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ABSTRACT: Lithium-ion batteries (LiBs) are widely used in electronic devices and renewable
energy systems. Fluorochemicals are essential components of LiBs, as a component of
electrolytes, electrodes, and coatings. However, there are concerns about the environmental
release of fluorochemicals, especially within landfills after disposal, due to the fact that landfill
leachate is typically treated in facilities not designed to attenuate fluorochemicals. We have
evaluated the occurrence of fluorochemical compounds in commercial LiBs and fluoropolymer
binders and the release of LiB-derived fluorochemicals in simulated municipal solid waste
(MSW) leaching experiments. Our survey of 19 LiBs found per- and polyfluoroalkyl substances
(PFAS) including bis(perfluoroalkyl)sulfonimide (bis-FASL, up to 36 mg) and inorganic
fluorochemicals such as hexafluorophosphate (PF~, up to 1.4 g) and bis(fluorosulfinyl)imide
(bis-FSI, up to 250 mg). PFAS were also measured in fluoropolymer binders in the range of 2—
2000 ng/g. Nontargeted analysis resulted in detection of diverse fluorinated sulfonimides and
organic phosphofluoridates in batteries as well as 6 novel PFAS in fluoropolymer binders.
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Analysis of MSW landfill leachates indicated the presence of LiB-derived fluorochemicals up to 76 pug/L. Simulated MSW leaching
experiments showed that LiBs released PFAS (up to 100 mg/L) and inorganic fluorochemicals (up to 1.4 g/L) into the landfill

leachate over a period of 220 days. Furthermore, PF,~

and bis-FSI transformed in landfill leachate to form organic

phosphofluoridates and novel amino sulfonyl fluorosulfanomides. This is the first report of PFAS and fluorochemical release from

LiBs and transformation under landfill leaching conditions.
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B INTRODUCTION

leachate

LiB electrolytes and as antistatic agents in polyvinylidene

Rechargeable lithium-ion batteries (LiB) are widely used in
various electronic devices and applications due to their high
energy density, long cycle life, and relatively low self-discharge
rate.” The growing demand for LiBs has led to a corresponding
increase in end-of-life battery waste.”” Globally, only 5—7% of
LiBs are collected for recycling where the goal is to recover
transition metals (Ni and Co),*”® with the majority of LiBs
disposed of in landfills.”® Depending on the process and the
type of battery, the recycling process itself can result in
emission of contaminants in the environment.”” The growth of
LiB waste has increased concern about the fate of associated
contaminants.

Organic and inorganic fluorochemicals have been used in
various components of LiBs, including electrolytes, binders,
and separators to enhance their performance, thermal stability,
and longevity.é’8 Per- and polyfluoroalkyl substances (PFAS, as
defined by OECD’) are often employed in LiB components
such as electrode binders and electrolytes due to their chemical
stability, heat resistance, and ability to enhance performance
under high-stress conditions.”*~'? Bis-perfluoroalkyl sulfoni-
mides (bis-FASIs) (e.g., the Li* salt of bis-
(trifluoromethylsulfonyl)imide or bis-FMeSI) are used as a
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fluoride (PVDF) electrode binders and separators.'"”'> We
have previously shown that bis-FASIs are released to the
environment through manufacturing and disposal and that bis-
FMeSI concentrations as low as at 10 ng/L can influence the
behavior and energy metabolic processes of aquatic organ-
isms."" Long-chain bis-FASIs have been discovered as
bioaccumulative PFAS in mice exposed to aqueous film
forming foams (AFFF). " In addition, certain perfluoroalkyl
acids (PFAAs) especially perfluoromethanesulfonate (PFMeS)
have been disclosed as electrolyte and additive salts in LiBs.®
Recently, C1—C8 perfluoroalkyl sulfonates (PFSAs) and C4—
C13 perfluoroalkyl carboxylic acids (PFCAs) were detected in
soils collected from a LiB recycling facility in China,’
suggesting LiB recycling can also be a source of PFAS
contamination.

Received: July 24, 2025
November 235, 2025
November 26, 2025

Revised:
Accepted:

https://doi.org/10.1021/acs.est.5c10116
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marzieh+Shojaei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+L.+Guelfo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Morton+A.+Barlaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Grisel+Cogollo-Carcamo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nelson+A.+Rivera+Jr."&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heileen+Hsu-Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heileen+Hsu-Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="P.+Lee+Ferguson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.5c10116&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c10116?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c10116?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c10116?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c10116?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c10116?fig=tgr1&ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.5c10116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

In addition to PFAS, inorganic fluorochemicals are used in
LiBs as electrolytes and additive salts.’ Lithium hexafluor-
ophosphate (LiPFy) is used as the primary salt in some battery
electrolytes, while lithium tetrafluoroborate (LiBF,) and
lithium bis(fluorosulfinyl)imide (LiFSI) are less commonly
used as electrolytes.”'*"® These fluorinated salts are crucial for
LiB functionality, contributing to the electrolyte’s ionic
conductivity and stability.'> However, during battery degrada-
tion, unintentional destruction, or leakage events during use,
such fluorochemicals can be released to the environment.”®'°
In particular, when LiBs reach the end of their life, they are
sent to recycling facilities or disposed in landfills.'"” When
landfilled, they may degrade due to mechanical stress,
corrosion, and exposure to moisture in landfills, releasing
these fluorinated compounds to leachate.” Little is currently
known about the toxic effects of these inorganic fluorochem-
icals in the environment, but exposure to LiPF; has been
shown to cause development abnormalities in aquatic
organisms and impacts their swimming behavior.'® Hexafluor-
ophosphate (PFs”) and tetrafluoroborate (BF,”) have been
detected in surface water in Germany'”” and drinking water
in China and Sweden,”"*” suggesting possible release of
fluorinated LiB electrolyte salts through various mechanisms.

Disposing LiB waste in municipal landfills can lead to
various environmental problems such as the release of toxic
contaminants and fire hazards.*® Recalcitrant compounds,
such as Bis-FASIs and other fluorochemicals, may be released
into landfill leachates after the disposal and burial of used
lithium batteries. These compounds could potentially accu-
mulate in landfill leachate.'"*>** Leachates are collected in
engineered landfills and typically sent to wastewater treatment
plants (WWTPs) for treatment, which makes them an
important potential route of PFAS to such WWTPs.*>*°
Similar to PFAS, advanced water and wastewater treatment
methods (e.g.,, ion exchange and electrochemical approaches)
are needed for removal of inorganic fluorochemicals such as
PF,~.>"7%° Although leachate undergoes treatment before
being discharged, 132 conventional wastewater treatment
processes do not effectively destroy LiB-derived fluorochem-
icals, resulting in their release in both treated effluent and
biosolids.****7%33

Release of heavy metals from LiBs under landfill leaching
conditions has been studied.”* However, despite the growing
volume of LiB waste associated with increased use in consumer
products and electric vehicles, to the best of our knowledge,
release of fluorochemicals from LiBs into landfill leachates and
potential transformation afterward have never been explicitly
evaluated. This knowledge gap is particularly concerning given
the potential toxicity of inorganic fluorochemicals, the
environmental persistence of PFAS, and the fact that some
of them are bioaccumulative.> ™" In this study we utilized a
combination of targeted and nontargeted analysis to assess the
occurrence of PFAS and inorganic fluorochemicals in
commercial LiBs as well as fluoropolymer binders, which are
used to formulate LiBs and might contribute to leachable
PFAS in batteries under landfill conditions. By simulating the
leaching conditions of LiBs with environmentally sourced
landfill leachates, we aimed to evaluate the leaching and
subsequent transformation of fluorochemicals from LiBs.
These findings provide insights into the fate of LiB-derived
fluorochemicals during disposal, contributing to a better
understanding of the environmental impacts of LiBs discarded

in landfills and informing future waste management strategies
for battery recycling and disposal.

B MATERIALS AND METHODS

Materials. Authentic standards of all measured PFAS and
their isotopically labeled standards for use as internal standards
(IS, Table SI and the Supporting Information, SI) were
purchased from Wellington and Cambridge Laboratories
except for bis-FASI standards. Lithium salts of bis-FASIs and
inorganic fluorochemicals were acquired from Sigma-Aldrich
and Fisher Scientific, respectively. All other solvents and
chemicals were purchased from Fisher Scientific and VWR at
the highest available purity. Batteries, from new and discarded
consumer electronics (labeled “A” to “S”), and binders used in
this study are listed in Table S2. Leachate samples (labeled 1
to 11) were collected from active and closed municipal landfills
in central and southern North Carolina and kept at 4 °C before
analysis and use in batch leaching experiments.

Battery Extraction. To measure the initial fluorochemical
content, batteries and 1.0 g of each fluoropolymer binder were
extracted using a Soxhlet extraction technique for 24 h using
methanol.'" Batteries were discharged and disassembled prior
to extraction. 200 mL of extracts was then concentrated to 10
mL and analyzed for organic and inorganic fluorochemicals.
More details regarding battery and fluoropolymer extraction
are provided in SI Section S1.

Batch Experiments. LiBs Leaching. Batch leaching
experiments were adapted from a previously published leaching
experiment.”**® The experiments were conducted in 1 L high
density polyethylene (HDPE) bottles containing 900 mL of
landfill leachate 1 and LiB B or S (Table S2). This leachate was
chosen for the leaching experiment because it was collected
from a landfill which closed during the 1990s and thus it
contained none of the LiB-derived fluorochemical analytes
above detection limits. Chemical characteristics of Leachate 1
are provided in Table S3. Battery B and S were used because of
their high bis-FMeSI and bis-FSI masses, respectively. Three
initial battery conditions were tested in this study:
disassembled, opened (cap removed), and intact LiB. These
three treatments were intended to simulate the range of initial
battery conditions that could be present in a landfill after
disposal. Reactors were closed with a rubber stopper to ensure
a gastight environment. Stoppers were modified using an
airlock to allow gas venting with a 21G hypodermic needle and
a luer-lock stopcock coupled with 1/16” ID PEEK tubing for
periodic sampling of leachates from reactors. All reactors were
shaken and purged with N, for 30 min to initiate anaerobic
conditions. Reactors were then incubated at 37 °C and 140
rpm shaking for up to 220 days. Control experiments were
conducted to evaluate fluorochemical background concen-
trations in reactors (leachate control) and the effect of leachate
matrix on leaching of fluorochemicals (DI water control).
Leachate controls were prepared without addition of batteries,
while DI water controls were prepared using 900 mL of DI
water and intact batteries. Reactor sampling was conducted
using 3 mL polypropylene (PP) syringes without opening
reactors. Samples of 0.5 mL reactor aqueous phase were
collected through the stopcock using a PP syringe and
transferred into PP microcentrifuge tubes at each time point.
Samples were stored at 4 °C for 3—14 days prior to analysis.
Following completion of batch experiments, batteries were
Soxhlet extracted and analyzed for any residual fluorochemicals
that were not released during exposure to MSW leachates.
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Bis-FSI Transformation. A benchtop experiment was
conducted to further examine the putative abiotic trans-
formation of bis-FSI observed during the LiB leaching
experiments. This experiment was carried out in 60 mL
HDPE bottles under the same environmental conditions used
for the leaching experiment. We tested bis- FSI transformation
under three different conditions. Reactors were prepared with
60 mL of DI water containing 21 mg/L bis-FSI, and then,
separate duplicate reactors were amended with 250 mM
ammonium hydroxide, ethylamine, or ethanolamine, respec-
tively. Experiments to assess the reaction of bis-FSI with
ammonium hydroxide, ethylamine, or ethanolamine were
conducted based on hypothesized mechanisms that could
explain the appearance of the observed bis-FSI transformation
products in battery leaching experiments. One additional
reactor was prepared using Leachate 1. For the leachate
reactor, 60 mL of leachate 1 was used instead of DI water, and
21 mg/L bis-FSI was added to the bottle. Control reactors
were prepared by transferring 60 mL of DI water amended
with 21 mg/L bis-FSI (DI water control) and 60 mL of
leachate 1 (leachate control) into the HDPE bottle. Reactors
and control bottles were then purged with N, for 30 min to
create an anaerobic environment and incubated at 37 °C and
140 rpm shaking for 28 days. Reactors were sampled every 3—
7 days using PP syringes and analyzed for bis-FSI and its
degradation products.

Instrumental Data Acquisition and Processing.
Fluorochemical Analysis. Field-collected MSW landfill
leachates from multiple sites around North Carolina, USA,
and battery extracts and reactor leachates were analyzed for
fluorochemicals. All samples were prepared in autosampler
vials to a final composition of 70% water and 30% methanol
containing 50 ng/L IS and analyzed for PFAS by direct-
injection liquid chromatography tandem mass spectrometry
(LC—MS/MS) as described in the SI. To minimize matrix
effects, leachate samples were diluted 10X in 70% DI water and
30% methanol before PFAS analysis. For inorganic fluo-
rochemicals and ultrashort PFAS (Table S1), samples were
diluted 10—200,000X in 86% acetonitrile and 14% water and
monitored using HILIC LC—MS/MS as described in the SL

Targeted and nontargeted analysis were performed using
high-performance liquid chromatography (HPLC, Vanquish,
Thermo Fisher, CA, USA), triple quadrupole mass spectrom-
etry (TSQ Altis, Thermo Fisher, CA, USA), and HPLC-
Orbitrap mass spectrometry (Orbitrap Fusion Lumos, Thermo
Fisher, CA, USA), respectively. For targeted analysis, samples
were acquired in multiple reaction monitoring (MRM)
acquisition mode. TraceFinder (version 5.1, ThermoFisher
Scientific, San Jose, CA) was used for both data acquisition and
processing in target analysis. Targeted analytes were quantified
over a calibration range of 1-1000 ng/L (R* > 0.99) using
isotope dilution. Full-scan MS data and data-dependent MS”
data were acquired for nontargeted and suspect screening
analysis. Compound Discover (version 3.3, ThermoFisher
Scientific, San Jose, CA) coupled with a custom-written (R
programming language) processing node was used for data
processing during nontargeted analysis. Additional information
regarding chromatographic and mass spectrometer conditions
is available in Section SI.

Fluorochemical Recovery and Mass Balance. Fluorochem-
ical aqueous phase recovery and mass balance in all reactors at
the conclusion of batch experiment were calculated as follows:

m
Recovery in aqueous phase(%) = —=
Mpg (1)
m; + m,
Total mass balance (%) = ———=
Mpg (2)

where my is the mass measured in reactor leachate, my is the
mass of fluorochemical measured in battery after leaching, and
mpg is the mass of each fluorochemical in the intact battery
before leaching.

Metal Analysis. At the conclusion of the leaching
experiments, dissolved concentrations of trace metals in
batch reactor aqueous phases were analyzed by inductively
coupled plasma—mass spectrometry (ICP—MS, Agilent 7900).
Samples were diluted into an acid matrix, amended with 20
ug/L internal standards, and analyzed for a panel of 38
elements (including Li) by ICP—MS under helium (collision)
mode or hydrogen (reaction) mode. Additional details
regarding metal analysis are provided in Section S1.

Chemically Bonded Fluorine Analysis. Reactor aqueous
phases in leaching experiments were sampled at the last day of
monitoring, diluted 4—100-fold in 10% [v/v] methanol/water
and analyzed for CBF by combustion ion chromatography
(CIC) using a Profiler* Wastewater Analyzer (Metrohm). This
system directly measures both free fluoride and total fluorine in
aqueous samples. CBF concentrations were calculated by
subtracting the concentration of free fluoride from the total
fluorine concentration. More details regarding CBF analysis are
available in Section S1.

B RESULTS AND DISCUSSION

Fluorochemicals in Batteries and Fluoropolymer
Electrode Binder Agents. Targeted Analysis. A total of
13 PFAS were detected in battery extracts (Table S4). Three
classes of PFAS, PFCAs (C,—C,,), bis-FASIs (C,—Cg), PFSA
(C, and C,), and perfluoromethane sulfonamide (FMeSA)
were detected in batteries. PFCA masses were 0.5 (perfluor-
oheptanoic acid, PFHpA)- 907 ng (perfluorooctanoic acid,
PFOA) and PFSA masses were 0.6 (perfluorobutanesulfonate,
PFBS)-290,600 ng (perfluoromethanesulfonate, PEMeS) per
battery. FMeSA was detected in Battery B in a mass of 49,400
ng. LiB, and fluoropolymer bis-FASI results were published in
our previous work.'' Masses of bis-FASIs in battery extracts
ranged from 0.6 ng (bis-perfluorobutane sulfonamide, bis-
FBSI) to 35 mg (bis-FMeSI, Table S4). The varying levels of
bis-FMeSI detected across the analyzed batteries indicate that
this compound may have various uses in LiB, including as an
electrolyte salt and as an additive. We detected bis-FMeSI in
commercial LiB fluoropolymer electrode binder powders at
levels ranging from 2.16 (PTFE) to 385 ng/g (PVDF),"
indicating that some of the bis-FMeSI found in batteries may
have been residual from use as an antistatic agent in the
electrode binder polymers.'” Bis-FEtSI and bis-FBSI were
detected in some batteries (Table S4) but at lower quantities
relative to bis-FMeSI, suggesting that they may have been
impurities in electrolye formulations or may have been added
as low level additives to improve battery properties.”**~*' C,—
C,4 PFCAs were the most abundant targeted PFAS detected in
PTFE battery binder (1140—2021 ng/g). PFAS have been
used as surfactants in emulsion polymerization of fluoropol-
ymer binders.”” PFCAs and per- and polyfluoroalkylether
carboxylates (PFECAs) were previously reported in fluoropol-
ymers including PVDF and PTEE.*"*~* High concentrations
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Figure 1. Summary of results from HRMS nontargeted analysis of fluorochemicals in LiBs. The color of heat map cells was based on

log, , Max Peak area

where the max peak area is the maximum peak area detected for each compound across the set of batteries. The acronyms in red highlight are
compounds annotated from nontargeted analysis. The bar plot on the right side shows the maximum observed peak area for compounds 1-12
listed in the table, color coded to the batteries in which the maximum peak area was observed.

of PFCAs measured in PTFE binder suggest that they were
likely either used intentionally as polymerization aids or
formed unintentionally during polymer production/processing.
PFOA has been measured in fluoropolymers and their
products with concentrations up to 1100 ug/g,****** and
this suggests detection of this compound in LiBs such as
battery F (Table S4) could be associated with fluoropolymer
binders used in their manufacturing. Low concentrations of
C,—C,, PFCAs were also measured in Solvene 200/P400 and
PVDF fluoropolymer binders (Table S5), while, of the targeted
PFAS analyzed in this study, Nafion byproducts were the
major components of Solvene 200/P400 and Solvene 250/
P400 (864—14,900 ng/g, Table SS). Emerging PFAS such as
per- and PFECAs and per- and polyfluoroalkylether sulfonate
(PFESA) have been used as alternatives to PFCAs in
fluoropolymer manufacturing.*”** PFECAs were detected in
PTFE binders with lower concentrations (6—95 ng/g, Table
SS) in comparison with PFCAs. This suggests PFECAs might
be impurities added to PTFE binders during fluoropolymer
manufacturing,

LiBs and fluoropolymer binder extracts were screened for
the inorganic fluorochemicals bis-FSI, PF¢~, and BF,”. LiPFq
has been used as a principal electrolyte salt in LiBs due to its
high ion conductivity.” However, due to its low thermal
stability and high moisture sensitivity, it is often used in
combination with other lithium salts like LiFSI and LiBF,.*’
PF,~ was detected in all batteries at quantities of 17,000—
1,400,000 pg/battery, the highest levels of any measured
analyte monitored in this study (Table S4). LiFSI and LiBF,

are less common electrolyte salts and have mainly been used as
electrolyte additives.”** Bis-FSI was detected in some batteries
in the range of 5—250,000 pg/battery, with the highest mass
detected in Battery E, where it was measured in higher quantity
than PF~ suggesting its use as the primary electrolyte in this
case. Detection of low masses of BF,” (13—13,100 ug, Table
S4) in some batteries suggested its employment as an
electrolyte additive where PF,~ was the primary electrolyte.
No inorganic fluorochemicals were detected in fluoropolymer
binder formulations, suggesting that they are used in LiBs
exclusively as electrolytes and electrolyte additives.
Nontargeted Fluorochemical Analysis. Twelve fluorinated
compounds were detected and structurally annotated in
battery extracts after high-resolution mass spectrometry
(HRMS) analysis, including five of the targeted fluorochem-
icals mentioned above, included here for relative abundance
reference (Figure 1 and Table S6). Of the 12 suspect
fluorinated compounds annotated, PFMeS and perfluoro-
methane sulfinate (PFMeSi) were identified only in Battery
B albeit at lower relative abundance compared to the
structurally related bis-FMeSI. Detection of PFMeS in Battery
B was confirmed by authentic standards, and its MS/MS
spectrum is shown in Figure S2. Fragment 68.9955 (CF;~) was
observed in the MS/MS spectrum of PFMeSi (CF;S0,, m/z
= 132.9571) after neutral loss of its polar headgroups.
Structure annotation of PFMeSi was supported by the
fragment at m/z 82.9606 (SO,F~) (Figure S3). PFMeS has
been disclosed as an electrolyte in LiBs since 1970,° but
Battery B showed LiPF¢ and Li bis-FMeSI present as the
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primary electrolyte salts. So, our detection and quantitation of
PFMeS in Battery B suggest this compound may have been
used as an electrolyte additive, or it is possible that its presence
results from bis-FMeSI degradation or impurities in the bis-
FMeSI salt. PFMeSi was detected at approximately the same
relative abundance as PFMeS in this battery (Figure 1). To the
best of our knowledge, PFMeSi has not been reported as a
known LiB fluorinated component,”®"® suggesting that this
compound could be an impurity or transformation product of
either bis-FMeSI or PFMeS used in battery formulation.

Thermal decomposition of alkylcarbonate-based solvents in
LiB electrolytes during use and/or disposal has been shown to
form RO radical species, which subsequently react with PF4~
to form phosphofluoridates.”” ™" As described in the reaction
scheme shown in Figure S4, thermal decomposition of LiPFq
in the LiB cell generates PF and LiF.”” Reaction of PF with
trace water or alcohol impurities in electrolytes generates
difluorophosphoric acid (DFP, PF,0,”) which can then react
with dimethyl carbonate or RO to form methylphosphofluor-
idate (MePF, CH,FPO;”). Subsequent esterification of
methylphosphofluoridate may form ethylphosphofluoridate
(EtPF, C,H,FPO;”) and propylphosphofluoridate (PrPF,
C,H,FPO,).***%** This pathway (Figure S4) is supported
by putative identification of difluorophosphoric acid and 3
homologues of phosphofluoridates, ranging from C1-C3, in
the nontargeted analysis of methanolic battery extracts (Figure
1, compounds 6—9). To determine if alkylphosphofluoridates
may have been formed from MeOH during the solvent
extraction process, a second Soxhlet extraction of Battery D
was repeated by using water as the solvent. We observed
ethylphosphofluoridate (C,H;FPO;”) and propylphospho-
fluoridate (C;H,FPO;”) in the water extract, confirming that
these compounds were not generated during methanol
extraction but were likely formed as products of LiPFg
electrolyte salt reaction with electrolyte solvents in the
batteries. Masses 78.9587 (PO;~) and 98.9650 (HPO,F~)
are characteristic fragments of phosphofluoridates (Figures
S5—S7). We extracted a mixture of used and newly purchased
LiBs. Methyl- and ethylphosphofluoridate, thermal aging
products of LiPFy, were detected in most batteries, including
newly purchased ones, that we extracted (Figure 1), suggesting
that these compounds are common in LiBs. As a part of the
production process, the electrolyte is added to the battery cell
and then a charge and discharge cycle is applied to the cell. We
hypothesize that phosphofluoridates were generated in new
batteries during this stage of LiB production.” ™" Kubot et al.
(2022) reported generation of alkylphosphofluoridates during
electrochemical aging of dialkylcarbonate-based electrolyte
containing LiPF,.>" Their electrochemical aging test included
10 charge and discharge cycling in cut off voltage <4.8 V close
to the voltage used in formation cycling.

Phenyl phosphorofluoridate (PhPF, C,HPO;F~, m/z
174.9958) was tentatively annotated in some of the tested
LiBs. Fragments consistent with the structure of this
compound were observed at m/z = 78.9587 (PO;7),
93.0340 (C4H;O7), and 98.9650 (HPO,F~, Figure S8).
Methyl phenyl carbonate (MPC) and diphenyl carbonate
(DPC) are used as electrolyte additives in LiBs to enhance cell
storage properties.”””” MPC and DPC can be reduced on the
graphite surface, and they generate benzene, phenyl, and
carbon dioxide.”® It is possible that phenyl phosphorofluor-
idate was generated in the battery as a result of the

difluorophosphoric acid reaction with MPC/DPC or their
reduction products.

Methoxy-substituted bis(fluorosulfon)imide (MeO-bis-FSI,
CH,S,0,NF~, m/z 191.9437) was tentatively annotated in
some batteries. This compound is structurally related to bis-
FSI, and it may be an additive or impurity in LiBs. It has been
disclosed as a secondary nonaqueous electrolyte or additive to
LiBs to improve low teméperature characteristics and high
temperature durability.””®" Structure annotation of this
compound is supported by fragments at m/z 77.9651
(SO,N7), 96.9634 (SO,NF~), and 176.9203 (S,ONF-,
Figure S9). An elimination of CH; followed by loss of an
oxygen yield to formation of a fragment at m/z 160.9254
(S,0,NF~), which is a part of the structure this compound has
in common with bis-FSI.

Suspect screening and nontargeted analysis of PTFE
fluoropolymer binders resulted in tentative annotation of 3
PFAS in extracts: Cy4 C;7, and C;3 PFCAs (Table S7) with a
confidence level of 2a based on the scale published by
Charbonnet et al. (2022).° The presence of these long-chain
PFCAs in the PTFE binder was consistent with elevated levels
of targeted PFCAs for this material as reported above. These
results are supported by previous reports of PECA occurrence
in PTFE formulations, which may be due to their use as
fluorosurfactants in formulation or as byproducts of polymer
heating or processing. Bis-FMeSI was the only fluorinated
compound detected in PVDF, as discussed above. The
nontargeted analysis result of Solvene 200/P400 and Solvene
250/P400 fluoropolymer binders (Figures S10—S18, Table S6)
revealed 8 related oligomeric fluorinated compounds. Several
PFAS were tentatively annotated for the first time in Solvene
200/P400 extracts, including perfluoropolyethers with CF,O
(perfluoromethoxy) repeat units, with branching evident from
CF, fragments (Figures S10—S13). Four chloroperfluoropo-
lyether carboxylates (CIPFPECAs, Figure S14) were tenta-
tively annotated in Solvene 250/P400 (Figures S15—S18).
These compounds have been previously reported as Solvay
products.”*~®” The general structure of CIPFPECA is shown in
Figure S14, where n and m are the number of perfluoroalkyl
and perfluoropropyl groups, respectively. These compounds
were detected with precursor mass —CF,CO,, consistent with
earlier findings.”* CIPFPECAs were detected in soils collected
close to the Solvay facility and in a water sample downstream
of the facility in Italy.** Solvene 200/400 and 250/400 tested
in this study were both Solvay products, and perfluoropo-
lyethers alongside Nafion by product 1 and 4 might be used as
aids in their emulsion polymerization.

Fluorochemicals in Landfill Leachates. In total, 20
targeted PFAS including C,—C,, PFCAs, C,, C,—Cg PFSAs,
and 8 PFAS precursors were detected in leachates, with total
concentrations of 10,600 (leachate 2)—95,600 ng/L (leachate
8, Table S8, and Figure S23). Concentrations and composition
of PFAS were consistent with previous studies of PFAS in U.S.
landfill leachate.*®” PFMeS (4250—21,800 ng/L) and 5:3
FTCA (1570-35,900 ng/L) were the dominant PFAS,
followed by PFHxA with concentrations of 1041—13,900 ng/
L. PFAS can be released into MSW leachates as result of
abiotic and biological activities in landfills.”" The high
measured concentration of 5:3 FTCA and C4—Cé PFCAs
was likely due to biotransformation of 6:2 fluorotelomer-based
precursors present in disposed waste.”"”* Zhang et al. (2013)
showed that 5:3 FTCA can be generated as a result of
anaerobic biotransformation of 6:2 FTOH.”” Lang et al.
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(2016) showed that anerobic biotransformation of carpet and
clothing fabric in simulated landfills resulted in release of 5:3
FTCA and PFCAs.”’

Bis-FMeSI was detected in leachates 2—11 at levels
quantitatively similar to PFCAs, up to 2000 ng/L (Table
S8). Notably, Bis-FMeS], bis-FSI, and PF,~ were not detected
in leachate 1, although the total PFAS in this sample was
similar to the other leachates measured. Also, MSW leachate 1
had the highest PFOS concentration of all measured leachates
and was the only sample in which measurable quantities of N-
EtFOSAA and N-MeFOSAA were detected. While MSW
leachates 2—11 were collected from active or recently closed
landfills, MSW leachate 1 was collected from a landfill that
closed in the 1990s when PFOS-based coatings and products
were still in widespread use ahead of phase-out in the early
2000s. LiBs containing Bis-FMeSI were commercially intro-
duced after 1991,"° and the widespread adoption of LiBs did
not occur until the late 1990s or early 2000s.”* The lack of bis-
FMeSI, bis-FSI, and PF,~ in MSW leachate 1 provides
evidence that the occurrence of these compounds in the other
MSW leachates analyzed was due to release from disposed
LiBs in the respective MSW landfills. Of the abundant
inorganic fluorochemicals detected in LiBs, Bis-FSI and PF4~
were measured in leachates 2—11 (Table S8), where their
concentrations were in the ranges 40—446 ng/L and 26—76
ug/L, respectively. HRMS was applied to monitor MSW
landfill leachates for other LiB-derived fluorochemicals
identified above (including phosphofluoridates and other
putative transformation products), but none of these were
detected.

Release of Fluorochemicals from Batteries under
MSW Leaching Conditions. Given the measurement of LiB-
derived fluorochemicals in recent/current MSW landfill
leachates from NC, we assessed the potential for release of
these and other fluorochemicals from LiBs into landfill leachate
under laboratory conditions. We used MSW leachate 1
(described above) in leaching experiments given the absence
of a LiB-derived fluorochemical background in this material.
Results of CBF measurements revealed higher release of
fluorochemicals from disassembled batteries (407—520 mg/L
of F7) relative to opened and intact batteries (161—316 mg/
L), consistent with facile access of liquid to the inside of the
disassembled batteries. However, it is not obvious that the
fluorochemicals and other electrolyte components of a LiB
should be “readily” available simply because of disassembly.
The disassembled battery consists of a roll of electrode/
separator sheets. The wetting steps in LiB manufacturing
include injection of the electrolyte into the battery cell at
temperature 30—50 °C.>® This leads to the absorption of the
electrolyte into the pores of the electrodes and the separator.
Separator pores hold the electrolyte, allowing lithium ions to
pass while preventing the electrodes from touching.”
Disassembling the battery does not therefore lead to
immediate release of all electrolyte from the roll but rather
leaching of electrolyte associated with the electrode/separator.
Additionally, more chemically bonded fluorine was measured
in Battery S reactors vs Battery B reactors (Table S9), perhaps
due to the higher PF,™ mass in Battery S.

PFs~ Release. Reactor leachates were monitored for PFy~
leaching from LiBs and were assessed for hydrolysis and other
reactions that may have occurred for this precursor during the
experiments. PF¢~ release was observed in all reactors, the
fastest from the disassembled batteries (Figure 2A and S28).
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Figure 2. Measured concentration of PF,~ (A) and phosphofluor-
idates (B) in the battery S leaching batch experiment. Concentrations
of phosphofluoridates were estimated using SQ_approach with PF4~
response factor. Measured concentration of PF, is shown on the
primary (left) y-axis and phosphofluoridate estimated concentrations
are shown on the secondary (right) y-axis.

PFs~ was observed to be released from intact Battery S
beginning at 23 h of the experiment; however, this compound
was detected in the leachate of intact Battery B after day 19 as
a result of battery case corrosion (Figure $24). Recovery of
PF4™ in the aqueous phase of Battery B and S reactors was in
the range of 115-225% and 53—179%, respectively. High
recovery of PF~ measured in reactors may have been due to
the low extraction efficiency from batteries in the initial
experiments (Section S1). Additionally, the predicted fluorine
concentration using PF,~ results were 60—120% higher than
the leachate CBF concentrations (Section S2, Table S14)
which could be because of incomplete combustion of inorganic
fluorochemicals in CIC. PFs~ was not detected in leachate
controls (without batteries), and measured concentrations in
DI water control were less than the method limit of
quantification (10 pg/L). LiPF; was the predominant electro-
lyte salt utilized in both Battery B and Battery S, resulting in it
being the major fluorochemical measured in leachates as a
consequence of leaching from LiBs.

Although generally stable in purely aqueous solution due to
dipole-induced solvation effects,”® PFq~ appears to undergo
hydrolysis with water or hydroxyl ion in landfill leachates to
form PF O and PF,0, . Further reaction of these two
inorganic fluorophosphidates with organic compounds in
leachates can generate organic fluorophosphidates, such as
methylphosphofluoridate, as discussed above. Reactor leach-
ates were monitored for phosphofluoridates which could have
either been released from LiBs or formed via reaction of PF4~
with landfill leachate constituents. Results demonstrated
release, generation, and decay of various phosphofluoridates
in reactor leachates, consistent with observations in the
nontargeted analyses of battery extracts described above.
Difluorophosphoric acid (PO,F,H), methylphosphofluoridate
(CH,FPO;), and ethylphosphofluoridate (C,H,FPO;) were
detected in preleaching batteries and battery leachates,
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indicating that these compounds were released from LiBs
(Figures 2A, S29). However, the maximum intensity of
ethylphosphofluoridate measured in Battery S reactors at day
7 was 12 times higher than the total extractable intensity of this
compound in this LiB, suggesting that this compound may also
have been generated through reaction with leachate. Addition-
ally, propylphosphofluoridate (C;HgFPO5) was not detected in
LiB S extracts (Figure 1) but was detected in battery leachates,
indicating that it was likely generated in leachates (Figure 2B)
as a result of PFs~ hydrolysis and esterification or by
methylation of other phosphofluoridates.

Results of fluorine analysis showed that the free fluoride
concentration in leachates increased by up to 50X in Battery B
and 25X in Battery S leaching experiments (Table S9). PF,~
was the major fluorochemical detected in both batteries (Table
S4) and was presumably the only major compound that could
have degraded significantly during hydrolysis in the Battery B
leaching experiments. This suggests that PF~ hydrolysis or
degradation of its product PF;0 and PF,0,” generated HF as
free fluoride in leachate. The concentration of PF,~ decreased
by 280 mg/L in the disassembled Battery B reactors.
Depending on the extent of hydrolysis and esterification, as
indicated in Figure S4, this could result in the generation of
36—148 mg/L fluoride, which is consistent with the increased
fluoride levels measured in the leachates (Table S9). As shown
in Figures 2B and S33, phosphofluoridate intensities decreased
in reactor leachates over time, and in some cases such as
difluorophosphoric acid, they dropped below detection limits
in leachates after day 35. Phosphofluoridates can react with
organic carbonates in LiBs to generate mixed organo-
phosphates.”” Previous studies have reported that phospho-
fluoridates such as Sarin (isopropyl methylphosphofluoridate,
C,H,,FPO,) may hydrolyze in water.”” Sarin hydrolysis results
in P—F bond breakage and the generation of isopropyl
methylphosphonic acid. Sarin hydrolysis rate increases in
alkaline pH.”” This suggests that LiB-derived phosphofluor-
idates may react with nucleophiles such as organic carbonate
solvents, hydroxide, or water in LiB leachate reactors. Fast
degradation of LiB-derived phosphofluoridates might be
because of reactor alkaline pHs. Phosphofluoridates are
known to be highly toxic due to the extreme reactivity of the
P—F bond in these compounds.”*~* This P—F bond can react
irreversibly with the catalytic active site of the acetylcholines-
terase enzyme and results in permanent stimulation of the
neuromuscular junctions leading to paralysis or death.”"*" This
is the mechanism by which many chemical nerve agents (e.g.,
Sarin) and organophosphate pesticides (e.g., chlorpyrifos) act.

Bis-FSI Release. Bis-FSI leaching was observed in Battery S
reactors starting from the first day of the experiment (Figure
3A). This compound was released from both opened and
intact batteries and reached a maximum concentration of 16
and 11 mg/L, respectively, after 42 days. Fluorochemical
release from intact Battery S into leachate was observed after
23 h, while bis-FSI showed slower release from the intact
battery into DI water (observed at day 200). A comparison of
Bis-FSI release from the intact battery into leachate and DI
water suggests that microbial and/or chemical reactions within
the leachate accelerated the corrosion of the battery case,
thereby enhancing release of the battery electrolyte. Over the
course of the experiment, the initial release of bis-FSI was
observed followed by a decrease in concentration within
reactors containing disassembled batteries. The observed
decrease in bis —FSI concentration may be due to hydrolysis
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Figure 3. Measured aqueous concentration of bis-FSI (A, mgL),
AmS-FSI and EtAmS-FSI (B, ug/L) in Battery S leaching experi-
ments. Concentrations of AmS-FSI and EtAmS-FSI were estimated
using a semiquantitative (SQ) approach and the bis-FSI response
factor. The measured concentration of bis-FSI is shown on the
primary (left) y-axis, and AmS-FSI and EtAmS-FSI estimated
concentrations are shown on the secondary (right) y-axis.

in the leachate. Observation of increased dissolved fluoride
concentrations in reactors containing batteries vs leachate
controls (Table S9) supports the hypothesis that fluorochem-
icals may have degraded during the experiment to release
fluoride as a transformation product. Bis-FSI and PF¢~ were
both major electrolyte components of battery S (Figure 1,
Table S4), and their degradation may have generated HF,
contributing to increased total fluoride.”’ Observed PF,~ and
bis-FSI concentration decreases in Battery S reactors could
have resulted in 29—111 mg/L increase in dissolved fluoride in
leachates, depending on how many fluoride ions were
produced by transformation of PF~ (1—4, Figure S4) and
bis-FIS (1 or 2). The measured dissolved fluoride concen-
tration in the reactors fell within this specified range (Table
S9).

Bis-FSI Transformation. Bis-FSI is structurally related to the
class of sulfonyl halides, which are highly reactive to
nucleophilic residues. A widely known example is the use of
phenyl-methylsulfonylfluoride (PMSF) as a protease inhibitor,
acting via covalent reaction with serine residues in protease
active sites.”” PMSF (F—SO,CH,C¢H;) like bis-ESI contains
fluorinated sulfonyl groups (F—SO,). PMSF reacts with the
nucleophilic amino acid serine in enzymes (Enzyme(active)-
Ser—O—H), breaking the S—F bond to generate the Enzyme-
Ser—O—S0,CH,C¢H; complex.®*” The mechanism is consis-
tent with our proposed reaction of bis-FSI with nucleophiles
such as ammonia (NH;) and ethylamine in landfill leachate.
Zhou et al. (2023) investigated bis-FSI hydrolysis under the
influence of temperature, acidity, basicity and water content
conditions.*> They reported that hydrolysis of this compound
occurred under neutral and acidic conditions at the S—N to
form FSO,NH, and FSO;~; however, under alkaline condition,
hydrolysis occurred at the S—F bond to produce FSO,NSO;*~
and SO;NHSO;>".

Nontargeted analysis was employed to identify the probable
product of bis-FSI degradation in Battery S reactors. The pH
of Battery S reactors was above 8.5 (Table S13); therefore,
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Battery S reactor HRMS results were examined first for
FSO,NSO;*” and SO;NHSO;*", which were not detected.
Examination of spectra from reactor leachates revealed two
candidate precursors: m/z 204.9758 and 176.9445, both of
which had MS/MS spectra characteristic of bis-FSI based on
fragments. MS/MS spectra and proposed structures of masses
204.9758 (C,HsFS,0,N,") and 176.9445 (H,FS,0,N,") are
shown in Figures S19 and S20, respectively. The amino
sulfonyl fluorosulfanomides (m/z 176.94450 and 204.9758)
have been disclosed as electrolyte components, synthetic
1ntermed1ates, polymer modifiers, and antistatic agents in
batteries.”* These molecules could also be generated during
the synthesis of bis-FSL® However, both m/z values of
204.9758 and 176.9445 were not detected in Battery S extracts
prior to the leaching experiment. Detection of two amino
sulfonyl fluorosulfanomides in leachates of Battery S could be
explained by the reaction of bis-FSI with residual nucleophiles
such as ammonia and ethylamine in the landfill leachate at
alkaline pHs. Ammonia is a nucleophilic amine, and we
measured 890 mg/L ammonia (NHj,) in leachate 1 used in the
LiB leaching experiment (Table S3). Ethylamine can be
formed during the natural, microbial breakdown of organic
materials in a landfill, for example, biodegradation of rotten fish
and poultry waste in landfill can produce ethylamine.*® Figure
3B shows the measured aqueous concentration of putatively
identified amino sulfonyl fluorosulfanomide (AmS-FSI,
176.9445, H,FS,0,N,") and ethyl amino sulfonyl fluorosulfa-
nomide (EtAmS-FSI, 204.9758, C,H(FS,0,N,”) in leachates
of Battery S. AmS-FSI exhibited rapid generation and then
slow decay, while EtAmS-FSI intensity slowly increased over
time. The decrease in the AmS-FSI concentration indicates
that it may be a metastable intermediate in the bis-FSI
transformation pathway.

Given the observed decay of bis-FSI in disassembled Battery
S reactors and appearance of potential transformation
products, we evaluated the potential abiotic transformation
of bis-FSI in reactors containing ammonium hydroxide
(NH,OH), leachate 1, and the model nucleophiles ethylamine
and ethanolamine. Results showed a decrease (11—61%) in
bis-FSI concentration in all reactors, while the concentration
remained unchanged in the DI water control. HRMS analysis
of the samples revealed the formation of AmS-FSI in reactors
containing NH,OH (Figure S30) and leachate 1 (Figure S31).
These findings were consistent with observations in Battery S
reactors (Figure 3B) and demonstrated bis-FSI undergoes
nucleophilic attack by ammonium ion under alkaline pH at the
S—F bond to generate AmS-FSI. Bis-FSI reacted with
ethylamine under basic conditions to produce EtAmS-FSI,
consistent with observations in battery leachates (suggesting
reaction with residual ethylamine in those reactors). Further
reaction of EtAmS-FSI generated bis-ethyl amino sulfonamide
(bis-EtAmSI, m/z 230.0273, C,H;,N;S,0,”, Figure S21). The
concentration of bis-FSI in the ethylamine reactors decreased
by 61% (Figure $32). EtAmS-FSI and bis-EtAmSI were the
most abundant compounds after bis-FSI in ethylamine reactors
based on MS peak area; therefore, they were considered to be
the major products of bis-FSI degradation under the
conditions applied. However, the sum of their estimated
concentrations accounted for only 30% of the decrease in bis-
FSI concentration, suggesting either formation of uncharac-
terized products or inaccuracy in the semiquantitative
approaches used. Reaction of bis-FSI in reactors containing
ethanolamine produced aminoethyl sulfonate fluorosulfona-

mides (AmEtS-FSI, C,H FS,0;N,). Figure S22 presents the
MS/MS spectra and structural annotation of AmEtS-FSI, and
Figure S33 shows the changes in bis-FSI and AmEtS-FSI
concentrations in those reactors. The formation of AmEtS-FSI
in reaction of bis-FSI with ethanolamine raises concerns that
bis-FSI, like PMSF, might be reactive with nucleophilic
residues in biomolecules, suggesting a potential mode of
toxicity.

PFAS Release. Bis-FMeSI release was observed in the
Battery B reactors. Bis-FMeSI was released from disassembled
and opened batteries on the first day and stabilized to a steady
state concentration after 77—90 days. In contrast, this
compound was detected in the aqueous phase of the intact
battery reactor only after day 19 and reached a maximum
dissolved concentration at day 164 (Figure 4). Corrosion of
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Figure 4. Measured aqueous concentration of bis-FMeSI (mg/L) in
battery B leaching batch experiments.

the battery cases in the leachate matrix (Figure S24) evidently
caused cracks that exacerbated the fluorochemical release to
leachate. Over the 220 day experiment, 180% to 251% of the
total extractable bis-FMeSI mass measured in LiBs was
released into the reactor leachate from Battery B, indicating
that chemical extraction may not have been exhaustive (Table
S10, Section S2). At the conclusion of the experiment, 0.85—
1.90 mg of bis-FMeSI (Table S11) was recovered from the
leached batteries via additional extraction. The total mass
balance of bis-FMeSI in the reactors thus ranged from 184% to
256% relative to the extractable mass from the Battery B.
These results suggest that occurrence of LiBs in MSW landfills
can lead to the release of bis-FMeSI into leachate, where it may
persist due to its demonstrated recalcitrance to biotic/abiotic
degradation."’

PFMeS and FMeSA were released to the aqueous phase of
Battery B leaching reactors with the same trend as bis-FMeSI
(Figures S25 and S26) with recovery of 374—457% and 332—
633% in leachate, respectively. Leachate controls contained
—0.02 mg/L PFMeS, similar to levels measured in leachate 1
prior to the experiment (Table S8). FMeSA and PFMeS were
found in soil, water, and recycled LiB powder at a Chinese
recycling fac111ty, indicating LiBs may be a source of short-
chain PFAS.” Bis-FMeSI was not detected, possibly due to
electrolyte removal before crushing or its absence in the
batteries. Though Qi et al. (2024) suggested biotransformation
to FMeSA, prior studies show bis-FMeSI resists oxidation and
hydrolysis, "*” implying it is also likely resistant to
biotransformation. Results of nontargeted analysis showed
release of PEMeSi from Battery B in all reactors (Figure S27).
These results showed that LiBs can be a source of ultrashort
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chain PFAS in leachate and consequently wastewater and
surface water.

No other targeted PFAS and inorganic fluorochemical
release was observed in battery leachates. Leachate 1 contained
PFAS (Figure S23) prior to the battery leaching experiments,
and those concentrations did not increase over the course of
the leaching experiment (Figures S34 and $35). Concen-
trations of MeFOSAA and PFOS decreased over time in
disassembled battery reactors (Figures S34J—K and S35]—K)
possibly due to sorption of these compounds on electrode
materials such as anode graphite. LiBs were retained after the
leaching experiment, extracted, and analyzed for fluorochem-
icals. The results indicated an increase in the concentration of
targeted PFAS > C, (Table S11), suggesting the possibility of
PFAS sorption from the leachate on LiB electrodes. PFAS >
C, was not detected in LiB B and S prior to the leaching
experiment.

Metal Release from Batteries. Exposure of LiBs to MSW
leachate resulted in release of soluble lithium (Li) at levels of
30 to 800 ug/L and transition metals cobalt (Co), nickel (Ni),
and copper (Cu) at levels ranging from 30 to 200,000 ug/L
(Table S12). Lithium is used in LiB electrolytes and cathodes,
and transition metals are used in active materials of
cathodes.”* Similar to fluorochemicals, higher Li, Co, and
Cu were released into leachate from disassembled batteries
relative to leachate exposed to opened and intact batteries.
However, the maximum Ni released (8500 ug/L) was
observed in leachates of intact batteries. This result could be
due to use of Ni-coated steel casings for 18,650-type cells,®
such as Battery B and S. In the leachates of Battery B and
Battery S, the molar concentration of Li correlated linearly
with PF,~ concentrations, as well as with levels of bis-FMeSI
(Battery B) and with bis-FSI (Battery S) (Figures S36 and
S37). Such correlations suggest that these compounds were
used as electrolytes in LiBs and not released from
fluoropolymer binders.

B ENVIRONMENTAL IMPLICATIONS

PFAS and inorganic fluorochemicals, including bis-FASIs and
PF", were detected at significant levels in LiBs and their
fluoropolymer binders. These substances are introduced
primarily as constituents of electrolytes, binders, and separators
either incidentally during manufacture or to enhance the
performance and durability of batteries. LiPFs was the
predominant electrolyte salt; however, the quantification of
bis-FMeSI and bis-FSI at milligram levels in several batteries
indicates their use as additional electrolytes or additives. The
detection of other fluorochemicals, such as phosphofluoridates
derived from PF¢~ hydrolysis, suggests that fluorochemical
transformation may occur during battery use, potentially
leading to the release of toxic byproducts.

Our leaching experiments implemented under conditions
relevant to solid waste disposal further indicate that LiBs may
serve as a source of fluorochemicals to the environment via
landfill leachate. Bis-FMeSI, PFMeS, and FMeSA were major
PFAS released into leachates from LiBs, at concentrations
above 0.2 mg/L. Additionally, leaching of PF,~ and bis-FSI
from LiBs and detection of their putative degradation products,
fluorophosphates and amino sulfonyl fluorosulfanomides, in
reactor leachates indicates that ongoing transformation
processes may occur in the anaerobic environment of a
landfill, generating potentially toxic byproducts. High water
solubility and resistance to oxidative degradation increase

concern over LiB-derived fluorochemical occurrence in the
environment. Identification of LiB fluorochemicals, particularly
bis-FMeS], in landfill leachates supports the hypothesis that
LiBs and associated fluoropolymers can act as a fluorochemical
contamination source and may contribute to human and
environmental exposure to these chemicals after disposal, as
these compounds are not attenuated during typical leachate
treatment and are likely released to surface water.

The results provide evidence of environmental risks
associated with the use and disposal of fluorochemicals in
LiBs. Mitigating these impacts requires that LiBs be separated
for recycling prior to disposal. While not studied here, the
release of PFAS and inorganic fluorochemicals during LiB
recycling requires scrutiny. Future efforts should focus on
additional laboratory studies of LiB fluorochemical release
during recycling operations and also under emergency/
accident release scenarios.
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