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ABSTRACT: This study investigates critical structure—
reactivity relationships within 34 representative per- and
polyfluoroalkyl substances (PFASs) undergoing defluorination
with UV-generated hydrated electrons. While C,F,,,,—COO~
with variable fluoroalkyl chain lengths (n = 2 to 10) exhibited
a similar rate and extent of parent compound decay and
defluorination, the reactions of telomeric C,F,, ;—CH,CH,—
COO™ and C,F,,,;—SO;~ showed an apparent dependence
on the length of the fluoroalkyl chain. Cross comparison of
experimental results, including different rates of decay and
defluorination of specific PFAS categories, the incomplete
defluorination from most PFAS structures, and the surprising
100% defluorination from CF;COO7, leads to the elucidation
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of new mechanistic insights into PFAS degradation. Theoretical calculations on the C—F bond dissociation energies (BDEs) of
all PFAS structures reveal strong relationships among (i) the rate and extent of decay and defluorination, (ii) head functional
groups, (iii) fluoroalkyl chain length, and (iv) the position and number of C—F bonds with low BDEs. These relationships are
further supported by the spontaneous cleavage of specific bonds during calculated geometry optimization of PFAS structures
bearing one extra electron, and by the product analyses with high-resolution mass spectrometry. Multiple reaction pathways,
including H/F exchange, dissociation of terminal functional groups, and decarboxylation-triggered HF elimination and
hydrolysis, result in the formation of variable defluorination products. The selectivity and ease of C—F bond cleavage highly
depends on molecular structures. These findings provide critical information for developing PFAS treatment processes and
technologies to destruct a wide scope of PFAS pollutants and for designing fluorochemical formulations to avoid releasing

recalcitrant PFASs into the environment.

B INTRODUCTION

The manufacturing, application, and disposal of fluorochem-
icals since the 1940s have led to worldwide pollution by per-
and polyfluoroalkyl substances (PFASs)."” The U.S. EPA
listed C7, C8, and C9 perfluorinated carboxylic acids (PFCAs)
and C4, C6, and C8 perfluorinated sulfonic acids (PFSAs) on
the Third Unregulated Contaminant Monitoring Rule (UCMR
3) in 2012,” and established health advisory levels for C8
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS) in drinking water in 2016." Very recently, the
states of Vermont® and Massachusetts’ have updated the
health advisory for five of the six PFASs in the UCMR 3 list
(except for the C4 perfluorobutanesulfonic acid PFBS). The
state of New Jersey adopted the maximum contaminant level
of C9 perfluorononanoic acid (PFNA),” and the state of North
Carolina established the health advisory level for perfluoro-2-
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propoxypropanoic acid (GenX).” Regulation has triggered
substantial interest and efforts in developing PFAS treatment
technologies.”'® While physical separation (e.g., carbon
adsorption, membrane filtration, and ion exchange) enables
rapid PFAS removal from water,"'~"* the enriched PFASs in
physical separation wastes must be destroyed. Groundwater
remediation and the treatment of PFASs in obsolete products
and industrial wastes also require cost-effective destruction
methods. Due to the challenges in cleaving highly stable C—F
bonds (ie., defluorination),'’ novel technologies such as
electrochemical,"*™"” sonochemical,'®™2° photocataly‘cic,m_23
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mechanochemical,*** plasmatic,™ radiolytic,”” and other

oxidative and reductive methods”*® have been developed for
the defluorination of C8 PFOA and/or PFOS.

However, PFASs have often been applied in complicated
mixtures. For example, aqueous film-forming foams (AFFF)
for ﬁre—ﬁ%hting contain at least hundreds of PFAS
structures,” >" most of which contain a fluorocarbon moiety
with variable lengths and head groups connecting to highly
diverse organic moieties (Figure 1). A large diversity of PFAS
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Figure 1. Examples of PFAS structures detected in the environment
(n indicating the variable length of C,F,,,; shown in the figure;
organic moiety in AFFF surfactants shaded in blue). Surfactant
structures were taken from refs 29 and 31.

structures has been identified in water bodies polluted by
fluorochemical industries,”>™*° fire-fighting practices,””*%*
and landfill leachates.”” The extending list of regulated
PEASs calls for the investigation into the treatment of PFASs
beyond PFOA and PFOS. A fundamental and critical question
is thus raised regarding the remediation of PFAS pollution:
would the technologies developed for PFOA/PFOS defluori-
nation remain effective for other PFAS structures? Alter-
natively, what structural factors control the rate and extent of
PFAS defluorination?

Studies on the chemical destruction of other PFASs beyond
PFOA/PFOS (e.g., shorter chain analogues or new structures)
have been very limited. While a small number of studies has
tested individual PFCAs and PFSAs in the C4—C9 range** ™"’
and nonlinear structures,” ™ there has been little information
available regardin§ the reactivity of many common PFASs such
as fluorotelomers””*****” and short-chain acids.’®** It is thus
imperative to obtain a thorough understanding of the
structure—reactivity relationship for (1) developing and
assessing technologies to treat a broad spectrum of PFASs
already released into the environment and (2) designing or
modifying fluorochemical formulations to prevent future
release of highly recalcitrant PFASs.

Hydrated electrons (eaq_) can be generated from H,O or
specific chemicals under UV irradiation.”*® Being highly
reactive in reduction reactions, the e,,~ has demonstrated
excellent performance in cleaving C—F bonds. Since the
pioneering work by Park et al,*’ recent studies have

investigated different e,;~ source chemicals (e.g, iodide,*
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sulfite,*” and indole48), €,q generation strategies,49 and UV
irradiation””" for the defluorination of PFOA and PEOS in
aqueous solutions. At ambient temperature and in slightly basic
solution (i.e, pH 9—10), a significant portion (50—90%) of
C—F bonds can be cleaved from legacy PFOA*” and PFOS™”
and the emerging GenX."' The dominant reactive species in
the recently reported plasmatic defluorination is also e, -2
Still, the feasibility of treating a wide spectrum of PFASs with
¢,q and the underlying structure—reactivity relationship
remain unknown. Herein, we report on a series of unexplored
but critical trends in the structural dependence for PFAS
defluorination. By examining a broad collection of 34 PFAS
structures with various head groups and chain lengths, this
study provides comprehensive mechanistic insights, and will
significantly contribute to the advancement of technologies
and strategies for PFASs remediation and management.

B MATERIALS AND METHODS

Detailed information on chemicals and the preparation of
PFAS stock solutions are described in the Supporting
Information (SI). For the photochemical PFAS defluorination,
a 600 mL solution containing 25 yM PFAS, 10 mM Na,SO;,
and S mM NaHCO; (pH 9.5, adjusted by 1 M NaOH) was
loaded in a closed-system photoreactor (cooled with 20 °C
circulating water). The 18 W low-pressure mercury lamps (254
nm narrow band irradiation) were used for all reactions.
Aliquots of solution were taken at time intervals for up to 48 h.
Detailed reaction setup and rationales for the selected
experimental conditions are described in the SI. The
concentration of fluoride ion (F~) released from PFASs was
determined by an ion selective electrode (ISE). The accuracy
of F~ measurement by the ISE in the solution matrix was
validated by standard calibration and ion chromatography. The
concentration of PFAS parent compounds was determined
with liquid chromatography—triple quadrupole mass spec-
trometry (LC—MS/MS). Transformation product analyses
were conducted by liquid chromatography—high resolution
mass spectrometry (LC—HRMS). Full details of sample
analysis are described in the SI. Theoretical calculations were
performed according to the method used by Liu et al.** with
details found in the SIL

B RESULTS AND DISCUSSION

Decay and Defluorination of PFASs. Perfluorocarbox-
ylic Acids (PFCAs). Figure 2a shows the decay of n = 1-10
PFCAs (C,F,,,;COO7). Except for CF;COO~, the decay of
PFCAs was complete within 8 to 12 h. Based on the
concentration of F~ released from the PFAS molecules into the
aqueous solution, the overall defluorination ratio (deF%) is
defined in Equation 1):

C.
overall deF% = ——= % 100%
Co X Ne_g

(1)

where Cp~ is the molar concentration of F~ ion released in
solution, C, is the initial molar concentration of the parent
PFAS, and N¢_g is the number of C—F bonds in the parent
PFAS molecule. The deF% for n = 2—10 PFCAs gradually
leveled off to ~55% within 24 to 48 h (Figure 2b and Table 1).
LC—MS/MS quantification of shorter-chain PFCAs and LC—
HRMS analysis of partially defluorinated products did not fully
close the mass balance with the identified charged
intermediates and end products (see PFAS Degradation Product
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Figure 2. Time profiles for PFAS parent compound decay and defluorination. Reaction conditions: PFAS (0.025 mM), Na,SO; (10 mM),
carbonate buffer (S mM), 254 nm irradiation (18 W low-pressure Hg lamp), pH 9.5 and 20 °C. Full degradation profile for TFA (n = 1 PFCA) is

shown in Figure 6.

Analysis section). A surprising result is the 100% defluorination
from trifluoroacetate (TFA, CF;COO™), while the rate of its
degradation was slower than all n > 2 PFCAs. The contrasting
results between n = 1 TFA and n > 2 PFCAs suggest new
mechanistic insights (to be discussed in later sections).
Transformation product analysis and discussion of degradation
pathways for all PFAS categories examined in this study are
presented in later sections.

Fluorotelomer Carboxylic Acids (FTCAs). We extended the
investigation from PFCAs (C,F,,,;COO~) to FTCAs
(C,F,,,1—CH,CH,—COO") since a large variety of PFASs
synthesized via telomerization contains one or more —CH,—
groups between the fluoroalkyl chain and the headgroup

3720

(Figure 1).°* In comparison to PFCAs, the presence of —
CH,CH,— in FTCAs resulted in significant persistence and
dependence on C,F,,,; length for both parent compound
decay (Figure 2c) and F~ release (Figure 2d and Table 1).
Significant degradation was observed only for n > 5 FTCAs.
After 48 h, the highest overall deF% was 37% for CgF ,—
CH,CH,—COO™. This ratio was lower than those for the
PFCAs either with the same length of fluorocarbon chain,
CgF,COO™ (58%) or with the same length of the whole
molecule, CgF;,—CF,CF,—COO~ (59%). Because a significant
portion of the FTCA parent compounds still remained, the
molecular deF% that considers the degraded portion (DG) of
the parent compound is defined in Equation 2:

DOI: 10.1021/acs.est.8b06648
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Table 1. Overall Defluorination Ratio of PFASs in Variable
Fluoroalkyl Chain Lengths after 48 h of Reaction.”

chain HOOC- F(CE,),—

length  F(CF,),— (CE,),— CH,CH,— F(CF,),—
(n COOH COOH COOH SO,H
1 982 + 5.0 81.4 + 4.2 0.73 + 0.11 0.94 + 0.18
2 533 + 4.9 632 + 4.3 0.94 + 0.16 N/AY
3 51.1 + 8.0 65.5 + 4.4 1.1+ 0.1 N/AY
4 56.1 + 4.7 65.8 + 2.1 0.71 £ 0.15 4.6 + 0.8
5 510+ 44  N/A” 41+02 N/AY
6 55.1 + 1.6 643 +22 74+ 1.8 31.8 + 0.8
7 56.5 + 2.4 65.7 + 3.9 17.1 + 32 N/AY
8 582 + 12 63.6 + 2.7 334+ 1.0 57.0 + 1.2
9 49.1 + 6.4 N/AY N/A? N/AY
10 59.5 + 0.6 67.0 + 0.5 N/A? N/AY

“Reaction conditions: PFAS (0.025 mM), Na,SO; (10 mM),
carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure
Hg lamp) at pH 9.5 and 20 °C. Errors indicate standard deviation of
triplicate reactions. Data not available because the chemical was
commercially unavailable, too costly to afford, or not readily soluble in
water (for long-chain structures).

overall deF%
DG

molecular deF% =

)

For the three relatively long-chain FTCAs (n = 6, 7 and 8) that
showed both significant parent compound decay (15%, 37%,
and 85%, respectively) and overall deF% (7.4%, 17%, and 37%,
respectively) after 48 h, their corresponding molecular deF%
are similar (49%, 46%, and 44% respectively). The results
suggest that while FTCA parent compounds are much more
recalcitrant than PFCAs, (1) longer C,F,,,; in FTCAs provide
higher reactivity, and (2) the reaction intermediates from the
decayed portion of FTCAs provided ~50% defluorination in a
relatively fast manner, regardless of the recalcitrance of the
parent FTCAs.

Per- and Polyfluoro Dicarboxylic Acids (PFdiCAs). The
comparison between PFCAs and FTCAs has clearly suggested
that the direct linkage between —COO™ and C,F,,,, promotes
defluorination. We further examined such effects in PFdiCAs
(TO0OC-C,F,,—COO~), which have also been detected
recently in water environments.”* As shown in Figure 2e, the
decay of parent PFdiCA compounds (n 3—10) were
complete within 4—8 h. The rates are faster than those for
PFCAs (8—12 h, Figure 2a). The overall deF% at 48 h
(identical to the molecular deF%, since the parent compound
decay was complete for all PFCAs and PFdiCAs) were ~67%
regardless of C,F,, length (Figure 2f and Table 1) and deeper
than those for PFCAs (~55%). Similar to the case of
CF,COO07, for TOOC—CF,CF,—COO~ (n = 2) where each
CF, is directly linked to —COOQ7, its decay and defluorination
were significantly slower than long-chain PFdiCAs. Interest-
ingly, the rate of decay for TOOC—CF,—COO~ (n = 1) was
similar to other long-chain PFdiCAs while the deF% was
higher than all other PFdiCAs. However, the deF% was limited
to 81% in comparison to the 100% for CF,COO™. In
comparison to perfluorinated PFdiCA structures, retarded
decay and defluorination of "OOC—CF,—CH,—COO~ was
observed (the “n = 1 telo*” in Figure 2e and f).

Perfluoroalkanesulfonic Acids (PFSAs). With the different
effects of —COO™ versus —CH,CH,—COO~ on defluorina-
tion observed, it is intriguing to also probe the effect of —SO;~
on the treatment of C,F,,,;SO;". Like the FTCAs, the decay
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(Figure 2g) and defluorination (Figure 2h and Table 1) of n =
4, 6, and 8 PFSAs showed significant dependence on chain
length. This trend agrees with the study by Park et al.,** where
iodide was used as the source of ¢,;". In contrast to the almost
complete defluorination of CF;COO7, the n = 1 CF;SO;~
showed negligible decay and defluorination. Thus, the effect of
—SO;” on ¢,, mediated defluorination is vastly different from
that of —COQ~. Similar with the FTCAs, n = 6 and n = 8
PFSAs that showed significant parent compound decay (50%
and 96%, respectively) and overall deF% (32% and 57%,
respectively) exhibited similar molecular deF% (64% and 59%,
respectively) after 48 h. Similar results on PFOS degradation
were found in a study by Sun et al,*’ where ~50% molecular
average deF% was observed for reactions in various
experimental settings. Thus, like FTCAs, although PFSAs
with different chain lengths showed varying rates of parent
compound decay, the defluorination from the decayed portion
was relatively fast toward a similar extent.

Structural Effects and Mechanistic insights on PFAS
Degradation. The experimental results have clearly shown
that the rate of PFAS decay and defluorination highly depend
on both the headgroup and the fluoroalkyl chain length. The
direct linkage between the fluoroalkyl chain and —COO~
seems critical for a fast defluorination reaction. As shown in
Figure 2, the decay of all n > 2 CF,,,;,COO™ proceeded at a
faster pace than F~ release, indicating that the degradation of
reaction intermediates was slower than the transformation of
parent structures. In contrast, the decay of FTCA and PFSA
parent structures (e.g, n = 6/7/8 C,F,,,;—CH,CH,—COO~
and n = 6/8 C,F,,,;SO;7) limits the processes of F~ release,
suggesting that the degradation of reaction intermediates was
faster than the decay of parent structures. Results from a series
of theoretical calculations and product analyses suggest deeper
insights into the mechanisms and pathways for the reductive
defluorination mediated by e,

Theoretical Calculations of C—F Bond Dissociation
Energies (BDEs). The C—F BDEs in all PFAS structures
were calculated with density functional theory (DFT) in
conjunction with an SDM polarizable continuum model (see
the SI for computational details). The full collection of BDE
data is summarized in SI Tables S1—SS, and representative
results are shown in Figure 3. As expected, BDEs of all primary
C—F bonds (i.e., bonds on the terminal —CF; 117.8—123.4
kcal mol™") are higher than all secondary C—F bonds (i.e.,
bonds on —CF,—; 106.4—113.6 kcal mol™).*> In general,
lower BDEs for both primary and secondary C—F bonds are
observed in PFASs with longer fluoroalkyl chains (Figure 3a—c
and h, i). This trend may explain why the rate of parent
compound degradation was faster for longer chain FTCAs and
PESAs, where more —CF,— functional groups in the middle of
the fluoroalkyl chains have low BDEs (typically <107.5 kcal
mol™"). We note that the “decay” of a parent compound only
needs one bond to be cleaved. Considering our calculation
results and a previous theoretical study’* where the central
—CF,— in a fluoroalkyl chain was found to have the highest
affinity to the “extra” electron (ie., e, in this study), we
propose that the first defluorination occurs at a middle —CF,—
group in long-chain (typically n > S5) FTCA and PFSA
structures.

As for PFCAs and PFdiCAs, the C—F BDEs for the a-
position —CF,— (i.e., adjacent to —COO~; 106.5—107.3 kcal
mol ™", Figure 3e and g) are all lower than those of a-position
C—F bonds in FTCAs and PFSAs (109.2—113.6 kcal mol™").

DOI: 10.1021/acs.est.8b06648
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Figure 3. Calculated C—F BDEs (kcal mol™') of selected PFASs at
the B3LYP-D3(BJ)/6-311+G(2d,2p) level of theory. Calculation
results for all structures are tabulated in SI Tables S1—SS5.

From the experimental results, it appears that the a-position
C—F bonds may contribute to the high reactivity of PFCAs.
This is also supported by the faster decay and higher
defluorination ratio from PFdiCAs rather than from PFCAs
by having two —COO~ head groups (Figure 3g vs e) and
lacking primary C—F bonds. However, the similarly low BDEs
for f-position C—F bonds in PFSAs (Figure 3i vs e) did not
promote the reaction of short-chain C,Fo—SO;~ structure
(Figure 2g), indicating that the BDE of individual bonds may
not be the only factor determining the rate of reaction.
Spontaneous Bond Cleavage in Electron-Added PFAS
Radical Anion Structures. Since the defluorination of PFASs
occurred upon the reaction with e,,”, we further conducted
DEFT calculations of C—F BDEs of the radical anion after the
original PFAS anion received an “extra” electron:
CnF2n+1_COO_ + eaq_ - CnF2n+l_COO.2_ (3)
To our surprise, when a geometry optimization was applied to
the radical anions of PFCAs, FTCAs, and PFSAs, a
spontaneous bond stretching was observed (Figure 4). One
a-position C—F bond in C4F;3;—COO®>™ was stretched to 4.5
A, which indicates bond cleavage. The C,F,—COO®*~ and
CgF;,—COO**™ analogs showed similar bond cleavage of a-
position C—F bonds (SI Figure S1). Hence, while the
spontaneous bond cleavage makes it difficult to calculate
BDEs in the unstable PFAS®*™, the calculation results for the
original PFCA anions are informative for mechanistic
interpretation or prediction of the reactions with e, . As for
FTCA radical anions, C—F bond stretching was observed in
the middle of the fluorocarbon chain in C4F;;—CH,CH,—
COO**~ (Figure 4). Although n = 4 and n = 8 FTCA radical
anions did not show similar C—F bond stretching, the result
from the n = 6 structure has already suggested the possibility of
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middle-chain C—F bond cleavage upon the reaction between
FTCA anions and e, " (SI Figure S3). The C—S bond
stretching was observed for n = 4, 6, and 8 C,F,,,,—SO;"",
indicating the dissociation of the sulfonate group upon the
reaction between PFSA anions and e,,~ (SI Figure S2). This
result agrees with the previous mechanistic interpretation on
PFOS degradation, where the C—S bond cleavage led to the
formation of PFOA.>® However, we highlight that calculations
of C—F and C—S bond cleavage are not the sole degradation
pathways for each category of PFASs (see below).

PFAS Degradation Product Analysis. In previous studies
on PFOA/PFOS defluorination with ¢,,”, the total concen-
tration of all shorter-chain PFCA products contributed to <3%
of the initial PFOA/PFOS concentration.*”** Here we used
suspect screening of LC—HRMS data to identify other
plausible products beyond the shorter-chain PFCAs (all results
collected in SI Tables S6—S18). As shown in Figure Sa and SI
Table S8, the degradation of C,F;;—COO~ (PFOA, initial
concentration 25 uM) produced at least two partially
defluorinated products, C,F,H-COO~ and C,F;H,—
COO7, with the highest peak area of 2.42 X 10% at 4 h and
3.63 X 107 at 48 h, respectively. As analytical standards are not
available for accurate quantification of those two products, the
peak area is used to roughly estimate the relative abundance in
comparison to the parent compound (assuming the ionization
efficiencies vary within 1 order of magnitude). From the data,
the max. peak intensities for C,F;,;H—COO~ (upon one H/F
exchange) and C,F;H,—COO~ (upon two H/F exchanges)
were 1 and 2 orders of magnitude lower than the parent
C,F;s;—COQ7, respectively. We point out that as reaction
intermediates are subject to further degradation, the
accumulative generation of these species could be much
higher than the maximum concentration observed at a single
time point. The shorter-chain PFHpA anion C4F;;—COO~
was also observed with the max. concentration of 265 nM at 1
h, corresponding to 1.1% of the initial PFOA. Low-intensity
peaks (<5 X 10° but higher than the arbitrary 10° threshold
used for product identification) for other anions were also
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Figure S. Representative degradation products from (a) PFOA, (b) PFHpA, (c) PFOS, (d) PFHxS, and (e+f) n = 8 FTCA. All detected species
including those in low intensities are summarized in SI Tables S6—S18.

observed (summarized in SI Table S8), such as C,F,H;—
CO07, C,FH,—COO0O7, and C,F;H,—COO~ (i.e, three,
four, and six H/F exchanges from PFOA), as well as CF,H—
COO™ and CzF,H,—COO™ (i.e., one and four H/F exchanges
from the product PFHpA), and even shorter-chain C;F ;H—
COO~ (i.e., one H/F exchange from the product PFHxA).
The detection of products with more than two H/F exchanges
from PFOA and PFHpA suggests that, the weak C—F bonds in
the middle of the long fluoroalkyl chain in PFCAs are also
susceptible to cleavage.

To further understand the fate of the chain-shortened
PFHpA generated from PFOA degradation, we also charac-
terized the products from the degradation of pure PFHpA
(Figure Sb). Very similar to the degradation of PFOA, three
major products from PFHpA are single-H/F-exchange product
C¢F;,H-COO™ (peaked at 4 h), double-H/F-exchange
product C4F;;H,—COO~ (peaked at 12 h), and the shorter-
chain PFHxA (peaked at 2 h, 1.3% of the added PFHpA).
Further investigations of longer (e.g., PFDA and PFNA) and
shorter PFCAs (e.g, PFHxA) also revealed very similar trends
(SI Figure S4 and Tables S6—S10). From the formation curves
of the three major products, the maximum intensity of shorter-
chain PFCAs appeared earlier than those of the two H/F
exchange products. Therefore, the degradation of PFCAs have
at least two independent pathways, (i) H/F exchange without
chain-shortening and (ii) formation of shorter-chain PFCAs.

Specifically, the C,F,,_;H,—COO~ built up in the reactions
of all PFCAs (Figure S4). We propose that the most probable
structure for this product is C,_;F,,_;—CH,—COO~ (ie,
double H/F exchanges on the a—position carbon) for the
following reasons. First, according to the calculated C—F BDEs
in the C,F,,,;—COO~ and the spontaneous C—F cleavage
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from the ¢,,~ added C,F,, 1—COO**", the first H/F exchange
is highly likely to occur at the a-position. Second, if the first
C—F bond is replaced by a C—H bond, the remaining C—F
bond on the same carbon is significantly weakened (SI Text
S1) to become even more susceptible for the following H/F
exchange. Third, as suggested by the recalcitrant decay of
FTCAs, the separation of the fluoroalkyl chain and the
—COO™ with one —CH,— linker is the most probable
structure showing recalcitrance. To further test the hypothesis
regarding the slow reaction of CF,,,;—CH,—COO~ with only
one —CH,— linker, we investigated a commercially available
structure, CF;—CH,—COO~ (structural analogues with longer
fluorocarbon chains were not available to test). Compared to
the perfluorinated CF;—CF,—COO~ (53% defluorination)
and CF;—COO~ (100% defluorination), the structure with a
single —CH,— linker indeed showed very sluggish reactivity
with only 2.2% defluorination measured after 48 h.

As for PFSAs, we analyzed the products from the reactions
of PFOS and PFHxS that exhibited significant decay and
defluorination. Results suggest that the calculated spontaneous
C—S cleavage is one of the two reaction pathways, the other
being the H/F exchange without chain shortening. For PFOS
degradation, products with one (C4F,H—SO;7), two
(CgFsH,—S0O;57), three (CgF,H;—SO;”), and four H/F
exchanges (CgF;3;H,—SO;”) on the eight-carbon PFOS
backbone were observed in significant abundance (Figure Sc
and SI Table S11). The intensity of those four peaks were 2
orders of magnitude lower than the parent PFOS. Meanwhile,
a series of PECAs (from PFOA to PFBA) were also observed
with low intensities (SI Table S13). However, these PFCAs
showed a similar abundance in the product mixture from
PFOS degradation. For comparison, in the experiments
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Scheme 1. Proposed Overall Reaction Mechanisms for PFAS Degradation and Defluorination
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starting from individual PECAs, the chain-shortened daughter
PFCA was in much lower abundance than the parent PFCA
(Figure Sa and b). Thus, the shorter-chain PFCAs observed in
PFOS degradation were not generated from the sequential
chain-shortening from PFOA. We found that the commercial
PFOS reagent actually contained a small portion of shorter-
chain PFSAs such as PFHpS, PFHxS, and PFBS, and their
corresponding H/F exchange products were also detected (SI
Table S12). Thus, the formation of PFCAs in relatively high
abundance for all chain lengths might be attributed to the C—S
cleavage of the corresponding PFSAs. Similar product profiles
were observed for PFHxS degradation (Figure Sd and SI
Tables S14—16).

The product analysis on the degradation of the telomeric
CsF,—CH,CH,—COO~ (Figure Se and f; SI Tables S17 and
S18) also suggested two reaction pathways. First, H/F
exchange products were observed, for example, CgF;H—
CH,CH,—COO~ (peaked at 4 h) and Cg4F,;;H,—CH,CH,—
COO~ (peaked at 36 h). Based on our calculation results
(Figure 3 and SI Table S3), the most probable H/F exchange
should occur in the middle of the long fluoroalkyl chain. Recall
that the decay of shorter-chain FTCAs was very sluggish, most
probably due to the lack of low BDE C—F bonds. However,
the formation of CoF,H;O,”, C¢F,(H;0,”, and C,FgH;0,~
(most probably with the structure C,F,,H—CH,CH,—COO"~)
cannot be explained at this moment. Unlike PFSA reagents
that contain multiple shorter-chain impurities, the shorter-
chain FTCAs were not detected in t = 0 samples (SI Table
§17), indicating that they were indeed generated from the
chain-shortening of the n = 8 FTCA. It is not yet clear how the
fluorocarbon chain was shortened without losing the —
CH,CH,—COO~ headgroup. Still, low intensities of PFCAs
were observed (e.g, PFBA shown in SI Table S18), indicating
the dissociation of —CH,CH,—COO~ as the second
mechanism for FTCA degradation.
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Overall Reaction Mechanisms. Based on the exper-
imentally observed PFAS decay and defluorination, DFT
calculations, and degradation product analyses, the reaction
mechanisms are summarized in Scheme 1. PFCAs (C,F,,,,—
COO7) undergo two pathways upon reaction with e, ~
(Scheme 1a). First, two H/F exchanges occur sequentially
on the a-position and yield C,_,F,,_,—CH,—COOQO~, which
has high recalcitrance. If the fluorocarbon chain is long, it is
also possible to have additional C—F bond cleavage from
middle —CF,— groups. Second, shorter-chain PFCAs are
generated most probably from a decarboxylation mechanism
(Scheme 1b), yielding an unstable perfluorinated alcohol
(C,Fy;1—OH) that is subject to HF elimination.”> The
resulted acyl fluoride is hydrolyzed to release the second
fluoride ion, and the shorter-chain PFCA (C,_,F,,_;—COO")
thus forms and enters the next reaction cycle.** This
decarboxylation—hydroxylation—elimination—hydrolysis
(DHEH) pathway has been mainly inferred from prior
literature """ and few recent studies have provided further
insights on the stability of perfluorinated alcohol. However,
there is some indirect evidence to support the DHEH
mechanism. First, perfluorinated C,F,,,;—OH has been rarely
reported as a bulk chemical. Instead, the widely used
fluorinated alcohols are telomeric C,F,,,,—CH,—OH.””**
This fact may reflect the instability of C,F,,,;—OH. Second,
an analogous structure, FCH,—OH, has only been observed
spectroscopically under low temperatures in a mixture of
HCOH and HF (i, FCH,—OH < HCOH + HF).”” This
equilibrium supports the mechanism of HF elimination from
structures with one —F and one —OH on the same carbon.

We also found that the 100% defluorination of TFA (CF;—
COO7) strongly supports this DHEH mechanism (Scheme
1c). First, TFA only has three high-BDE primary C—F bonds
(Figure 3f) so that a direct C—F bond cleavage seems less
likely. Second, our experimental results for DFA (CF,H—
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COO™) and MFA (CFH,—COO~) defluorination indicate
that the previously proposed stepwise defluorination mecha-
nism for TFA is less likely.”” As shown in Figure 6, although

(a)1.07
’ R -~ CF,CO0" (TFA)
g8 1Y -+ CF,HCOO" (DFA)
Fos | b CFH,CO0" (VFA)
[
[=]
<0.4 -
O
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o U,
o

Defluorination (%)

Time (h)

Figure 6. Time profiles for the (a) decay and (b) defluorination of the
three fluorinated acetic acid derivatives. Reaction conditions are the
same as indicated in Figure 2.

complete decay of fluorinated acetates was observed, the
maximum defluorination from DFA and MFA was 78% and
57%, respectively. Hence, the stepwise reaction of TFA —
DFA — MFA would not lead to a 100% defluorination as
observed from TFA. The incomplete defluorination from MFA
and DFA might be attributed to the rapid volatilization of
FCH,—OH" and F,CH—OH prior to HF elimination. Third,
the closely synchronized profiles of decay and defluorination of
TFA suggest that the change of TFA parent structure triggered
rapid liberation of all three F~ ions. While other reaction
mechanisms have not been identified, the DHEH pathway is
the most probable mechanism for PFCA chain-shortening and
the accompanying F~ release.

If the PFCA degradation followed the single pathway of
chain-shortening through the DHEH pathway, a complete
defluorination would have been observed. Thus, the ~55%
max. defluorination from all n > 2 C,F,,,;—COO™ is
attributed to other reaction pathways via H/F exchange.
Assuming that only these two mechanisms apply to the simple
CF;CF,COO™ structure, a DHEH as the first step will
generate two F~ and CF;COO7, which can be fully
defluorinated in the second DHEH (deF% 100%).
Meanwhile, the H/F exchange as the first step will accumulate
CF;CH,COO~ with high recalcitrance (deF% = 40%). Thus,
the overall ~55% defluorination from CF;CF,COO™ indicates
a 75% probability for H/F exchange and 25% probability for
DHEH as the first step. We also note that each shorter-chain
PFCA product will also undergo the two competing pathways,
leading to the accumulation of H-containing structures with
high recalcitrance. For long-chain PFCAs and intermediates,

3725

H/F exchange in the middle of fluoroalkyl chain is also
possible (SI Table S8).

The presence of one more —COO~ terminal group in
PFdiCAs (~67% max. defluorination) enables degradation
from the other side of molecule. Either a-position H/F
exchange or DHEH pathways from the second —COO™ would
lead to higher deF% than PFCAs, which have the most
recalcitrant —CF; on the other end. In addition, our results do
not support the previously proposed PFOA degradation
mechanism, where C,F,,,;—CH,—COO~ (generated from
C,F,,,1—CF,—COO~) decomposes to three pieces, ®C,F,,,,
:CH,, and ¢COO7, and then the oC,F, ., and ¢COO~
recombines into the shortened C,F,,,,—COO~% If this
mechanism was dominant, the degradation of CF;—CH,—
COO™ would be fast, and the degradation of all n > 2 PFCAs
would be shortened stepwise to TFA and yield 100%
defluorination. We also note that even if the three-piece
decomposition could occur, the chance of recombination of
the two radicals in very low concentration (e.g., sub-uM level)
in water would be trivial.

As for PFSAs and FTCAs, the first reaction pathway is H/F
exchange on relatively weak C—F bonds, which mainly occur
in the middle of the long-chain structures (Scheme 1d). We
add that if the middle-chain —CF,— is reduced to —CH,—, the
long fluorocarbon chain is thus divided into two short
fluorocarbon chains, where most C—F bonds will have high
BDEs (Figure 3b vs c). The other pathway is the cleavage of
the head groups and the formation of PFCAs following either
the H/F exchange or the DHEH mechanism. The similar
molecular deF% values from the decayed portion of PFSAs
(59—64%) and FTCAs (44—49%) in variable lengths support
this speculation, which warrants further investigation.

According to the MS peak areas of the parent compound
and the identified degradation products (assuming they have
similar ionization efficiency), the F mass balance seems not yet
closed. This is probably because (1) the ionization efficiency
may vary significantly for different products, leading to
inaccurate estimation of product abundances, (2) a portion
of degradation products might have lost the charged
headgroup and thus escaped from MS detection,”** and/or
(3) novel products generated from other reaction pathways
were not identified by the screening of suspect products from
chain shortening and H/F exchange. The mechanisms for
some reactions still remain elusive. For example, FTCA chain
shortening occurred with the —CH,CH,—COO™ headgroup
remaining. In the degradation of PFOS and PFHXxS, high
intensities of H/F exchange structures (C,FgH—SO;~ and
C;FsH—S0;") were observed (SI Tables S12 and S15) despite
that PFBS and PFPrS are highly recalcitrant. These results
suggest that there are still unknown degradation mechanisms
involved in PFAS degradation with e,,~. However, since this
treatment strategy is not very effective to short fluorocarbon
chains that are not directly linked to —COO~, mechanistic
investigation on the unfavorable pathways goes beyond the
focus of this study. Instead, priority of research should be given
to further improving the rate and extent of the degradation of
recalcitrant PFAS structures.

Critical Implications to PFASs Remediation and
Management. A series of critical environmental implications
can be explicitly made from the findings of this study. First, the
direct linkage between fluoroalkyl chain and —COO™ is highly
beneficial for reductive defluorination with e,~. From the

L . . 161 RS
remediation perspective, chemical” and biological®” trans-
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formation of telomeric structures are expected to produce
PFCAs for significantly enhanced defluorination efficiency of
the following treatment step with ¢,,”. From the management
perspective, perfluorinated sulfonates with short fluoroalkyl
chains® should be applied with caution due to their sluggish
reactivity with e, and their recalcitrance to oxidation. We
accentuate that the future design of mixed AFFF formulation
should seriously consider the treatability of specific PFAS
structures to avoid the recalcitrance against remediation efforts.
Second, further elevated defluorination can be expected from
the optimization of reaction conditions (e.g, selection of
chemicals for e, ~ generation,d'g’63 UV energy and intensity,so’>1
and the use of heterogeneous materials**) and the develop-
ment of technologies with novel working principles.“’25 Lastly,
since other emerging technologies such as electrochemical and
plasmatic treatment have also observed slower degradation of
C6 PFHxS than C8 PFOS,"'”*° we emphasize the necessity of
examining a variety of representative structures as the PFAS
contamination in the real world are usually present as a mixture
of diverse structures.
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