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Lithium-ion battery recycling: a source of per- and
polyfluoroalkyl substances (PFAS) to the
environment?

Amanda Rensmo, © *** Eleni K. Sawvidou, ® lan T. Cousins, @ Xianfeng Hu, @ ¢
Steffen Schellenberger & 12 and Jonathan P. Benskin & °

Recycling of lithium-ion batteries (LIBs) is a rapidly growing industry, which is vital to address the increasing
demand for metals, and to achieve a sustainable circular economy. Relatively little information is known
about the enviranmental risks posed by LIB recycling, in particular with regards to the emission of
persistent (injorganic fluorinated chemicals. Here we present an overview on the use of fluorinated
substances - in particular per- and (PFAS) - in rt Ligs, along
with recycling conditions which may lead to their formation andfor release to the environment. Both
organic and inorganic fluorinated substances are widely reported in LIB components, including the
electrodes and binder, electrolyte (and additives), and separator. Among the most common substances
are LiPFg lan electrolyte saltl, and the polymeric PFAS polyvinylidene fluoride (used as an electrode
binder and a separator). Currently the most common LIB recycling process involves pyrometallurgy,
which operates at high temperatures (up to 1600 *C), sufficient for PFAS mineralization. However,
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PFAS-Free Energy Storage: Investigating Alternatives for Lithium-

lon Batteries
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ABSTRACT: The class-wids ion proposal on p and
polyfluoroalkyl substances (PFAS) in the European Union is expected to affect
a wide range of commercial sectors, including the lithium-ion battery (LIB)
industry, where both polymeric and low molecular weight PFAS are used. The
PFAS restriction dossiers currently state that there is weak evidence for viable
alternatives to the use of PFAS in LIBs. In this Perspective, we summarize both the
peer-reviewed literature and expert opinions from academia and industry to vcn@
the legitimacy of the claims ing the lack of ives. Our

limited to the electrodes and electrolyte, which account for the most critical uses
of PEAS in LIB cells. Companies that already offer or are developing PFAS-free
electrode and electrolyte materials were identified. There are also indications that
PFAS-free electrolytes are in development by at least one other company, but
there is no information regarding the alternative chemistries being proposed. Our

review suggests that it is technically feasible to make PFAS-frec batteries for battery applications, but PFAS-free solutions are not
currently well-cstablished on the market. Successful substitution of PFAS will require an appropriate balance among battery
performance, the environmental effects associated with hazardous materials and chemicals, and economic considerations.

KEYWORDS: fluoropolymers, PVDE, renewable energy, green energy transition, cathode, binder, electrolyte salt, electrolyte additives
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Are PFAS essential in green energy technologies
(GETs)? Should we allow the use of PFAS in GETs?

* Not a yes/no question
» Look closer (components)
* Look broader (sub-uses)

* Today, there are commercially
available alternatives to PFAS
(technology and/or material)

e Full alternatives assessments are
necessary to avoid regrettable
substitution
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Background: Fluoropolymers are
included in the definition of PFAS

“PFASs are defined as fluorinated substances that contain

at least one fully fluorinated methyl or methylene carbon

atom (without any H/C1l/Br/I atom attached to it), i.e. ®>> OECD
with a few noted exceptions, any chemical with at least a

perfluorinated methyl group (-CF3) or a perfluorinated

methylene group (-CF2-) is a PFAS.”

“All PFASs are considered to be very persistent,

either on the basis of their own very persistent

t EC HA properties or the very persistent properties of
EUROPEAN CHEMICALS AGENCY their terminal degradation product (arrowhead)
Additional hazardous properties depend on the

specific structure of a PFAS.”

OECD (2021)
ECHA (2023)



Case 1: PFAS are used in lithium-ion batteries
as binder and electrolyte, e.g. PVDF and TFSI

Cathode
Binders \
Fluoropolymers 1

Electrolyte

Liquid electrolytes
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v Rensmo et al (2023)
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“The inclusion of fluorine-based compounds
in the electrolyte chemistry is, to date,
ubiquitous as a pathway to promote the
targeted formation of lithium fluoride,
known to be a favourable SEI component in
lithium batteries.”

“By increasing the perfluoroalkyl chains in
the sulfonimide anions, efficient
stabilization of cathode-electrolyte

interface could be also achieved.[189]
189. Tong B et al. (2023) Design of a Teflon-like Anion for Unprecedently Enhanced
Lithium Metal Polymer Batteries Adv. Energy Mater. 13 2204085

"

“Presently, the dry PE-based SSBs,
consisting of a thin membrane of LiTFSI/PEO,
metallic lithium (Li°®) anode, and

LiFePO4 cathode, have been employed as power
source for EVs (e.g. Bluecars®, Bluebuses®)
and grid storage (e.g. Bluestorage®) .”

“.with increasing concerns on the use of
polyfluoroalkyl substances (PFASs; being
harmful to human and animals), excluding
long perfluorinated chains from polymers and
salts would be important for attaining
sustainable technology with PE-based SSBs.”

JPhys Energy

ROADMAP - OPEN ACCESS
2024 roadmap for sustainable batteries

2307 (), Maria Crespo Ribadeneyra®, Heather Au'

Magda Titirici" (&), Patrik Johansson
Alessandro Innocenti*® (), Stefano Passerini*>, Evi Petavratzi’ (), Paul Lusty’,

Annika Ahlberg Tidblad®®, Andrew J Naylor® (&), Reza Younesi® (&), Yvonne A Chart'%11

Jack Aspinall'®1", Mauro Pasta’®'" (), Joseba Orive' (), Lakshmipriya Musuvadhi Babulal'
Marine Reynaud'? (&), Kenneth G Latham', Tomooki Hosaka'?, Shinichi Komaba'?,

Jan Bitenc™ (9, Alexandre Ponrouch'> {2, Heng Zhang'® (2, Michel Armand2(, Robert Kerr'?,

Patrick C Howlett', Maria Forsyth'” (2, John Brown81930 (), Alexis Grimaud 81920,
Marja Vilkman?' (&), Kamil Burak Dermenci?? (), Seyedabolfazl Mousavihashemi?!
Maitane Berecibar?? (), Jean E Marshall?> &), Con Robert McElroy®* (&), Emma Kendrick?3

Tayeba Safdar''26, Chun Huang'"2527 (), Franco M Zanotto?829, Javier F Troncoso?828,

Diana Zapata Dominguez?$2%, Mohammed Alabdali?é, Utkarsh Vijay283°,
6293031 (), Sivaraj Pazhaniswamy32 (), Patrick S Grant32

12

Algjandro A Franco?

Stiven Lépez Guzman'233 (), Marcus Fehse'? (), Montserrat Galceran and

Néstor Antufiano 2
Published 8 October 2024 « © 2024 The Author(s). Published by IOP Publishing Ltd
Journal of Physics: Energy, Velume 6, Number 4

Citation Magda Titirici et al 2024 J. Phys. Energy 6 041502

DOI 10.1088/2515-7655/ad6bc0

a Hide full author list

... and also in “future”
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Case 1: There are various alternatives on the
market to PVDF and TFSI

Cathode

Water-soluble binders
Biobased polymers

Solvent-free binders
Nanocarbon

Binder-free technologies

Savvidou et al. (2024)

Anode

Styrene-Butadiene Rubber (SBR)

Carboxymethylcellulose (CMC)
Polyacrylic acid (PAA)

Electrolyte

Liquid electrolytes
E.g. borates

See more in Hernandez et al. (2022)

Polymer electrolytes
Poly(ethylene oxide)

Solid/Metal batteries
PFAS-free ionic liquids

See more in Liu et al. (2025)
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Case 2: The chemical industry, parts suppliers and
wind energy sceptics claim that PFAS is used in
wind energy

“In particular, fluoropolymers are key materials :

for the majority of the strategic technologies PTOdUC"On n"ﬂdS?

assessed including Li-ion batteries, fuel cells, ‘

wind turbines, solar photovoltaics” 4 ) o
Sealing applications?

“In the field of wind turbines, fluoropolymers

are used as coatings on the towers and blades of ar

wind power generators..” ' ﬁ"‘

Coatings?
“.ticking PFAS bomb under the wind turbines that
stand out at sea..” (translated) Lubrication?

“County Opposes Lake Erie Wind Turbines:
/../Some of the concerns the resolution noted
included:/../

— Release of microplastics and toxic chemicals,

such as BPA and PFAS, from wind turbine Nﬂn'essenﬁﬂlﬂpp“CﬂnﬂnS?

materials”

ECHA submissions: FPG Fluoropolymers Product Group (ref_6148), 3P Performance Plastics Products (ref_6275); Media: Ingenigren (Danish), The Post-Journal
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Case 2: Commercial wind turbines do not contain
PFAS in the main components such as the blade

“The wind industry is already

using PFAS-free coatings for the ﬁ/
rotor blades. And it continuously “§g BMde
assesses whether other components B A
and materials may contain PFAS %%ﬁgﬁi Coatings
and, if so, whether PFAS-free h o 4 Epoxy (with or without Zn)
alternatives are available.” /)“ & ’
® - .
WInd * Poly(ureathane)
EUROPE -y,

%,%\ ‘l
SHERWIN Acrylic |
WILLIAMS. m :

AkzoNobel BELZONA L
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B. Kjeerside Storm (2013)
A. Dashtkar et al. (2019)



What about major GETs — do they use PFAS or
not? If so, are there alternatives on the market?

»~
»~

Solar panels (Si)

PFAS in supporting
components

Market alternatives
available

Wind turbines

No PFAS in main
components

"Alternatives”
implemented

Batteries (Li-NMCQC)

PFAS in main
component(s)

Alternative sub-uses
without PFAS in main
component(s)

Fuel cells (PEM)

PFAS in main
component

Alternative sub-uses
without PFAS in main
component

Heat pumps

PFAS in main
component

Alternatives available,
historically used

<€ € £ QAL

See more in Gllge et al. (2024)



Are PFAS essential in green energy technologies
(GETs)? Should we allow the use of PFAS in GETs?

* All five major GETs have PFAS-free alternatives (technology
and/or material) with various TRL

« Some functions are shared among several GETs

* My work: Look closer and broader

» use of PFAS in both main and supporting components of GETs
» uses of PFAS for different sub-uses of GETs
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“There are a number of scientific
approaches we can take to make a safer
and more sustainable environment, whilst
still improving the usability of energy
storage [including] remov[ing] chemicals
that can potentially produce such toxic
materials as PFAS during recycling”

J Power Sources. 2020 Oct 15; 473; 228574
Published online 2020 Jul 27
doi: 10.1016/).jpowsour.2020.228574

Beyond the Nobel recognition - To a cleaner sustainable
future

M. Stanley Whittingham
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