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Abstract

Fluorinated substances are widely used in the different components of the lithium-ion bat-
tery cell, such as electrode binders, electrolyte, additives and separator materials. To date,
most studies regarding the fluorinated contaminations from lithium-ion battery fires are
focused on the gases formed, whereas the solids produced are not as well characterized.
Here, we present an experimental study investigating the occurrence of per- and poly-
fluoroalkyl substances, in soot and particulates formed after thermal runaway in lithium-
ion battery cells. Per- and polyfluoroalkyl substances were detected in every battery cell
test performed in this study. The concentration of per- and polyfluoroalkyl substances
ranged between 20 to 130 ng/g,... Extrapolation of data gives an estimated release of 10 to
60 pg of per- and polyfluoroalkyl substances per kg battery cells. Among the 22 per- and
polyfluoroalkyl substances analyzed, perfluorobutanesulfonic acid and perfluorobutanoic
acid were found in the highest concentrations for all samples. Interestingly, perfluoroocta-
noic acid was detected in all tests, in concentrations ranging between 0.05 to 0.62 ng/g.
These findings are of importance not only for the purpose of decontamination after thermal
runaway events, but also when it comes to the lithium-ion battery recycling processes.

Keywords Per- and polyfluoroalkyl substances - PFAS - Lithium-ion battery - Thermal
runaway - Battery fires - Soot

1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of compounds that covers thou-
sands of different substances [1-4]. PFAS are fluorinated substances that include at least
one fully fluorinated methyl or methylene carbon atom, without any hydrogen, chlorine,
bromine, or iodine atoms attached. Essentially, with a few exceptions, any chemical

Synopsis: The potential PFAS exposures from the battery industry are largely unknown. This study
reports 22 PFAS exposures from battery cell tests.

<l Maria Quant
maria.quant@ri.se

! RISE Research Institutes of Sweden, Safety and Transport, Brinellgatan 4, 504 62 Borés, Sweden

Published online: 26 March 2025 | Springer


http://orcid.org/0000-0003-2160-8034
http://orcid.org/0000-0002-9768-8838
http://orcid.org/0000-0003-4543-928X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10694-025-01708-y&domain=pdf

Fire Technology

containing at least a perfluorinated methyl group (—CF;) or a perfluorinated methylene
group (—CF,—) is considered a PFAS [4].

Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) are two of
the most well studied PFAS [5]. PFAS are used in a variety of industries, such as the
manufacturing of lubricants, coatings and paints, polymer production and the electronic
industry [3]. In the 1960s, PFAS was introduced in aqueous film-forming foams show-
ing improved fire suppression capabilities compared to their PFAS-free counterparts.
With increasing environmental and health concerns related to PFAS, along with strict
regulatory actions, there is a shift towards using fluorine-free foams [6, 7].

Human exposure to PFAS has been linked to multiple adverse health effects such as
decreased immune response, increased risk of thyroid disease, decreased fertility, tes-
ticular and kidney cancer as well as liver damages [8—11]. Some effects have even been
found in utero, and in a recent study by Hyotyldinen et al., fetuses with high level of
PFAS showed an altered metabolism and liver function [12]. Sources of PFAS exposure
include drinking water and food [13, 14], placental exposure [15-17] and through inha-
lation of air [18]. However, for most PFAS, there is little understanding of how much
has been released and accumulated in the environment over time [5, 19, 20].

Concerning their high persistence and due to the lack of information on the toxico-
logical profiles of the vast majority of the currently used PFAS [20, 21], it has been
argued that the production and use of PFAS should be restricted. The European Union
(EU) ‘safe and sustainable by design’ framework is an implementation of the Chemicals
Strategy for Sustainability [22] adopted in October 2020. This strategy has announced
a phase-out of the use of PFAS in Europe “unless it is proven essential for society”.
Moreover, in January 2023, authorities in Denmark, Germany, the Netherlands, Nor-
way and Sweden submitted a proposal to the European Chemicals Agency (ECHA) to
restrict the use of about 10 000 PFAS [23].

To reduce the dependency on fossil fuels, batteries have become a key enabler for the
automotive and energy sector. The global demand for lithium-ion batteries is expected
to soar over the next decade [24]. Simultaneously, more than 100 GWh of electric vehi-
cle batteries, reaching their end of life, are expected to be phased out by 2030 [25]. The
full extent of PFAS used and the potential PFAS exposures from the battery industry is
largely unknown. Some potential sources of PFAS in lithium-ion batteries are outlined
in work by Guelfo et al. [26], Gao et al. [27], as well as in work by Rensmo et al. [2, 28]
and in Fig. 1 some examples of fluorinated substances found in lithium-ion batteries are
presented [2]. A wide range of organic and inorganic fluorinated substances could be
found in the electrode binders, electrolytes and electrolyte additives, as well as in the
separators of lithium-ion batteries [2, 26, 27].

With the growing demand of batteries in society, fires involving lithium-ion batteries
will most likely alsi increase in frequency. During a lithium-ion battery fire, smoke and
gases containing pollutants such as hydrocarbons, hydrogen halides, soot particulates
etc. are released into the environment [29]. Also, extinguishing water from lithium-ion
battery fires are contaminated with pollutants such as many metals, including nickel
(Ni), manganese (Mn), cobalt (Co), lithium (Li) and aluminum (Al), mixed with other
carbonaceous species (soot, tarballs) and sometimes undecomposed solvents used in the
electrolyte [30]. In previous work by Quant et al. [31], PFAS were found in the extin-
guishing water upon fire testing of a lithium-ion battery pack. PFAS detected in concen-
trations ranging between 200 and 1400 ng L™!. Flushing the battery increased the con-
centration of per- and polyfluoroalkyl substances to 4700 ng L™'. However, the origin,
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Fig.1 Examples of fluorinated chemical compounds found in lithium-ion battery components. Polyvi-
nylidene fluoride (PVDF), polyvinylidene fluoride co-hexafluoropropylene (PVDF-HFP), polyvinylidede
fluoride co-trifluoroethylene (PVDF-TrFE), polytetrafluoroethylene (PTFE), Perfluoroalkyl carboxylate,
perfluoroalkyl disulfonate, tetrafluoroethyl tetrafluoropropylether (F-EPE), bis(trifluoromethylsulfonyl)
imide (LiTFSI). Additional fluorinated compounds that can be found in lithium-ion batteries can be found
in Refs. [2, 26, 27].

i.e. the PFAS contributions from the individual components in the battery pack (battery
cells, electronics, cables etc.) were not distinguished.

Furthermore, many battery safety tests are performed outdoors at testing sites that lack
means of effluent cleaning. Meaning that any gases, soot or wastewater produced during these
tests will be released to the environment. How much that can be released will depend on the
cell chemistry and battery size, but also on the test methodology. Both state of charge (SOC)
and thermal runaway triggering method will affect the outcome of the thermal runaway, e.g.
in terms of maximum temperature and amount of material involved in the reactions as well as
number of particles ejected and total mass loss [32].

Another concern is the level of contaminations in firefighter’s protective clothing and fire-
fighting equipment, and there is a worry in the firefighting community regarding the presence
of PFAS in their protective clothing. In a study conducted by the national institute of stand-
ards and technology (NIST) in 2023, PFAS in textiles from firefighter protective clothes were
screened. Between 1 and 17 PFAS were observed and quantified in each textile, with higher
numbers of detections, and higher concentrations of PFAS present in moisture barrier and
outer shell textiles compared with thermal liner textiles [33]. In work by Dahlbom et al. [34],
different washing methods and the release of PFAS in firefighting equipment were carried out.
The study concluded that many PFAS were present, and that the pH level of the cleaning agent
significantly affects the extraction of certain PFAS species from the material [34].

In this work, particulate/soot samples from eight lithium-ion battery cells were analyzed for
different PFAS after thermal runaway. Different SOC and thermal runaway triggering meth-
ods were applied to study the influence of different internal maximum temperatures and total
amount of particulates ejected from the cell.

2 Experimental
Eight prismatic lithium-nickel-manganese-cobalt-oxide (NMC) battery cells with SOC of

50% (one sample) and 100% (seven samples) were tested. The tested cells were pristine
cells from the same batch. These were state of the art, high nickel content NMC cells,
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launched in 2023. To determine the battery cell surface temperatures during testing each
battery cell was fitted with three type-K thermocouples.

The test setup consisted of an 80-L pressure vessel rated up to 32 bar at 200 °C, a photo-
graph of the test setup can be found in the Supporting Information Figure S1. Once closed,
the vessel was purged with nitrogen, resulting in an inert atmosphere with < 1% oxygen.

Thermal runaway was initiated using three different triggering methods: (1) heating the
cell (five samples), (2) nail penetration (two samples) and (3) overcharging the cell (one
sample). Particulates that were emitted from the battery cell during the test accumulated
inside the pressure vessel. These were collected, weighed and analyzed for 22 PFAS after
each test. The 22 analyzed PFAS are presented in Table S1 in the supplementary mate-
rial and includes the 20 individual PFAS substances of concern from the many possible
PFAS (* PFAS Total’) listed in the EU Drinking Water Directive (DWD) along with the
two new substances introduced in the recast DWD [35, 36]. Further details regarding the
test method and thermal runaway initiation can be found in Supporting Information S1.1.

PFAS were analyzed using liquid chromatography tandem mass spectrometry (LC/MS/
MS) The LC/MS/MS instruments included a Waters Acquity UPLC I-class LC-system and
a Waters Xevo TQ-XS mass spectrometer. The column used for chromatographic separa-
tion of the analytes was a Waters Acquity UPLC BEH C18, 2.1 mmx 100 mm, 1.7 pm.
Sample preparation and analysis were made according to ASTM D7968-17a “Determina-
tion of Per- and Polyfluoroalkyl Substances in Water, Sludge, Influent, Effluent and Waste-
water by Liquid Chromatography Tandem Mass Spectrometry (LC/MS/MS)”. One gram
of soot from each cell were used for the analysis and the targeted PFAS and the limit of
quantification (LOQ) can be found in Supporting Information Table S1.

3 Results and discussion

The total amount of the 22 PFAS analyzed, and the maximum cell surface temperature
during each test are presented in Fig. 2. Due to cell-case explosion of sample 4, the cell
surface temperature and mass loss could not be determined, therefore sample 4 is removed
from Fig. 2b.

PFASs were found for all tests, the concentration ranged between 18.5 to 127 ng L™
(or ngppas/geoo analyzed) per battery cell. Where the highest concentration was found for
sample 4, 127 ngppas/qo0- INOte that a battery pack in an electric vehicle, or in a stationary
battery energy storage system, may consist of hundreds or even thousands of battery cells
depending on the size of the system.

An initial observation made was that the total amount of PFAS increase with the maxi-
mum cell surface temperature observed during thermal runaway (Fig. 2b). For sample
la—b, the maximum temperatures were 612 and 614 °C, total amount of PFAS were 33.2
and 18.5 ng/g,.. As the maximum temperature increased to 716 and 781 °C for sample
2a-b, the concentrations increased to 52.2 and 48.5 ngppas/goo respectively. The maxi-
mum temperatures reached more than 800 °C for sample 3a-b and in these tests 97 and
114 ngppag/g.0o Were detected. The highest concentration of PFASs was found for sample
4, 127 ngppas/Leoorr DUt the maximum temperature could not be measured due to the cell-
case explosion. Note that for battery cells with 100% SOC a more violent thermal runaway,
dependent on the thermal runaway triggering method, results in a higher mass loss and
therefore a lower cell casing temperature due to heat losses. Therefore, the maximum cell
surface temperature might not be proportional to the maximum cell internal temperature.
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Fig.2 a Test specifications and b PFASs concentration and the maximum battery cell surface temperature
for each test. Sample 4 is excluded from the graph due to cell-case explosion. Blue circles indicate 100%
SOC and grey circle 50% SOC

The effect of SOC on the PFAS concentration is further discussed later in the article. For
the concentration of each individual PFAS examined, see Supporting Information Table S2.

For a rough estimate of the total amount of PFAS that were produced in each test, the
data in Fig. 2b was multiplied with the total weight of the particulates/soot that was pro-
duced for each cell, see Fig. 3a. Note that this type of extrapolation will assume that the
PFAS are evenly distributed within the soot sample, that each soot sample is representative
of the tested battery cell as well as a 100% extraction efficiency. Furthermore, the analysis
performed in this study only considers 22 types of PFAS. Therefore, the total concentra-
tion of PFAS may be substantially higher; considering that there are thousands of PFAS.
For sample 1 to 3 (100% SOC), the total amount of PFAS within the soot produced varied
between 20 to 40 pg. For sample 1c (50% SOC) the amount was 12.3 pg. Whereas the total
amount of PFAS for sample 4 was substantially higher, 122 pg (see Fig. 3a).
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Fig.3 a The total amount of soot/particulates produced for each test (black, left y-axis) and the total
amount of PFAS (blue, right y-axis), extrapolated from the total amount of soot/particulates formed for
each test. Blue triangles indicate 100% SOC and grey triangle 50% SOC. b Photograph showing the
remains of sample 4, that experiencing cell-case explosion, inside of the pressure vessel
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To put the evaluated values into context, a comparison to a previous study was made.
For example, in a study by Quant et al. [31], fire extinguishing water from three vehicles
and one lithium-ion battery pack, consisting of 216 battery cells, were analyzed for inor-
ganic and organic pollutants. PFASs were detected in concentrations ranging between 200
and 1400 ng L', Internal flushing of the battery pack increased the PFAS concentration
to 4700 ng L™!. If the PFAS concentration in the sampled water was representative for the
total volume of water (~ 11 000 L) used during the test, this would result in a total amount
of PFAS between 2200 and 51,700 pg for one vehicle or battery pack. In this case that
corresponds to approximately 10-200 ug of PFAS per kg battery cells, which can be com-
pared with 10 to 60 ug of PFAS per kg battery cells found in current study.

The overcharge scenario (sample 4) resulted in a cell-case explosion, see Fig. 3b. Due
to the cell-case explosion, it was difficult to determine the total amount of soot/particulates
produced. Most likely, an overestimation of the soot/particulates formed, due to inclusion
of cell casing debris, leads to an overestimation of the total amount of PFAS produced (as
seen in Fig. 3a, test 4). However, the reason for the increased concentration of PFAS found
for sample 4 in the non-extrapolated data (127 ng/g,,,) can only be speculated at this time.
The characteristics of thermal runaway scenarios are dependent on the SOC. Higher SOC
typically results in a more violent thermal runaway with higher rate of internal reactions,
higher gas production rate and higher battery cell mass loss [32]. The higher concentration
of PFAS for sample 4 could be a result of an increased internal cell temperature (dependent
on SOC), and/or a decreased average reaction temperature due to the fast ejection of solids
from the cell.

Furthermore, for the battery cell having 50% SOC (sample 1c, Fig. 2b) the cell surface
temperature was lower, while the concentration of PFAS were no different to the compa-
rable tests having a higher SOC (sample la and 1b, Fig. 2b). However, the total mass loss
was much lower for the battery cell having a lower SOC, compared to the tests with 100%
SOC, mass loss of 43% compared to 75 and 78% respectively. This results in a slightly
lower total amount of PFAS produced (sample 1c, Fig. 3a).

Nevertheless, these findings are of importance, not only for the purpose of decontam-
ination after lithium-ion battery fires, but also when it comes to the lithium-ion battery
recycling processes. To date, most studies on the fluorine contaminations from lithium-ion
battery recycling are focused on the gases formed. Whereas the solids formed are not well
characterized [2]. Additionally, lithium-ion battery recycling processes include pyrometal-
lurgy (high temperature processes, up to 1600 °C) or hydrometallurgy (low temperature
processes, <600 °C) [2]. Thus, the selected recycling method and temperature may impact
the PFAS release since high temperatures (<1000 °C) are generally required for PFAS
incineration [37, 38]. In work by Blotevogel et al. [39], the temperature effect on thermal
degradation pathways for fluorinated compounds (bis(perfluoroalkanesulfonyl)imides and
bis(triflouromethanesulfonyl)imide) were studied. At approximately 600 °C, decomposi-
tion is primarily through carbon—sulfur bond cleavage, with some nitrogen—sulfur bond
cleavage occurring as well. However, the mineralization of the released perfluoroalkyl sub-
stituent only occurs at temperatures above 900 °C. The study also show that the required
temperature increases with the length of the perfluoroalkyl chain [39].

Among the 22 PFASs analyzed, perfluorobutanesulfonic acid (PFBS) and perfluorobuta-
noic acid (PFBA) were found in the highest concentrations for all samples (Fig. 4). Lately,
the potential toxicity of PFBA and PFBS has raised concerns. Regarding PFBS, often used
as an alternative to PFOS, the substance can be taken up orally by humans through drink-
ing contaminated water or by consumption of other water containing products [40]. The
amounts of PFBS detected in the human population are increasing, and work from Glynn
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et al. [41], show an increase of PFBS of 11% in serum of pregnant women, in Sweden,
from 1996 to 2010. Studies indicate that developmental, reproductive toxicity, thyroid, and
liver effects could be linked to PFBA and PFBS exposure [42—45].

The production and use of PFOA, and PFOA-related compounds, are prohibited accord-
ing to the persistent organic pollutant (POPs) regulation, which more than 180 countries
agreed under the international Stockholm Convention on POPs in 2019. Interestingly,
PFOA was detected in all samples in concentrations ranging between 0.05 to 0.62 ngppas/
2.0~ Total amounts, presented in Fig. 4b, ranged between 55 to 138 ng per battery cell test
for 1 to 3, and 600 ng for test 4. The extrapolated amount for sample 4 is most likely over-
estimated due to the cell casing explosion as described earlier.

Studies from Prevedouros et al. [45], and Wang et al. [46], has showed that the source of
PFOA released to the environment can be connected to electrochemical fluorination and/or
its use in fluoropolymer manufacture. Polyvinylidene fluoride (PVDF) and polytetrafluoro-
ethylene (PTFE) are fluoropolymers used as electrode binder [47, 48] and separator mate-
rial [49] in lithium-ion batteries. The PFOA detected in this work could possibly originate
from these materials. Furthermore, it could be speculated that polymeric PFAS could be
degraded into shorter chain PFAS during the extreme events of thermal runaway.

4 Conclusion

Overall, this work shows that the soot and particulates after a thermal runaway in lithium-
ion battery cell contains PFAS. Extrapolation of data renders an estimated release of 20
to 40 pg of PFASs per battery cell (for sample 4, 120 pg of PFAS). The total amount of
PFAS increases with the maximum cell surface temperature observed during thermal runa-
way. For the battery cell having 50% SOC the observed surface temperature was lower
and thereby the total amount of PFAS, but the concentration of PFAS in the soot samples
were no different to the comparable tests having a higher SOC. However, it is important to
note that the study only includes a small number of samples and that more research on the
topic is needed. To further explore the correlation between PFAS contaminants and cell
parameters including cell chemistry would be highly valuable research topics. In addition,
although there are a number of studies where PFAS degradation products during recycling
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processes are examined, there is a need for more research [2, 27, 39]. There is a lack of
information on PFAS degradation products and formation of new substances during expo-
sure to high temperatures. Further studies on PFAS degradation products during battery
fire scenarios would be of great interest.

To mitigate unintentional PFAS exposure, an increased awareness of PFAS in lithium-
ion batteries is necessary. To alleviate PFAS exposure, the whole value chain, from pro-
duction, testing, use and re-use/recycling, needs to become aware that PFAS are present
and continue to work to minimize the PFAS exposure to the environment.

The use of PFAS is not limited to batteries and are used in variety of industries, such as
the manufacturing of lubricants, coatings and paints, polymer production and the electronic
industry [3]. However, the environmental issues related to fluorine containing compounds
have spurred research into fluorine-free batteries [50]. Electrolytes containing fluorine-free
lithium salts based on alternative anions such as phosphate [51] and boron [52], are cur-
rently being explored. Developing high performing and environmentally friendly binders
is also a hot research topic and examples of fluorine-free water borne binders for cathodes
can be found in the literature [53, 54].

Furthermore, when discussing the environmental impact and safety aspects of PFAS
from batteries, it is crucial to recognize that PFAS serve a purpose in the batteries, and
both the risks and benefits must be weighed. Therefore, it is essential to adopt a holistic
perspective when considering the environmental consequences of battery fires.

Associated content: Additional experimental details regarding the test setup, experi-
mental methods and LOQ for the analyzed PFAS.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10694-025-01708-y.

Acknowledgements The authors would like to thank Fanny Bjarnemark and Mohit Pushp at RISE Research
Institutes of Sweden for their help with the chemical analysis and experimental work. This work was funded
by Vinnova (Grant No. 2019-00064) through Batteries Sweden (BASE).

Author Contributions O.W., M.Q. and J.H. contributed equally. The manuscript was written through contri-
butions of all authors. All authors have given approval to the final version of the manuscript.

Funding Open access funding provided by RISE Research Institutes of Sweden.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Buck RC, Franklin J, Berger U, Conder JM, Cousins IT, de Voogt P, Jensen AA, Kannan K, Mabury
SA, van Leeuwen SPJ (2011) Perfluoroalkyl and polyfluoroalkyl substances in the environment: termi-
nology, classification, and origins. Integr Environ Assess Manag 7:513-541. https://doi.org/10.1002/
ieam.258

2. Rensmo A, Savvidou EK, Cousins IT, Hu X, Schellenberger S, Benskin JP (2023) Lithium-ion battery
recycling: a source of per- and polyfluoroalkyl substances (PFAS) to the environment? Environ Sci
Process Impacts 25:1015-1030. https://doi.org/10.1039/D2EMO00511E

@ Springer


https://doi.org/10.1007/s10694-025-01708-y
https://doi.org/10.1007/s10694-025-01708-y
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ieam.258
https://doi.org/10.1002/ieam.258
https://doi.org/10.1039/D2EM00511E

Fire Technology

10.

11.

13.

14.

16.

17.

18.

20.

21.

Gliige J, Scheringer M, Cousins IT, DeWitt JC, Goldenman G, Herzke D, Lohmann R, Ng CA, Trier
X, Wang Z (2020) An overview of the uses of per- and polyfluoroalkyl substances (PFAS). Environ Sci
Process Impacts 22:2345-2373. https://doi.org/10.1039/DOEM00291G

Wang Z, Buser AM, Cousins IT, Demattio S, Drost W, Johansson O, Ohno K, Patlewicz G, Richard
AM, Walker GW, White GS, Leinala E (2021) A new OECD definition for per- and polyfluoroalkyl
substances. Environ Sci Technol 55:15575-15578. https://doi.org/10.1021/acs.est.1c06896

Wang Z, DeWitt JC, Higgins CP, Cousins IT (2017) A never-ending story of per- and polyfluoroalkyl
substances (PFASs)? Environ Sci Technol 51:2508-2518. https://doi.org/10.1021/acs.est.6b04806
Altmann BR et al (1985) Untersuchungen zur Optimerung des Brandschutzes in Grosstankl€agern,
Deutsche Forschungs- und Versuchsanstalt fiir Luft und Raumfahrt e.V., Hamburg 169

Tuve RL et al (1964) In: U.S.N.R. Laboratory (ed) A new vapor-securing agent for flammable liquid
fire extinguishment. NRL Report 6057, Washington

Blake BE, Fenton SE (2020) Early life exposure to per- and polyfluoroalkyl substances (PFAS) and
latent health outcomes: a review including the placenta as a target tissue and possible driver of peri-
and postnatal effects. Toxicology 443:152565. https://doi.org/10.1016/j.tox.2020.152565

Fenton SE, Ducatman A, Boobis A, DeWitt JC, Lau C, Ng C, Smith JS, Roberts SM (2021) Per- and
polyfluoroalkyl substance toxicity and human health review: current state of knowledge and strategies
for informing future research. Environ Toxicol Chem 40:606-630. https://doi.org/10.1002/etc.4890
Elizabeth C, Sarah R, Nikos SP, Damaskini V, Dora C, Todd J, Rohit K, Stephanie S, Vasilis V, Hugo
R, Rob M, Leda C (2024) Exposure to per- and polyfluoroalkyl substances and markers of liver injury:
a systematic review and meta-analysis. Environ Health Perspect 130:046001. https://doi.org/10.1289/
EHP10092

Guo P, Furnary T, Vasiliou V, Yan Q, Nyhan K, Jones DP, Johnson CH, Liew Z (2022) Non-targeted
metabolomics and associations with per- and polyfluoroalkyl substances (PFAS) exposure in humans:
a scoping review. Environ Int 162:107159. https://doi.org/10.1016/j.envint.2022.107159

Hyétyldinen T, McGlinchey A, Salihovic S, Schubert A, Douglas A, Hay DC, O’Shaughnessy PJ, Ire-
dale JP, Shaw S, Fowler PA, Oresi¢ M (2024) In utero exposures to perfluoroalkyl substances and
the human fetal liver metabolome in Scotland: a cross-sectional study. Lancet Planet Health 8:e5-el7.
https://doi.org/10.1016/S2542-5196(23)00257-7

Domingo JL, Nadal M (2017) Per- and polyfluoroalkyl substances (PFASs) in food and human dietary
intake: a review of the recent scientific literature. J Agric Food Chem 65:533-543. https://doi.org/10.
1021/acs.jafc.6b04683

Panel EP, Schrenk D, Bignami M, Bodin L, Chipman JK, del Mazo J, Grasl-Kraupp B, Hogstrand
C, Hoogenboom L, Leblanc JC, Nebbia CS, Nielsen E, Ntzani E, Petersen A, Sand S, Vleminckx C,
Wallace H, Barregard L, Ceccatelli S, Cravedi JP, Halldorsson TI, Haug LS, Johansson N, Knutsen
HK, Rose M, Roudot AC, Van Loveren H, Vollmer G, Mackay K, Riolo F, Schwerdtle T (2020) risk
to human health related to the presence of perfluoroalkyl substances in food. EFSA 18:¢06223. https://
doi.org/10.2903/j.efsa.2020.6223

Eryasa B, Grandjean P, Nielsen F, Valvi D, Zmirou-Navier D, Sunderland E, Weihe P, Oulhote Y
(2019) Physico-chemical properties and gestational diabetes predict transplacental transfer and parti-
tioning of perfluoroalkyl substances. Environ Int 130:04874. https://doi.org/10.1016/j.envint.2019.05.
068

Aimuzi R, Luo K, Chen Q, Wang H, Feng L, Ouyang F, Zhang J (2019) Perfluoroalkyl and polyfluoro-
alkyl substances and fetal thyroid hormone levels in umbilical cord blood among newborns by prelabor
caesarean delivery. Environ Int 130:104929. https://doi.org/10.1016/j.envint.2019.104929

So MK, Yamashita N, Taniyasu S, Jiang Q, Giesy JP, Chen K, Lam PKS (2006) Health risks in infants
associated with exposure to perfluorinated compounds in human breast milk from Zhoushan, China.
Environ Sci Technol 40:2924-2929. https://doi.org/10.1021/es06003 1f

Shoeib M, Harner T, Ikonomou M, Kannan K (2004) Indoor and outdoor air concentrations and phase
partitioning of perfluoroalkyl sulfonamides and polybrominated diphenyl ethers. Environ Sci Technol
38:1313-1320. https://doi.org/10.1021/es0305555

Salvatore D, Mok K, Garrett KK, Poudrier G, Brown P, Birnbaum LS, Goldenman G, Miller MF, Pat-
ton S, Poehlein M, Varshavsky J, Cordner A (2022) Presumptive contamination: a new approach to
PFAS contamination based on likely sources. Environ Sci Technol Lett 9:983-990. https://doi.org/10.
1021/acs.estlett.2c00502

Cousins IT, Johansson JH, Salter ME, Sha B, Scheringer M (2022) Outside the safe operating space
of a new planetary boundary for per- and polyfluoroalkyl substances (PFAS). Environ Sci Technol
56:11172-11179. https://doi.org/10.1021/acs.est.2c02765

Cousins IT, Ng CA, Wang Z, Scheringer M (2019) Why is high persistence alone a major cause of
concern? Environ Sci Process Impacts 21:781-792. https://doi.org/10.1039/C8EM00515J

@ Springer


https://doi.org/10.1039/D0EM00291G
https://doi.org/10.1021/acs.est.1c06896
https://doi.org/10.1021/acs.est.6b04806
https://doi.org/10.1016/j.tox.2020.152565
https://doi.org/10.1002/etc.4890
https://doi.org/10.1289/EHP10092
https://doi.org/10.1289/EHP10092
https://doi.org/10.1016/j.envint.2022.107159
https://doi.org/10.1016/S2542-5196(23)00257-7
https://doi.org/10.1021/acs.jafc.6b04683
https://doi.org/10.1021/acs.jafc.6b04683
https://doi.org/10.2903/j.efsa.2020.6223
https://doi.org/10.2903/j.efsa.2020.6223
https://doi.org/10.1016/j.envint.2019.05.068
https://doi.org/10.1016/j.envint.2019.05.068
https://doi.org/10.1016/j.envint.2019.104929
https://doi.org/10.1021/es060031f
https://doi.org/10.1021/es0305555
https://doi.org/10.1021/acs.estlett.2c00502
https://doi.org/10.1021/acs.estlett.2c00502
https://doi.org/10.1021/acs.est.2c02765
https://doi.org/10.1039/C8EM00515J

Fire Technology

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

European Commission (2020) Chemicals strategy for sustainability towards a toxic-free environment.
European Commission, Brussels, pp 1-25. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=
COM%3A2020%3A667%3AFIN. Accessed 26 Feb 2024

European Chemicals Agency ECHA (2024) ECHA publishes PFAS restriction proposal. https://echa.
europa.eu/sv/-/echa-publishes-pfas-restriction-proposal. Accessed 26 Feb 2024

McKinsey & Company (2024) Global battery alliance. Battery 2030: resilient, sustainable and circular.
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-2030-resilient-
sustainable-and-circular#/. Accessed 22 Feb 2024

International Energy Agency IEA (2023) Global EV outlook 2023. IEA. https://www.iea.org/repor
ts/global-ev-outlook-2023#downloads. Accessed 22 Feb 2024

Guelfo J, Ferguson P, Beck J, Chernick M, Doria-Manzur A, Faught P, Flug T, Gray E, Jayasundara
N, Knappe D, Joyce A, Meng P, Shojaei M (2024) Lithium-ion battery components are at the nexus
of sustainable energy and environmental release of per- and polyfluoroalkyl substances. Nat Com-
mun 15:5548. https://doi.org/10.1038/s41467-024-49753-5

Gao W, YuL, Lin H, Meng L, Yu S, LiJ, Lin Y, Zheng Y (2024) A review on the impacts of fluori-
nated organic additives in lithium battery industry—an emerging source of per-and polyfluoroalkyl
substances. Crit Rev Environ Sci Technol 54:1-21. https://doi.org/10.1080/10643389.2024.2306093
Rensmo A (2022) Per- and polyfluoroalkyl substances (PFAS) emissions from recycling processes of
lithium-ion batteries. http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-479345. Accessed 4 July 2022
Hynynen J, Willstrand O, Blomqvist P, Andersson P (2023) Analysis of combustion gases from large-
scale electric vehicle fire tests. Fire Saf J 139:103829. https://doi.org/10.1016/j.firesaf.2023.103829
Arnaud B, Papin A, Marlair G, Claude T, El-Masri A, Durussel T, Bertrand JP, Truchot B, Lecocq
A (2024) Assessment of run-off waters resulting from lithium-ion battery fire-fighting operations.
Batteries 10:118. https://doi.org/10.3390/batteries 10040118

Quant M, Willstrand O, Mallin T, Hynynen J (2023) Ecotoxicity evaluation of fire-extinguishing
water from large-scale battery and battery electric vehicle fire tests. Environ Sci Technol 57:4821—
4830. https://doi.org/10.1021/acs.est.2c0858 1

Willstrand O, Pushp M, Andersson P, Brandell D (2023) Impact of different Li-ion cell test con-
ditions on thermal runaway characteristics and gas release measurements. J Energy Storage
68:107785. https://doi.org/10.1016/j.est.2023.107785

Maizel AC et al (2023) Per- and polyfluoroalkyl substances in new firefighter turnout gear textiles,
NIST Technical Note NIST TN 2248. https://nvlpubs.nist.gov/nistpubs/TechnicalNotes/NIST.TN.
2248.pdf

Dahlbom S, Bjarnemark F, Nguyen B, Petronis S, Mallin T (2024) Analysis of per- and polyfluoro-
alkyl substances (PFAS) extraction from contaminated firefighting materials: effects of cleaning
agent, temperature, and chain-length dependencies. Emerg Contaminants 10:100335. https://doi.
org/10.1016/j.emcon.2024.100335

Directive (EU) 2020/2184 of the European Parliament and of the Council of 16 December 2020
on the quality of water intended for human consumption (recast). https://eur-lex.europa.eu/eli/dir/
2020/2184/0j. Accessed 15 Nov 2024
https://environment.ec.europa.eu/topics/water/drinking-water_en. Accessed 15 Nov 2024

Awad R, Johann Bolinius D, Strandberg J, Yang JJ, Sandberg J, Adeoye Bello M, Egelrud L, Hérn-
wall EL, Gobelius L (2021) PFAS in waste residuals from Swedish Incineration plants : a system-
atic investigation, Stockholm. http://urn.kb.se/resolve?urn=urn:nbn:se:ivl:diva-3837.

Yamada T, Taylor PH, Buck RC, Kaiser MA, Giraud RJ (2005) thermal degradation of fluoro-
telomer treated articles and related materials. Chemosphere 61:974-984. https://doi.org/10.1016/].
chemosphere.2005.03.025

Blotevogel J, Lu W, Rappé AK (2024) Thermal destruction pathways and kinetics for NTf2 and
longer-chain bis(perfluoroalkanesulfonyl)imides (Bis-FASIs). Environ Sci Technol Lett 11:1254—
1259. https://doi.org/10.1021/acs.estlett.4c00793

Chen L, Zhu M, Liu Y, Yang Z, Li H, Mu H, Liu S, Wu B (2023) Perfluorobutanesulfonate exposure
induces metabolic disturbances in different regions of mouse gut. Sci Total Environ 866:61261.
https://doi.org/10.1016/j.scitotenv.2022.161261

Glynn A, Berger U, Bignert A, Ullah S, Aune M, Lignell S, Darnerud PO (2012) Perfluorinated
alkyl acids in blood serum from primiparous women in Sweden: serial sampling during pregnancy
and nursing, and temporal trends 1996-2010. Environ Sci Technol 46:9071-9079. https://doi.org/
10.1021/es301168¢

Li Y, Cheng Y, Xie Z, Zeng F (2017) Perfluorinated alkyl substances in serum of the southern
Chinese general population and potential impact on thyroid hormones. Sci Rep 7:43380. https://doi.
org/10.1038/srep43380

Springer


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2020%3A667%3AFIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2020%3A667%3AFIN
https://echa.europa.eu/sv/-/echa-publishes-pfas-restriction-proposal
https://echa.europa.eu/sv/-/echa-publishes-pfas-restriction-proposal
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-2030-resilient-sustainable-and-circular#
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-2030-resilient-sustainable-and-circular#
https://www.iea.org/reports/global-ev-outlook-2023#downloads
https://www.iea.org/reports/global-ev-outlook-2023#downloads
https://doi.org/10.1038/s41467-024-49753-5
https://doi.org/10.1080/10643389.2024.2306093
http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-479345
https://doi.org/10.1016/j.firesaf.2023.103829
https://doi.org/10.3390/batteries10040118
https://doi.org/10.1021/acs.est.2c08581
https://doi.org/10.1016/j.est.2023.107785
https://nvlpubs.nist.gov/nistpubs/TechnicalNotes/NIST.TN.2248.pdf
https://nvlpubs.nist.gov/nistpubs/TechnicalNotes/NIST.TN.2248.pdf
https://doi.org/10.1016/j.emcon.2024.100335
https://doi.org/10.1016/j.emcon.2024.100335
https://eur-lex.europa.eu/eli/dir/2020/2184/oj
https://eur-lex.europa.eu/eli/dir/2020/2184/oj
https://environment.ec.europa.eu/topics/water/drinking-water_en
http://urn.kb.se/resolve?urn=urn:nbn:se:ivl:diva-3837
https://doi.org/10.1016/j.chemosphere.2005.03.025
https://doi.org/10.1016/j.chemosphere.2005.03.025
https://doi.org/10.1021/acs.estlett.4c00793
https://doi.org/10.1016/j.scitotenv.2022.161261
https://doi.org/10.1021/es301168c
https://doi.org/10.1021/es301168c
https://doi.org/10.1038/srep43380
https://doi.org/10.1038/srep43380

Fire Technology

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

Crute CE, Landon CD, Garner A, Hall SM, Everitt JI, Zhang S, Blake B, Olofsson D, Chen H,
Stapleton HM, Murphy SK, Feng L (2023) Maternal exposure to perfluorobutane sulfonate (PFBS)
during pregnancy: evidence of adverse maternal and fetoplacental effects in New Zealand white
(NZW) rabbits. Toxicol Sci 191:239-252. https://doi.org/10.1093/toxsci/kfac126

Pham A, Zhang J, Feng L (2020) Exposure to perfluorobutane sulfonate and perfluorooctanesul-
fonic acid disrupts the production of angiogenesis factors and stress responses in human placental
syncytiotrophoblast. Reprod Toxicol 98:269-277. https://doi.org/10.1016/j.reprotox.2020.10.013
Prevedouros K, Cousins IT, Buck RC, Korzeniowski SH (2006) Sources, fate and transport of per-
fluorocarboxylates. Environ Sci Technol 40:32—44. https://doi.org/10.1021/es0512475

Wang T, Vestergren R, Herzke D, Yu J, Cousins IT (2016) Levels, isomer profiles, and estimated riv-
erine mass discharges of perfluoroalkyl acids and fluorinated alternatives at the mouths of Chinese
rivers. Environ Sci Technol 50:11584-11592. https://doi.org/10.1021/acs.est.6b03752

Chen H, Ling M, Hencz L, Ling HY, Li G, Lin Z, Liu G, Zhang S (2018) Exploring chemical,
mechanical, and electrical functionalities of binders for advanced energy-storage devices. Chem Rev
118:8936-8982. https://doi.org/10.1021/acs.chemrev.8b0024 1

Costa CM, Lizundia E, Lanceros-Méndez S (2020) Polymers for advanced lithium-ion batteries: state
of the art and future needs on polymers for the different battery components. Prog Energy Combust Sci
79:100846. https://doi.org/10.1016/j.pecs.2020.100846

Li J, Zhong Q, YaoY BS, Zhou T, Guo X, Wu M, Feng T, Xiang R (2018) Electrochemical perfor-
mance and thermal stability of the electrospun PTFE nanofiber separator for lithium-ion batteries. J
Appl Polym Sci 135:46508. https://doi.org/10.1002/app.46508

Hernandez G, Mogensen R, Younesi R, Mindemark J (2020) Fluorine-free electrolytes for lithium and
sodium batteries. Batteries Supercaps 5:¢202100373. https://doi.org/10.1002/batt.202100373
Wietelmann U, Bonrath W, Netscher T, Noth H, Panitz JC, Wohlfahrt-Mehrens M (2004) Tris(oxalato)
phosphorus acid and its lithium salt. Chem Eur J 10:2451-2458. https://doi.org/10.1002/chem.20030
5208

Wietelmann U, Lischka U, Wegner M (1999) Lithium bisoxalatoborate, the production thereof and its
use as a conducting salt. Publication of the Int. Appl. with Int. Search Report. World Intellectual Prop-
erty Organization US6506516B 1

Chen B, Zhang Z, Xiao M, Wang S, Huang S, Han D, Meng Y (2024) Polymeric binders used in
lithium ion batteries: actualities, strategies and trends. ChemElectroChem 11:€202300651. https://doi.
org/10.1002/celc.202300651

Leibetseder F, Xie J, Leeb E, Hesser G, Pettinger KH, Bretterbauer K (2024) Recyclable fluorine free
water-borne binders for high-energy lithium-ion battery cathodes. Adv Energy Mater 14:2401074.
https://doi.org/10.1002/aenm.202401074

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1093/toxsci/kfac126
https://doi.org/10.1016/j.reprotox.2020.10.013
https://doi.org/10.1021/es0512475
https://doi.org/10.1021/acs.est.6b03752
https://doi.org/10.1021/acs.chemrev.8b00241
https://doi.org/10.1016/j.pecs.2020.100846
https://doi.org/10.1002/app.46508
https://doi.org/10.1002/batt.202100373
https://doi.org/10.1002/chem.200305208
https://doi.org/10.1002/chem.200305208
https://doi.org/10.1002/celc.202300651
https://doi.org/10.1002/celc.202300651
https://doi.org/10.1002/aenm.202401074

	Contaminations from Lithium-Ion Battery Fires—Per- and Polyfluoroalkyl Substances (PFAS) in Soot
	Abstract
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusion
	Acknowledgements 
	References


