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Per- and polyfluoroalkyl substances (PFAS) are persistent, bioaccumulative pollutants found in water
resources at concentrations harmful to human health. Whereas current PFAS destruction strategies use
nonselective destruction mechanisms, we found that perfluoroalkyl carboxylic acids (PFCAs) could be
mineralized through a sodium hydroxide–mediated defluorination pathway. PFCA decarboxylation in
polar aprotic solvents produced reactive perfluoroalkyl ion intermediates that degraded to fluoride ions
(78 to ~100%) within 24 hours. The carbon-containing intermediates and products were inconsistent
with oft-proposed one-carbon-chain shortening mechanisms, and we instead computationally
identified pathways consistent with many experiments. Degradation was also observed for branched
perfluoroalkyl ether carboxylic acids and might be extended to degrade other PFAS classes as methods
to activate their polar headgroups are identified.

P
er- and polyfluoroalkyl substances (PFAS)
are anthropogenic substances containing
multiple C–F bonds. PFAS are used as
omniphobic surfactants in many indus-
trial processes and products, including

in poly(tetrafluoroethylene) production; as
water-, oil-, and stain-resistant barriers for
fabrics and food service containers; and as
components of aqueous film–forming foams
for fire suppression (1). As a result of their
widespread global use, environmental persist-
ence, and bioaccumulation, PFAS contami-
nation is pervasive (2) and affects drinking
water, surface waters, livestock, and agricultural
products around the world (3). This persistent
environmental contamination is alarming be-
cause chronic exposure to even low levels of
these compounds is associated with negative
health effects such as thyroid disease, liver
damage, high cholesterol, reduced immune
responses, low birth weights, and several can-
cers (4). Many of these effects have been ob-
scured by PFASmanufacturers for decades (5).
The growing focus on removing parts-per-
billion to parts-per-trillion levels of PFAS con-
tamination from drinking water supplies has
produced several PFAS-removal approaches,
including established adsorbents such as acti-
vated carbon and ion-exchange resins, as well
as emerging materials such as cross-linked
polymers (6, 7). Adsorbents or membrane-based

separation processes create PFAS-contaminated
solid or liquid waste streams but do not address
how to degrade these persistent pollutants.
PFAS destruction is a daunting task because
the strong C–F bonds that give PFAS their
desirable properties also make these com-
pounds resistant to end-of-life degradation.
Harsh PFAS degradation methods include
incineration (8), ultrasonication (9, 10), plasma-
based oxidation (11), electrochemical degrada-
tion (12, 13), supercritical water oxidation (14),
ultraviolet-initiated degradation using addi-
tives such as sulfite or iron (15–19), and other
combinations of chemical and energy inputs
(20) (table S1). Leveraging the reactivity of
perfluoroalkyl species might, however, offer
milder alternatives to address the PFAS con-
tamination problem.
The opportunity to degrade PFAS at high

concentrations in nonaqueous solvents has re-
cently been developed using PFAS adsorbents
that can be regenerated using a simple solvent
wash. This development enables the destruc-
tion of these compounds after they have been
removed fromwater resources, which broadens
suitable degradation conditions beyond dilute
aqueous environments. Here, we accessed re-
active perfluoroalkyl anions that are mineral-
ized under mild conditions by decarboxylating
perfluorocarboxylic acids (PFCAs), one of the
largest classes of PFAS compounds, at low
temperatures in dipolar aprotic solvents (Fig. 1).
PFCAs of various chain lengths undergo effi-
cient mineralization in the presence of NaOH
in mixtures of water and dimethyl sulfoxide
(DMSO) at mild temperatures (80 to 120°C)
and ambient pressure. Under these conditions,
perfluorooctanoic acid (PFOA, 1) is completely
degraded with >90% defluorination andmini-
mal formation of fluorocarbon by-products.
Experimental observations and density func-
tional theory (DFT) calculations offer strong
evidence for degradation pathways distinct
from the single-carbon-chain shortening pro-

cesses proposed in prior PFAS degradation
studies (11, 16, 18, 21–23). This reactivity mode
is immediately promising for PFCA destruc-
tion and may prove generalizable to other
PFAS classes asmethods to activate their polar
groups are identified.

Decarboxylation and defluorination of PFCAs
in polar aprotic solvent

Perfluoroalkylcarbanions are easily accessed by
decarboxylating PFCAs in dipolar aprotic sol-
vents. In a solution of DMSO andH2O (8:1 v/v)
at 120°C, PFOAdecarboxylates to form perfluoro-
1H-heptane 2, which phase separates from
solution as an oil. 1H, 13C, and 19F nuclear mag-
netic resonance (NMR) spectroscopy of the
isolated oil confirmed the formation of the
decarboxylated product in high purity (figs. S1
to S4). This decarboxylation reaction is consis-
tent with those reported by Kong et al., who
found that most carboxylic acids decarboxylate
reversibly in dimethylformamide (24). Zhou et al.
(25) studied the origins of this reversible car-
boxylation computationally and determined
that the lower barrier to decarboxylation was
fully induced by solvent effects from the polar
aprotic solvent (figs. S45 and S58). Such re-
activity has also been observed as a complica-
tion for analytical standards (26, 27).We found
that when the same PFOA solution in DMSO/
H2O was subjected to the decarboxylation
conditions but in the presence of NaOH
(30 equiv), PFOA instead degraded to a mix-
ture of fluoride, trifluoroacetate ions, and carbon-
containing by-products (Fig. 2A). Degradation
also occurred in other polar aprotic solvents
such as dimethylacetamide and sulfolane but
did not proceed in pure water (fig. S20 and
table S3). 19F NMR spectroscopy of reaction
aliquots collected over 24 hours indicated that
resonances corresponding to PFOA were no
longer detectable within 14 hours. Unexpect-
edly, no resonances corresponding to perfluoro-
alkyl groups containing between four and
seven carbons were observed. Resonances cor-
responding to sodium perfluoropropionate
(CF3CF2CO2Na) at –81.5 and –118.2 ppm were
observed just above the baseline within spectra
of aliquots collected at reaction times shorter
than 24 hours but were absent in spectra of
later aliquots (fig. S10). The only prominent
fluorine resonance in the aliquot sampled at
24 hours corresponds to sodium trifluoroa-
cetate (CF3CO2Na, –73.6 ppm; Fig. 2B). Integra-
tion of this resonance indicated that its intensity
plateaued at ~4 to 24 hours, corresponding
to only 7% of the F content and 9% of the C
content relative to the initial PFOA concentration
(Fig. 2, A andC). The resonance fromCF3CO2Na
ions eventually decreased in intensity and pre-
sumably degraded into fluoride, albeit much
more slowly than the rate of PFOA disap-
pearance (Fig. 2C, inset). This resonance dis-
appeared over 300 hours, which we confirmed

RESEARCH

Trang et al., Science 377, 839–845 (2022) 19 August 2022 1 of 7

1Department of Chemistry, Northwestern University,
Evanston, IL 60208, USA. 2Department of Chemistry, School
of Science, Tianjin University, Tianjin 300354, China.
3Department of Chemistry and Biochemistry, University of
California, Los Angeles, Los Angeles, CA 90095, USA. 4Key
Laboratory of Organofluorine Chemistry, Shanghai Institute
of Organic Chemistry, University of Chinese Academy of
Sciences, Chinese Academy of Sciences, Shanghai 200032,
P.R. China.
*Corresponding author. Email: houk@chem.ucla.edu (K.N.H.);
wdichtel@northwestern.edu (W.R.D.)
†These authors contributed equally to this work.
‡Present address: Center for Environmental Solutions &
Emergency Response, US Environmental Protection Agency,
Cincinnati, OH, USA.

mailto:houk@chem.ucla.edu
mailto:wdichtel@northwestern.edu


by subjecting an authentic sample of sodium
trifluoroacetate to the same reaction conditions
(fig. S24). PFOA degradation is thus rapid and
forms CF3CO2Na and trace CF3CF2CO2Na as
the only identifiable perfluoroalkyl-containing
liquid-phase by-products, each ofwhich contin-
ues to degrade over extended reaction times.
Subjecting perfluorooctane sulfonate ions to
the basic decarboxylation conditions did not
result in decreasing perfluoroalkyl 19F NMR
integrations or fluoride formation (fig. S19
and table S3), indicating that decarboxyla-
tion to the reactive anion intermediate is the
key first step of the defluorination process
for PFCAs.
Ion chromatography (IC) indicated that

90 ± 6%of the fluorine atoms originating from
the PFOAwere recovered as fluoride ions after
24 hours of reaction at 120°C (fig. S29). Con-
trol experiments showed that the fluorinated
polytetrafluoroethylene reaction vessels did not
contribute an appreciable amount of fluoride
to fluoride recovery (table S3). Fluoride analy-
ses performed by IC at shorter reaction times
indicated that fluoride increased proportion-
ally to the decrease in [PFOA] observed by 19F
NMR spectroscopy. This high fluoride recov-
ery indicates that most of the perfluoroalkyl
fluorines were defluorinated and mineralized
rather than being transformed to smaller-chain
PFAS or being lost as volatile fluorocarbons.

Degradation of varied PFAS and by-product
analysis suggest a complex mechanism

PFCAswith different chain lengths (two to nine
carbons) were degraded, providing fluoride
recoveries between 78% and quantitative at
24 hours for all PFCAs with four or more
carbons (Fig. 2D). Although the longer-chain
(C ≥ 4) PFCAs had a degradation profile
similar to that of PFOA in that their perfluoro-

alkyl peaks disappeared from the 19F NMR
spectra (fig. S22) and CF3CO2

–was formed (Fig.
2D and fig. S23), the destruction of shorter-
chainPFCAs (C=2, 3)was slower and appeared
to occur by differentmechanisms. For trifluoro-
acetate (C = 2), degradation is slow (>6 days;
fig. S24), likely because the instability of the
CF3

– anion (28) hinders decarboxylation, such
that destruction occurs either more slowly or
by a different mechanism. The carbanion cor-
responding to perfluoropropionic acid (PFPrA)
(C = 3) decarboxylation is similarly unstable
(28), resulting in degradation faster than tri-
fluoroacetate but slower than the longer PFCAs
(fig. S22). Although the PFPrA 19F NMR peaks
disappeared completely over 3 days, fluoride
recovery was lower than in other PFCAs (3.9 ±
1.6%; Fig. 2D). PFPrA, unlike others in the series,
decarboxylates to form a volatile product; in
the 19F NMR for PFPrA degradation, peaks
corresponding to CF3CF2H can be identified (figs.
S11 and S12). Headspace gas chromatography–
electron-impact mass spectrometry (MS) also
detected the CF3CF2

+• fragment in the gas
phase of the reaction (fig. S40). This finding
was corroborated by atmospheric pressure
chemical ionization–MS of a liquid aliquot
of the reaction that had a prominent peak
corresponding to CF3CF2

– (compare fig. S39
with figs. S38 and S40). It appears to be more
favorable to produce volatile CF3CF2H than
for the C = 3 PFCA to proceed down the de-
struction pathway; as discussed below, this
supports our proposal that a g-carbon is nec-
essary for the major defluorination pathway
to occur. Previous PFAS degradation studies
have suggested that PFCAs (or other PFAS
that are PFCA precursors) degrade through a
decarboxylation-hydroxylation-elimination-
hydrolysis (DHEH) pathway in which each
PFCA is shortened by one carbon each

cycle, producing successively shorter PFCAs
(11, 16, 18, 21–23). However, the nonconformal
degradation of the three-carbon acid and the
products observed in the 19F NMR spectra of
degradation reactions of PFCAs containing
four or more carbons in the present study in-
dicated that degradation instead occurs through
distinct, non-single-carbon shortening mecha-
nisms under these conditions.
The hypothesis that degradation does not

occur by iterative one-carbon shortening was
further supported by quantifying the carbon-
containing by-products formed when PFOA
was degraded for 24 hours. We examined a
combination of solution 1H and 19F NMR
spectroscopy and quantitative 13C NMR spec-
troscopy of the precipitate isolated from the
reaction and dissolved in D2O. We also per-
formed ion chromatography on the combined
solution and precipitate by adding water to
the reactionmixture until the precipitate redis-
solved. These measurements accounted for the
complete carbon balance of the PFOA degra-
dation (107 ± 8mol% C relative to the [PFOA]0;
table S4 and fig. S30). Other than the residual
CF3CO2

– ions described above, which contin-
ued to degrade at longer reaction times, no
other organofluorine compoundswere detected.
Instead, one-, two-, and three-carbon products
lacking C–F bonds were identified and quan-
tified. Formate ions were found in solution
(fig. S9) and in the precipitate, corresponding
to 2.5 ± 0.3 mols formate ions/mol PFOA, as
determined by combining the formate con-
centrations measured in the solution and pre-
cipitate by NMR spectroscopy. This amount
is consistent with ion chromatography of the
reaction mixture and redissolved precipitate,
which provided 2.1 ± 0.2 mols formate/mol
PFOA. Formate formation and the varying
amounts of formate produced by PFCAs of
other chain lengths inspired a deeper mech-
anistic study (see below). Carbonate ions were
detected exclusively in the precipitate, corres-
ponding to 2.1 ± 0.3mols/mol PFOA. Themost
likely source of carbonate ions was from the
initial decarboxylation step, along with other
downstream processes that generate carbon
dioxide or single-carbon products at the same
oxidation state. Two-carbon products, glyco-
late ions (0.6 ± 0.1 mol/mol PFOA) and oxalate
ions (0.7 ± 0.1 mol/mol PFOA), were found
in the precipitate, along with three-carbon-
containing tartronate ions (0.2 ± 0.1 mol/mol
PFOA). The glycolate and oxalate ions were
identified by 13C NMR spectroscopy and com-
parison with authentic standards. Tartronate
ions were identified by a combination of 13C
and 1H NMR spectroscopy, which were con-
sistent with literature reports (29) and showed
the expected correlations in two-dimensional
NMR experiments (figs. S31 and S32). Finally,
a small amount of the PFOA carbon balance
was found in an unknown product, which
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Fig. 1. Overview of degradation pathways identified in this study. Heating PFCAs in polar aprotic
solvents such as DMSO decarboxylates them to 1H-perfluoroalkanes. When this reaction was performed
in the presence of NaOH, the PFCA mineralized to fluoride, sodium trifluoroacetate, and nonfluorinated
carbon-containing products. The 1H-perfluoroalkane underwent the same degradation process at even lower
temperatures. Computational studies identified the corresponding perfluoroalkenes as likely intermediates,
and an authentic standard of the seven-carbon perfluoroalkene was competent for the degradation.
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we designated as a secondary degradation
product derived from the reaction of glycolate
ions with other intermediates because it was
formed in greater amounts when glycolic acid
was included at the beginning of the PFOA
degradation reaction. Identifying and quan-
tifying these carbon products has important
implications for PFOAdegradation. First, the
high recovery of products with no C–F bonds,
along with the high fluoride ion recovery,
confirms that these conditions efficiently
mineralize PFCAs. Furthermore, identifying
multiple two- and three-carbon by-products
further implicates mechanisms more compli-
cated than iterative one-carbon shortening
processes.
PFCAs of different lengths degraded by dif-

ferent pathways, as indicated by the distinct
patterns in their formate and CF3CO2

– forma-
tion. If the chain-shortening DHEH mecha-
nism were operative, then we would expect
that resonances belonging to chain-shortened

specieswould appear transiently in the 19FNMR
spectra as longer-chain PFCAs speciated into
a distribution of shorter-chain PFCAs. Instead,
only 19F NMR peaks corresponding to CF3CO2

–

and trace amounts of CF3CF2CO2
– were de-

tected, and the following by-product patterns
emerged.PFCAscontaining fouror fewer carbons
did not produce any CF3CO2

–, but all PFCAs
containing more than four carbons produced
roughly the same substoichiometric amount of
CF3CO2

–: ~0.3 equivalents of CF3CO2
–/mol PFCA.

PFCAs containing fewer than six carbons did not
produce substantial amounts of formate (Fig. 2D),
but PFCAs containing six or more carbons
produced increasing amounts of formate, with
C = 6 and 7 producing ~1 equivalent of formate
per PFCA, C = 8 ~2 equivalents, and C = 9 ~2.5
equivalents. These observations indicate that
CF3CO2

– and formate production occur by dis-
tinct pathways.
Experiments conducted at near-ambient

temperatures showed that decarboxylation

is the rate-limiting step and subsequent de-
fluorination and chain-shortening steps can
occur at near-ambient temperature, giving
experimental insight into the possible mech-
anism. Substantial defluorination still occurred
when the isolated PFOA degradation product
(perfluoro-1H-heptane 2) was subjected to deg-
radation conditions but heated to only 40°C
(table S3). PFCAs have historically been decar-
boxylated by heating PFCA salts in ethylene
glycol at 190 to 230°C to yield perfluoro-1H-
alkanes (30) or by pyrolyzing PFCA salts at
210 to 300°C to yield perfluoro-1-alkenes (31),
but dipolar aprotic solvent-assisted degra-
dation enabled decarboxylation at only 80
to 120°C, which can be followed by an even
lower-temperature defluorination. When 2
was subjected to the basic degradation con-
ditions, both fluoride and chain-shortened
PFCAs were observed by IC and 19F NMR at
short reaction times (5 min at 120°C) and low
temperatures (25 min at 40°C), in contrast to
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Fig. 2. Overall reaction scheme, experiments
monitoring PFOA and CF3CO2

– concentrations
over the course of the reaction, and summary of
degradation products from a series of PFCAs
of different lengths. (A) Heating 0.089 M PFOA in
8:1 DMSO:H2O with 30 equiv NaOH allowed 90% of
the initial fluorine to be recovered as inorganic
fluoride and residual trifluoroacetate with few other
organofluorine by-products. Formate ions (26 mol %)
and several other nonfluorinated by-products were
identified (107 ± 8 mol %). (B) 19F NMR spectra from
0 to 24 hours. Peaks corresponding to PFOA
perfluoroalkyl fluorines between –115 and –126 ppm,
as well as at –80 ppm, disappeared in less than
24 hours. Trifluoroacetate (–73.6 ppm) appeared
and disappeared (disappearance shown in inset of
panel C) more slowly over the course of the
reaction. (C) Amount of PFOA (purple, solid line)
and sodium trifluoroacetate (gray, dashed line)
in the reaction over time. Error bars correspond
to the standard deviation of three experiments.
(D) Fluoride recovery was calculated as
mols fluoride after reaction as detected by ion
chromatography per mol fluorine in PFCA reactant.
Formate/PFCA was calculated as mols formate
as detected by IC after reaction per mol
PFCA reactant. CF3CO2

–/PFCA was determined
as mols CF3CO2

– as calculated from 19F NMR
spectroscopy after 24 hours of reaction per mol
PFCA reactant. All measurements are expressed
as the average of three trials unless specified
otherwise, and error is expressed as a standard
deviation. All reaction times are 24 hours
unless specified otherwise. “a,” 286 hours,
single measurement; “b,” 63% ± 12% of
PFPrA starting material degraded after 24 hours.
(E) Structures of the identified carbon-containing
by-products.
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reactions starting from the carboxylated PFOA
at the same conditions, in which no fluoride
or short-chain PFCAs were formed at short
reaction times or at low temperatures (table
S3). Degradation of 2 at 40°C for 48 hours
showed 57%defluorination (table S3). Although
the insolubility of the polyfluoroalkane stan-
dard in the DMSO andwater solvent precluded
accurate measurements of its concentration
by NMR spectroscopy, the presence of the
CF3CO2

– 19FNMRpeak (fig. S13) indicated that
the decarboxylated material likely followed
a similar degradation pathway. In this low-
temperature experiment, intermediates that
were not observed in the higher-temperature ex-
periments becameevident; at around–210ppm,
a triplet with J = 48 Hz appeared, which cor-
responds to the fluoroacetate ion (CH2FCOO

–;
fig. S13). The fluoroacetate peak did not appear
in the higher-temperature degradations be-
cause it degrades rapidly at those tempera-
tures, as confirmed by the degradation of a
pure standard. Temperature-dependent studies
of the original PFOA degradation reaction
showed that the reaction slowed slightly when
the reaction was conducted at 100°C (time to
[PFOA]=0 is~100hours comparedwith 16hours
for 120°C; figs. S21 and S25 to S27) and slowed
substantiallywhen lowered to80°C (>290hours;
figs. S21 and S28). Therefore, significant de-
fluorination of 2 was unexpected at 40°C,
suggesting that the steps after the decar-
boxylation were low-barrier or barrierless.
These observations further indicate that deg-
radation does not proceed by successive chain

shortening through iterative decarboxyla-
tion steps.

Computational studies reveal steps
in defluorination mechanism with
negligible barriers

DFT was used to determine the mechanism of
this degradation reaction. These studies pre-
dicted that decarboxylation is the rate-limiting
step of the degradation and that a series of
low-barrier or enthalpically barrierless reac-
tions can lead to levels of defluorination con-
sistent with experimental observations. DFT
calculations were performed at the M06-2X/
6-311+G(2d,p)-SMD(DMSO) level (see the sup-
plementary materials for details) and used
PFOA as the starting point for the calculations.
This mechanism should also be valid for the
degradation of straight-chain PFCAs of other
lengths. After the initial decarboxylation of
PFOA (compound 1; Fig. 3) at an activation
energy of about 28 kcal/mol, calculations in-
dicated that the resulting anion INT1 would
eliminate a fluoride to become perfluoroalkene
INT2 (Fig. 3 and fig. S44). Unlike previous
PFCA degradation mechanisms in the liter-
ature predicting that the perfluoroalkyl frag-
ment will hydroxylate after decarboxylation
(11, 16, 18, 21–23), these computational results
point to the formation of an alkene followed by
an enthalpically barrierless hydroxylation of
the activated electrophilic alkene. Hydroxyla-
tion of the alkyl fragment INT1, as postulated
in previous studies, was calculated to have an
activation energy of 29.7 kcal/mol under our

study’s conditions after protonation of the
fragment (fig. S46), whereas formation of the
alkene INT2 had a barrier of 19.5 kcal/mol,
followed by a hydroxylation with no enthalpic
barrier (DG = –44.3 kcal/mol). The highly exo-
thermic nature of this alkene hydroxylation
step played a leading role in driving the deg-
radation, consistentwith observations that the
defluorination and chain-shortening steps of
the reaction neither have high energy barriers
nor lead to the formation of successively shorter
PFCAs. Accordingly, when perfluoro-1-heptene
3 (INT2) was subjected to degradation condi-
tions (table S3), it also degraded to similar
products even at 40°C, corroborating the com-
putational prediction and indicating that the
alkene is likely on the degradation pathway.
Further, calculations also suggested that the
hydroxylation is specifically favored at the
terminal position, because addition on the in-
ternal side of the alkene had a barrier of
8.9 kcal/mol (fig. S47). After this alkene hy-
droxylation (INT4), calculations suggested
that a series of low- or no-barrier reactions
occurred, as shown in Fig. 3 and fig. S44. The
enol can then eliminate another fluoride, form-
ing a,b-unsaturated acyl fluoride INT6 through
retro 1,4-conjugate addition.
This resulting a,b-unsaturated acid fluoride

INT6 has two plausible reaction pathways
that are consistent with the experimental find-
ings: a 1,4-conjugate addition that leads to
CF3CO2

– formation (pathway D) or a 1,2 addi-
tion (pathway B) that can lead to formate for-
mation (pathway C), which together explain
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Fig. 3. Proposed PFCA degradation mechanism with activation energies
(DG‡, kcal/mol) for each step as calculated at the M06-2X/6-311+G(2d,p)-
SMD(DMSO) level. Cycle AD shows a three-carbon shortening of the original
PFCA of n carbons (“1,” red, top) with one carbon lost as CO2 (converted to
CO3

2– under basic conditions) and two carbons lost to fluoroacetic acid, which
readily degrades under these reaction conditions. Pathway B shows the reaction
that results from the 1,2 addition of hydroxide to the carboxyl carbon of INT6.

Proposed pathways for the conversion of INT14 to INT30, along with pathways
for nonfluorinated, carbon-containing by-products, are described in fig. S50. The
alkene INT30 becomes protonated and proceeds through a similar pathway
as pathway A. At INT35, the aldehyde analog of acid fluoride INT6, 1,2 addition
to the carboxyl carbon leads to the formation of formate by elimination in
pathway C, whereas 1,4 addition to the b carbon leads back to pathway D.
All energies are expressed in units of kilocalories per mole.
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the experimentally observed by-product distri-
bution. Calculations indicated that neither
option had enthalpic barriers and thus very
low free energies of activation, indicating that
both reactions occurred to someextent (fig. S48).
In the enthalpically barrierless 1,4-conjugate
addition (Fig. 3, pathway D, X = F) that leads
to the formation of shorter PFCAs such as
CF3CO2

–, the hydroxide adds to the b carbon
of a,b-unsaturated acyl fluoride INT6, followed
by an enthalpically barrierless fluoride elimina-
tion to form 1,3-diketone compound INT8. Hy-
droxide again adds to this intermediate on
the ketone carbonyl side to generate INT9,
which is more favorable than the addition on
the acyl fluoride side (fig. S49). Finally, frag-
mentation occurs to generate an equivalent
of PFCA three carbons shorter than the initial
carboxylic acid and an equivalent of fluoro-
acetic acid, which was observed in the exper-
iments conducted at 40°C (figs. S13 and S16).
As an example, if five-carbon PFCA perfluor-
opentanoic acid (PFPeA) went through this
cycle, it would produce an equivalent of
carbon dioxide (1 carbon), an equivalent of
trifluoroacetic acid (2 carbons), and an equiva-
lent of fluoroacetic acid (2 carbons) by this
pathway. However, from the experimental
results, only about 0.3 equiv of CF3CO2

–were
produced from PFPeA (Fig. 2D), indicating
the PFCA degradation does not proceed quan-
titatively by this process. This pathway also
does not account for the substantial amounts
of formate produced in reactions from longer
PFCAs.
Formate ion production is explained by a

pathway stemming from the favorable 1,2-
hydroxylation product, which provides an
a,b-unsaturated PFCA (pathway B). As with
INT6, there are multiple possible sites for
hydroxide addition to INT14, either to the a
(13.6 kcal/mol) or b (12.0 kcal/mol) carbons.
Possible pathways propagating from both of
these processes, along with the formation of
oxalate and other carbon by-products, are de-
scribed in the supplementary materials (figs.
S50 to S54). Although both of these pathways
for the conversion of INT14 to INT30 are
plausible and supported by computation, the
possibility of other active mechanisms cannot
be ruled out. However, both of these hydrox-
ylations are more favorable than decarboxylating
the a,b-unsaturated perfluoroacid (22.3 kcal/
mol), and both lead to the formation of per-
fluoroalkene anion INT30. The chain length
of the alkene depends on which hydroxylation
pathway the substrate follows, either four car-
bons shorter than the original chain (1,3 addition)
or five carbons shorter than the original chain
(1,4 addition). Calculations showed that per-
fluoroalkene anion INT30 is protonated rather
than eliminating a fluoride to generate the
alkyne (figs. S55 and S56). After the protona-
tion, hydroxide adds to the alkene, much like

the first postdecarboxylation step in the first
proposed pathway. Likewise, a,b-unsaturated
aldehyde INT35, an analog to thea,b-unsaturated
acid fluoride INT6, is generated through
retro-1,4 addition. At this point, the inter-
mediate again faces a bifurcation, with oppor-
tunities for both the 1,4-conjugate addition and
the 1,2 addition of the hydroxide to the a,b-
unsaturated aldehyde. Similar to the addition
to thea,b-unsaturatedacyl fluoride, bothof these
reactions were calculated to have no enthalpic
barrier (fig. S57). Through the 1,4-conjugate
addition (Fig. 3, pathway D, X = H; figs. S59
and S60), the 1,3-diketone compound gener-
ated will be attacked by hydroxide, followed
by the same fragmentation as noted before.
That is, a PFCA and a fluoroacetic aldehyde
are formed, the latter of which can be trans-
formed into fluoroacetic acid or be rapidly
hydrolyzed. However, if INT35 undergoes 1,2
addition of hydroxide to the a,b-unsaturated
aldehyde (Fig. 3, pathway C; figs. S55 and S60),
the resulting aldehyde (INT36) cannot elimi-
nate a hydride, whereas its acid fluoride coun-
terpart INT13 can eliminate a fluoride. Instead,
INT36 can eliminate the entire perfluoroalkyl
chain, creating an equivalent of formate and a
one-carbon-shorter alkene anion that can
either exit the cycle through 1,4-conjugate
addition or proceed through the cycle again
to form more formate, thus giving rise to the
trend of increased formate formation by PFCAs
of longer chain length.

Experimental support for the computationally
determined mechanism

Our calculations affirmed that decarboxylation
is the rate-determining step of the degrada-
tion, and the calculated activation energy of
~28 kcal/mol is consistent with the experi-
mentally determined value of 30.0 kcal/mol
(see the supplementary materials, page 6 and
table S2). The proposed mechanism is also
supported by experimental observations of
CF3CO2

– and the formate distribution shown in
Fig. 2D. By this mechanism, CF3CO2

– was pro-
duced as a nonstoichiometric by-product, in
accordance with the observation that only
~0.3 to 0.4 equivalents of CF3CO2

–were formed
per mol PFCA for all PFCAs with C ≥ 5. This
proposed mechanism also explains why four-
carbon perfluorobutanoic acid (PFBA) did
not produce CF3CO2

–, whereas the five-carbon
PFPeAdid, becausePFBA that has gone through
cycle AD would create FCOO–, which will de-
compose spontaneously to carbon dioxide and
fluoride (32) or hydrolyze from INT8 to form
tartronate. This two-cycle mechanism also
explains why five-carbon PFPeA produced
CF3CO2

– but no formate, because the carbon
chain is not long enough to go through path-
wayC. Themechanismpredicts that the amount
of formate will increase as the length of the
initial PFCA carbon chain increases; this was

also affirmed by experimental results for PFCAs
of six to nine carbons (Fig. 2D). The formation
of carbonaceous by-products such as oxalate,
glycolate, and tartronate is also consistent with
thismechanism (figs. S50 to S54). Furthermore,
when conducting reactions with protodecar-
boxylated perfluoro-1H-heptane 2 or perfluoro-
1H-hexane S1 (figs. S5 to S8) at 40°C, the
formation of intermediate products contain-
ing five- or four-carbon fluorous chains was
observed (figs. S14 and S17), respectively,
which likely correspond to INT8/INT9 (figs.
S15 and S18), the intermediate with the highest
activation energy (25.6 kcal/mol) in this path-
way. The peaks corresponding to this interme-
diate disappeared as peaks corresponding to
the five- and four-carbon PFCAs appeared.
These PFCAs that are shortened by three
carbons are the logical products of a single-
pathway AD cycle from their respective start-
ingmaterials. The experimental observations
confirm that the computed mechanism pro-
vides a complete model to describe the ob-
servations made experimentally about this
complex degradation. We also performed cal-
culations to test proposed difluorocarbene
(fig. S62), perfluoroalkyl hydroxylation (fig. S46),
and a-lactone (33, 34) (fig. S61) mechanisms
that had been proposed for such degrada-
tions, but these were found to have barriers
too high to be compatiblewith the experimen-
tal conditions.

Generalization of the PFCA destruction
method to perfluoroalkyl ether carboxylates

Branched perfluoroalkyl ether carboxylic acids,
another major class of PFAS contaminants, are
also mineralized by perfluoroalkyl anion inter-
mediates. The ammonium salt of hexafluo-
ropropylene dimer acid (ammoniumperfluoro
(2-methyl-3-oxahexanoate; also known as FRD-
902, the trade name GenX, or HFPO-DA in its
acid form) is a perfluoroalkyl ether carbox-
ylic acid that was introduced as an industrial
replacement for PFOA. This compound now
contaminates water sources such as the Cape
Fear River, which serves as the primary drink-
ing water source for >350,000 residents of
North Carolina (35). For this compound, the
decarboxylation and branched CF3 chain de-
fluorination occurred at 40°C, an even lower
temperature than for the PFCAs (fig. S35). This
finding is consistent with computational re-
sults indicating that the barrier for GenX de-
carboxylation is only 20.4 kcal/mol (fig. S63).
However, because of the presence of the ether
oxygen in place of the g-carbon, the structure
was unable to eliminate a g-fluorine and in-
stead formed perfluoroalkyl ether carboxylic
acid intermediate 5 through hydrolysis (Fig. 4),
which built up in solution andwas observed by
both 19F NMR and electrospray ionization MS
(figs. S33, S35, and S42). Further degrada-
tion occurred at elevated temperatures (80°C;
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fig. S35). Calculations showed that the decar-
boxylation of this intermediate was unfavora-
ble (figs. S65); rather, a hydroxide-mediated
SN2 with a barrier of 21.9 kcal/mol occurred
in which the perfluoroalkoxide tail was elim-
inated (fig. S66). This perfluoroalkoxide formed
a carboxylic acid (DG‡ = 21.9 kcal/mol) with
the same number of carbons as the original
perfluoroether tail. Because GenX contains a
three-carbon tail, it produced the C3 PFCA
(PFPrA), the degradation of which led to in-
complete defluorination (41%; Fig. 2D) and
the formation of CF3CF2H (figs. S37, S40, and
S41). These observations are consistent with
those of the direct degradation of PFPrA (Fig.
2D and figs. S11, S12, S39, and S40). The ex-
perimental observations showed that temper-
atures of 40°, 80°, and 120°C are necessary to
form intermediate 5, to form the PFCA analog,
and to initiate PFCA degradation, respectively.
These temperature steps correspond to the
calculated energy barriers of 20.4, 21.9, and
27.7 kcal/mol, respectively (figs. S35, S63, and
S64). Degradation of a longer perfluoroalkyl
ether carboxylic acid with a five-carbon per-
fluoroalkyl tail (compound 4; figs. S34, S36,
S40, and S43) proceeded by a similar mech-
anism as that of GenX and gave fluoride re-
coveries consistent with those obtained from
the five-carbon PFCA PFPeA. These findings
indicate that perfluoroalkyl ether carboxylates
also degrade through perfluoroalkyl anion–
based processes. Intermediates in the degrada-

tion of 4, as observed by atmospheric pressure
chemical ionization–MS(fig. S43), corroborated
the proposed mechanism (Fig. 4).

Conclusions

The perfluorocarbon reactivity that we have
described here leverages low-barrier defluori-
nationmechanisms tomineralize PFAS atmild
temperatures with high rates of defluorination
and low organofluorine side-product forma-
tion. In contrast to other proposed PFAS deg-
radation strategies, the conditions described
here are specific to fluorocarbons, destroy con-
centrated PFCAs, give high fluoride ion recov-
ery and low fluorinated by-product formation,
and operate under relatively mild conditions
with inexpensive reagents. The proposed mech-
anism is consistent with both computational
and experimental results, provides insight into
the complexity of PFAS mineralization pro-
cesses, andmay be operative but unrecognized
in other PFAS degradation approaches. This
demonstration of the reactivity of perfluoro-
alkyl anions, and the ability to access such
intermediates efficiently from PFCAs, may
inform the development of engineered PFAS
degradation processes and facilitate expand-
ing this reactivity mode to PFAS with other
polar head groups.
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Fig. 4. Proposed mechanism for branched perfluoroalkyl ether carboxylic acid degradation. Pathway
A (blue) shows the branched CF3 defluorinating in the same manner as PFCAs in Fig. 3. The lack of
g-fluorines forces formation of 5 through pathway E (orange), as observed by NMR and MS. Calculations
show the hydroxide-mediated SN2 that eliminates the perfluoroalkoxide tail in pathway F (purple), leading to
the formation of a PFCA that is degraded according to the mechanism described in Fig. 3. All energies
are expressed in units of kilocalories per mole.
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Low-temperature mineralization of perfluorocarboxylic acids
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Forever chemicals’ Achilles’ heel
Per- and polyfluoroalkyl substances (PFAS) have been referred to as “forever chemicals” because of their resistance
to most biological and chemical degradation mechanisms. Most current methods use very harsh conditions to
decompose these compounds. Trang et al. found that there is a potential weak spot in carboxylic acid–containing
PFAS: Decarboxylation in polar, non-protic solvents yields a carbanion that rapidly decomposes (see the Perspective
by Joudan and Lundgren). The authors used computational work and experiments to show that this process involves
fluoride elimination, hydroxide addition, and carbon–carbon bond scission. The initial decarboxylation step is rate
limiting, and subsequent defluorination and chain shortening steps occur through a series of low barrier steps. The
procedure can accommodate perfluoroether carboxylic acids, although sulfonic acids are not currently compatible. —
MAF
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