
and Separate from Other PFAS? Environ. Sci. Technol. 2020, 54 (20), 12820–12828. 
https://doi.org/10.1021/acs.est.0c03244.

2	 Paladin, G.; Manzardo, A.; Nale, A.; Negro, E.; Di Noto, V. A Comparative Life Cycle 
Assessment of Pt Nanoalloy/Carbon Nitride/Graphene Electrocatalysts for PEMFC 
Stacks. Chemical Engineering Journal 2025, 505, 159251. https://doi.org/10.1016/j.
cej.2025.159251.

3	 Braaten, J. P.; Kariuki, N. N.; Myers, D. J.; Blackburn, S.; Brown, G.; Park, A.; Litster, 
S. Integration of a High Oxygen Permeability Ionomer into Polymer Electrolyte Mem-
brane Fuel Cell Cathodes for High Efficiency and Power Density. Journal of Power 
Sources 2022, 522, 230821. https://doi.org/10.1016/j.jpowsour.2021.230821.

4	 Pemberton, E. Poly- and Perfluoroalkyl Substances (PFAS): Sources, Pathways and 
Environmental Data - Chief Scientist’s Group Report, No. August, p. 110, 2021. https://
assets.publishing.service.gov.uk/media/611e31fbd3bf7f63b19cea2d/Poly-_and_per-
fluoroalkyl_substances_-sources_pathways_and_environmental_data_-_report.pdf.

5	 Baldwin, R.; Pham, M.; Leonida, A.; McElroy, J.; Nalette, T. Hydrogenoxygen Pro-
ton-Exchange Membrane Fuel Cells and Electrolyzers. Journal of Power Sources 
1990, 29 (3–4), 399–412. https://doi.org/10.1016/0378-7753(90)85013-3.

6	 Coms, F. D. The Chemistry of Fuel Cell Membrane Chemical Degradation. ECS Trans. 
2008, 16 (2), 235–255. https://doi.org/10.1149/1.2981859.

7	 Yandrasits, M. A.; Komlev, A.; Kalstabakken, K.; Kurkowski, M. J.; Lindell, M. J. 
Liquid Chromatography/Mass Spectrometry Analysis of Effluent Water from PFSA 
Membrane Fuel Cells Operated at OCV. J. Electrochem. Soc. 2021, 168 (2), 024517. 
https://doi.org/10.1149/1945-7111/abe56a.

8	 Yandrasits, M. A.; Marimannikkuppam, S.; Lindell, M. J.; Kalstabakken, K. A.; 
Kurkowski, M.; Ha, P. Ion Chromatography and Combustion Ion Chromatography 
Analysis of Fuel Cell Effluent Water During Open Circuit Voltage. J. Electrochem. Soc. 
2022, 169 (3), 034526. https://doi.org/10.1149/1945-7111/ac5d96.

9	 Bodner, M.; Marius, B.; Schenk, A.; Hacker, V. Determining the Total Fluorine Emis-
sion Rate in Polymer Electrolyte Fuel Cell Effluent Water. ECS Trans. 2017, 80 (8), 
559–563. https://doi.org/10.1149/08008.0559ecst.

10	 Kuhnert, E.; Heidinger, M.; Sandu, D.; Hacker, V.; Bodner, M. Analysis of PEM 
Water Electrolyzer Failure Due to Induced Hydrogen Crossover in Catalyst-Coated 
PFSA Membranes. Membranes 2023, 13 (3), 348. https://doi.org/10.3390/mem-
branes13030348.



21

PFAS in the hydrogen industry  
Position Paper

11	 Fuel Cell Technical Team Roadmap; None, 1220127, 6361; 2013; p None, 1220127, 
6361. https://doi.org/10.2172/1220127.

12	 Takasaki, M.; Nakagawa, Y.; Sakiyama, Y.; Tanabe, K.; Ookubo, K.; Sato, N.; Mina-
mide, T.; Nakayama, H.; Hori, M. Degradation Study of PFSA Polymer Electrolytes: 
Approach from Decomposition Product Analysis. ECS Trans. 2009, 17 (1), 439–447. 
https://doi.org/10.1149/1.3142773.

13	 Birkner, L.; Foreta, M.; Rinaldi, A.; Orekhov, A.; Willinger, M.-G.; Eichelbaum, M. Dy-
namic Accelerated Stress Test and Coupled On-Line Analysis Program to Elucidate 
Aging Processes in Proton Exchange Membrane Fuel Cells. Sci Rep 2024, 14 (1), 
3999. https://doi.org/10.1038/s41598-024-54258-8.

14	 Edjokola, J. M.; Heidinger, M.; Niroumand, A. M.; Hacker, V.; Bodner, M. Chemical 
Oxidation-Induced Degradation in Gas Diffusion Layers for PEFC: Mechanisms and 
Performance Implications. J. Electrochem. Soc. 2024, 171 (9), 094507. https://doi.
org/10.1149/1945-7111/ad790a.

15	 Lange, T.; Dietrich, M.; Schlottmann, H.; Valkov, V.; Mackert, V.; Radev, I.; Hoster, H. 
Investigating PFAS Emissions of Light- and Heavy-Duty Fuel Cell Electric Vehicles. 
Journal of Power Sources Advances 2025, 32, 100171. https://doi.org/10.1016/j.
powera.2025.100171.

16	 Von Tettau, P.; Thiele, P.; Mauermann, P.; Wick, M.; Tinz, S.; Pischinger, S. Per- and 
Polyfluoroalkyl Substances in Proton Exchange Membrane Fuel Cells — A Review. 
Journal of Power Sources 2025, 630, 236104. https://doi.org/10.1016/j.jpow-
sour.2024.236104.

17	 Höglinger, M.; Kartusch, S.; Eder, J.; Grabner, B.; Macherhammer, M.; Trattner, A. 
Advanced Testing Methods for Proton Exchange Membrane Electrolysis Stacks. Inter-
national Journal of Hydrogen Energy 2024, 77, 598–611. https://doi.org/10.1016/j.
ijhydene.2024.06.118.

18	 Teymoorian, T.; Delon, L.; Munoz, G.; Sauvé, S. Target and Suspect Screening Reveal 
PFAS Exceeding European Union Guideline in Various Water Sources South of Lyon, 
France. Environ. Sci. Technol. Lett. 2025, 12 (3), 327–333. https://doi.org/10.1021/
acs.estlett.4c01126.

19	 Dalmijn, J.; Glüge, J.; Scheringer, M.; Cousins, I. T. Emission Inventory of PFASs 
and Other Fluorinated Organic Substances for the Fluoropolymer Production Indus-
try in Europe. Environ. Sci.: Processes Impacts 2024, 26 (2), 269–287. https://doi.
org/10.1039/D3EM00426K.

(20)	 Miyake, J.; Taki, R.; Mochizuki, T.; Shimizu, R.; Akiyama, R.; Uchida, M.; Miyatake, K. 
Design of Flexible Polyphenylene Proton-Conducting Membrane for next-Generation 
Fuel Cells. Sci. Adv. 2017, 3 (10), eaao0476. https://doi.org/10.1126/sciadv.aao0476.

(21)	Adamski, M.; Skalski, T. J. G.; Britton, B.; Peckham, T. J.; Metzler, L.; Holdcroft, 
S. Highly Stable, Low Gas Crossover, Proton‐Conducting Phenylated Polyphe-
nylenes. Angew Chem Int Ed 2017, 56 (31), 9058–9061. https://doi.org/10.1002/
anie.201703916.



22

(22)	Wanninayake, D. M. Comparison of Currently Available PFAS Remediation Technolo-
gies in Water: A Review. Journal of Environmental Management 2021, 283, 111977. 
https://doi.org/10.1016/j.jenvman.2021.111977.

(23)	Buckley, T.; Karanam, K.; Han, H.; Vo, H. N. P.; Shukla, P.; Firouzi, M.; Rudolph, V. 
Effect of Different Co-Foaming Agents on PFAS Removal from the Environment by 
Foam Fractionation. Water Research 2023, 230, 119532. https://doi.org/10.1016/j.
watres.2022.119532.

(24)	 Stevenson, P.; Karakashev, S. I. Commercial‐scale Removal of Short‐chain PFAS in a 
Batch‐wise Adsorptive Bubble Separation Process by Dosing with Cationic Co‐sur-
factant. Remediation Journal 2024, 34 (1), e21767. https://doi.org/10.1002/rem.21767.

(25)	Cantoni, B.; Turolla, A.; Wellmitz, J.; Ruhl, A. S.; Antonelli, M. Perfluoroalkyl Substanc-
es (PFAS) Adsorption in Drinking Water by Granular Activated Carbon: Influence of 
Activated Carbon and PFAS Characteristics. Science of The Total Environment 2021, 
795, 148821. https://doi.org/10.1016/j.scitotenv.2021.148821.

(26)	Woodard, S.; Berry, J.; Newman, B. Ion Exchange Resin for PFAS Removal and 
Pilot Test Comparison to GAC. Remediation Journal 2017, 27 (3), 19–27. https://doi.
org/10.1002/rem.21515.

(27)	Dixit, F.; Dutta, R.; Barbeau, B.; Berube, P.; Mohseni, M. PFAS Removal by Ion 
Exchange Resins: A Review. Chemosphere 2021, 272, 129777. https://doi.
org/10.1016/j.chemosphere.2021.129777.

(28)	Yang, Z.; Zhu, Y.; Tan, X.; Gunjal, S. J. J.; Dewapriya, P.; Wang, Y.; Xin, R.; Fu, C.; 
Liu, K.; Macintosh, K.; Sprague, L. G.; Leung, L.; Hopkins, T. E.; Thomas, K. V.; 
Guo, J.; Whittaker, A. K.; Zhang, C. Fluoropolymer Sorbent for Efficient and Selective 
Capturing of Per- and Polyfluorinated Compounds. Nat Commun 2024, 15 (1), 8269. 
https://doi.org/10.1038/s41467-024-52690-y.

(29)	 Iulianelli, A.; Basile, A. Sulfonated PEEK-Based Polymers in PEMFC and DMFC 
Applications: A Review. International Journal of Hydrogen Energy 2012, 37 (20), 
15241–15255. https://doi.org/10.1016/j.ijhydene.2012.07.063.

30	 Park, K. T.; Chun, J. H.; Kim, S. G.; Chun, B.-H.; Kim, S. H. Synthesis and Charac-
terization of Crosslinked Sulfonated Poly(Arylene Ether Sulfone) Membranes for High 
Temperature PEMFC Applications. International Journal of Hydrogen Energy 2011, 
36 (2), 1813–1819. https://doi.org/10.1016/j.ijhydene.2010.02.019.

31	 Lee, S.; Jang, W.; Choi, S.; Tharanikkarasu, K.; Shul, Y.; Han, H. Sulfonated Polyimide 
and Poly (Ethylene Glycol) Diacrylate Based Semi‐interpenetrating Polymer Network 
Membranes for Fuel Cells. J of Applied Polymer Sci 2007, 104 (5), 2965–2972. https://
doi.org/10.1002/app.25966.

32	 Titvinidze, G.; Kreuer, K.; Schuster, M.; De Araujo, C. C.; Melchior, J. P.; Meyer, 
W. H. Proton Conducting Phase‐Separated Multiblock Copolymers with Sulfonat-
ed Poly(Phenylene Sulfone) Blocks for Electrochemical Applications: Preparation, 
Morphology, Hydration Behavior, and Transport. Adv Funct Materials 2012, 22 (21), 
4456–4470. https://doi.org/10.1002/adfm.201200811.



23

PFAS in the hydrogen industry  
Position Paper

33	 Qelibari, R.; Ortiz, E. C.; Van Treel, N.; Lombeck, F.; Schare, C.; Münchinger, A.; 
Dumbadze, N.; Titvinidze, G.; Klose, C.; Vierrath, S. 74 Μm PEEK‐Reinforced Sul-
fonated Poly(Phenylene Sulfone)‐Membrane for Stable Water Electrolysis with Lower 
Gas Crossover and Lower Resistance than Nafion N115. Advanced Energy Materials 
2024, 14 (5), 2303271. https://doi.org/10.1002/aenm.202303271.

34	 Yazili, D.; Marini, E.; Saatkamp, T.; Münchinger, A.; De Wild, T.; Gubler, L.; Titvinidze, 
G.; Schuster, M.; Schare, C.; Jörissen, L.; Kreuer, K.-D. Sulfonated Poly(Phenylene 
Sulfone) Blend Membranes Finding Their Way into Proton Exchange Membrane Fuel 
Cells. Journal of Power Sources 2023, 563, 232791. https://doi.org/10.1016/j.jpow-
sour.2023.232791.

35	 Han, Z.; Nemeth, T.; Yandrasits, M.; Ren, H.; Bangay, W.; Saatkamp, T.; Gubler, L. 
Hydrocarbon Proton Exchange Membranes for Fuel Cells: Do We Need New Chemi-
cal Durability Testing Protocols? ACS Electrochem. 2025, 1 (5), 588–598. https://doi.
org/10.1021/acselectrochem.4c00123.

36	 Menon, N. C.; Kruizenga, A. M.; Alvine, K. J.; San Marchi, C.; Nissen, A.; Brooks, K. 
Behaviour of Polymers in High Pressure Environments as Applicable to the Hydrogen 
Infrastructure. In Volume 6B: Materials and Fabrication; American Society of Mechani-
cal Engineers: Vancouver, British Columbia, Canada, 2016; p V06BT06A037. https://
doi.org/10.1115/PVP2016-63713.

37	 Simmons, K. L.; Kuang, W.; Burton, S. D.; Arey, B. W.; Shin, Y.; Menon, N. C.; 
Smith, D. B. H-Mat Hydrogen Compatibility of Polymers and Elastomers. International 
Journal of Hydrogen Energy 2021, 46 (23), 12300–12310. https://doi.org/10.1016/j.
ijhydene.2020.06.218.

38	 Buck, R. C.; Korzeniowski, S. H.; Laganis, E.; Adamsky, F. Identification and Clas-
sification of Commercially Relevant Per- and Poly-Fluoroalkyl Substances (PFAS). 
Integrated Environmental Assessment and Management 2021, 17 (5), 1045–1055. 
https://doi.org/10.1002/ieam.4450.

39	 OECD. Summary Report on the New Comprehensive Global Database of Per- and 
Polyfluoroalkyl Substances (PFASs); OECD Series on Risk Management of Chemi-
cals; OECD, 2018. https://doi.org/10.1787/1a14ad6c-en.

40	 Lim, X. Tainted Water: The Scientists Tracing Thousands of Fluorinated Chemicals in 
Our Environment. Nature 2019, 566 (7742), 26–29. https://doi.org/10.1038/d41586-
019-00441-1.

41	 Heuckeroth, S.; Nxumalo, T. N.; Raab, A.; Feldmann, J. Fluorine-Specific Detection 
Using ICP-MS Helps to Identify PFAS Degradation Products in Nontargeted Anal-
ysis. Anal. Chem. 2021, 93 (16), 6335–6341. https://doi.org/10.1021/acs.anal-
chem.1c00031.

42	 Koch, A.; Kärrman, A.; Yeung, L. W. Y.; Jonsson, M.; Ahrens, L.; Wang, T. Point 
Source Characterization of Per- and Polyfluoroalkyl Substances (PFASs) and Extract-
able Organofluorine (EOF) in Freshwater and Aquatic Invertebrates. Environ. Sci.: Pro-
cesses Impacts 2019, 21 (11), 1887–1898. https://doi.org/10.1039/C9EM00281B.



43	 Leung, S. C. E.; Wanninayake, D.; Chen, D.; Nguyen, N.-T.; Li, Q. Physicochemical 
Properties and Interactions of Perfluoroalkyl Substances (PFAS) - Challenges and 
Opportunities in Sensing and Remediation. Science of The Total Environment 2023, 
905, 166764. https://doi.org/10.1016/j.scitotenv.2023.166764.

44	 He, Y.; Cheng, X.; Gunjal, S. J.; Zhang, C. Advancing PFAS Sorbent Design: Mech-
anisms, Challenges, and Perspectives. ACS Mater. Au 2024, 4 (2), 108–114. https://
doi.org/10.1021/acsmaterialsau.3c00066.

Images: ©Adobe Stock
Brussels: Hydrogen Europe Research 2025
© Hydrogen Europe Research, 2025

Reuse is authorised provided the source is acknowledged. 
For any use or reproduction of photos or other material that is not under the EU copyright,
permission must be sought directly from the copyright holders.

www.hydrogeneuroperesearch.eu





Hydrogen Europe Research is an international, non–profit association 
composed of more than 160 Universities and Research & Technology 
Organisations (RTO) from 30 countries all over Europe and beyond.  
Our members are active within the European hydrogen and fuel cells sector. 
Hydrogen Europe Research actively promotes scientific excellence, 
intellectual property development, and technology transfer in Europe.

www.hydrogeneuroperesearch.eu


