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ABSTRACT: Photoexcitation of sulfite (SO5>7) is often used to
generate hydrated electrons (e, ~) in processes to degrade
perfluoroalkyl and polyfluoroalkyl substances (PFASS) Conven-
tional consensus discourages the utilization of SO;*~ concen-
trations exceeding 10 mM for effective defluorination. This has
hindered our understanding of SO;>~ chemistry beyond its
electron photogeneration properties. In contrast, the radiation-
chemical study presented here, dlrectly producing e, through
water radiolysis, suggests that SO;>~ plays a prewously overlooked
activation role in the defluorination. Quantitative “°Co gamma

BDE: bond dissociation energy

irradiation experiments indicate that the increased SO32' DHEH: desulfurization/decarboxylation

hydroxylation~ elimination—hydrolysis

concentration from 0.1 to 1 M enhances the defluorination rate
by a remarkable 15-fold, especially for short-chain perfluoroalkyl
sulfonate (PFSA). Furthermore, during the treatment of long-chain PFSA (CgF,,—SO;~) with a higher concentration of SO5>7, the
intermediates of CgH;,—SO;~ and C;F,—COO~ were observed, which are absent without SO;*~. These observations highlight that a
higher concentration of SO32' facilitates both reaction pathways: chain shortening and H/F exchange. Pulse radiolysis measurements
show that elevated SO;>~ concentrations accelerate the bimolecular reaction between e,q and PESA by 2 orders of magnitude. PF
NMR measurements and theoretical simulations reveal the noncovalent interactions between SO;*~ and F atoms, which
exceptionally reduce the C—F bond dissociation energy by nearly 40%. As a result, our study offers a more effective strategy for
degrading highly persistent PFSA contaminants.

KEYWORDS: pulse radiolysis, transient kinetic, perfluoroalkyl sulfonate, defluorination, hydrated electron reduction, SO3* effect

B INTRODUCTION UV/SO,*" system has demonstrated the capacity to increase

_ . ; 11,12
Hydrated electron (e, ~)-based advanced reduction processes e,y concentration and accelerate PFAS degradation rates.

(eaq__ ARP) have been notable contenders to address the However, our previous research has unveiled the chain length

. . - 13
challenges of the “forever pollutant” per- and polyfluoroalkyl dependence on the reaction rate of PFSA with e,,~.° The

aq
substances (PFASs) degra dation.! =3 Generally, the highly specific rate constant for the reaction of perfluorobutanesul-
reactive e, .~ is produced via water radiolysis or photoexcitation

fonate (PFBS) with e, " is less than 10° M™" s™" under the pH
aq

with sensmzers like sulfite (SO527), iodine (I7), and nitrilotri- = 10 condition. Thll3s fflphes that e,q"-ARP is ineffective against
acetic acid.*~® $O,> has garnered significant attention due to short-chain PFAS. Therefore, searchlng for a new strategy
its moderate quantum yield (0.11—0.17 mol/einstein) (SO5>~ ]tjo enhan}cle htlhed reac]t:)llVlt}; lgf short-chain PFAS with e,

+ hv — SO; ™ + e7) and inert byproducts to prevent undesired ccomes highly desirable

reactions during photolysis.”~” Consequently, extensive studies The significance of 50,3 beyond_elsctron generation has
have chosen SO;> as the cornerstone for optimizing rarely been rarely appreciated. The limited understanding of

L o . SO;>" has posed discrepancies in current PFAS treatment
defluorination performance. These optimization strategies based the UV/SO.2 ¢ ith diff ¢ SO
include pH adjustment,'” iodide addition,'" and the integra- ased on the 3 system Wi rieren 3
tion with oxidants (OH).”* For instance, Liu and co concentrations. Tang and co-workers™ suggested that the

. , -

workers'® reported that at pH 12, e, effectively cleaves
multiple robust C—F bonds that remain unaltered at pH 9.5. Received:  February 7, 2024
The high pH condition determines the speciation of dissolved Revised:  April 19, 2024
carbonate to prevent e~ quenching. In this case, the Accepted: May 7, 2024
decarboxylation pathway is notably favored toward extensive

defluorination and the reduction of SO;>~ consumption.

Besides, the addition of iodide and other halogens in the
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Figure 1. Pulse radiolysis measurements on an Ar-saturated solution containing three concentrations of SO;*~
~ decay rate (b) as a function of PFBS concentration under 0.05 M SO,*; the decay at 710 nm (c) and apparent e,

apparent e,

a function of PFBS concentration under 0.1 M SO;”7; and the decay at 710 nm (e) and apparent €y

concentration under 0.5 M SO5*~

: the decay at 710 nm (a) and
~ decay rate (d) as
~ decay rate (f) as a function of PFBS

increasing SO;> concentration (ranging from 0.5 to 20.0 mM)
led to a roughly hnearly increase in the generation rate of e,
However, Liu et al.' argued that further increasing the
concentration of SO;*” (e.g, 20 mM) did not improve
performance. It is postulated that a high concentration of
SO,*~ might trigger a competing side quenching reaction.'” ™’
Existing paradigms have constrained photolysis studies to
SO,*” concentrations below 20 mM. Such a low concentration
precludes the investigation of potentially beneficial effects of
SO,>” in PFAS treatment. For example, a high SO;>~
concentration may primarily induce the self-assembly of
micelles. The rapid e,,~ transfer in the micelles may enhance
PFAS defluorination.”’ Moreover, the oxidation process
involved in PFAS treatment caused by SO;~ radicals from
photolysis on SO,*~ remains controversial. The comprehensive
exploration of the interaction between SO;>~ and PFAS has
also been notably underemphasized.

In addition to photolysis, the radiolysis of aqueous SO;*~
solutions using commercial radiation sources such as “°Co y-
rays and electron beams has been a promising advanced
reducing process to tackle PESA pollution.””~** Over the past
decades, the utilization of safe, energy-saving, and controllable
irradiation setups has demonstrated their capabilities in pilot-
scale wastewater treatment.”””> The fundamental principle
involves the ionization and excitation of water by radiation,
leading to the generation of abundant short-lived species such
as oxidizing ‘OH radicals and e,;”. These short-lived species
exhibit high reactivity toward specific organic pollutants.”*® In
the radiolytic method, SO;>~ scavenge ‘OH radicals to form
SO; ™ radicals. It was known that radiolysis of SO~ aqueous
solution creates enhanced reducing conditions that likely
increase the defluorination efficiency.”®”” Moreover, the
generation of e,;~ through water radiolysis remains independ-
ent of photosensitizers. These advantages enable us to
investigate the overlooked SO;>~ chemistry and develop
more effective approaches for short-chain PFAS degradation.”
More importantly, the elementary reactions of PFAS with e, ™
or SO; ™ radicals can be studied by pulse radiolysis, involving
transient kinetics and intermediate identification by time-

resolved spectroscopy. Here, we measured the bimolecular rate
constant between e,,~ and PFSA under various SO;*”
concentrations. Combined with product analysis via steady-
state “°Co irradiation, we find that the presence of SO,
encompasses the interaction with F atoms to facilitate C—F
bond cleavage and activates C—S bonds for a more readily
desulfonation pathway simultaneously. The bond interactions
are supported by NMR observations and theoretical
calculations, which culminate in a profound defluorination
process.

B MATERIALS AND METHODS

The experiments and analysis methods are more detailed in the
Supporting Information (SI). Briefly, potassium heptadeca-
fluoro-1-octanesulfonate (CgF;;SO;K, PFOS) and potassium
perfluorobutanesulfonate (C,F;SO;K, PFBS) were purchased
from Sigma-Aldrich and were used as received. Pulse radiolysis
experiments were carried out employing the picosecond laser-
triggered electron accelerator, ELYSE, coupled with a time-
resolved absorgtlon spectrophotometric detection system
(290—720 nm).””* More details for pulse radiolysis measure-
ments can be found in the recent work.'” The steady-state
experiments were conducted at a “Co gamma source (5.35 x
10" Bq, located in the Université Paris-Saclay) at a dose rate of
2.25 kGy/h at ambient conditions with Ar-saturated solutions.
The sample solutions were prepared in ultrapure water (18.2
MQ cm), and the pH was adjusted with a NaOH solution
without buffer. The concentration of fluoride ion (F~) released
from PFSA was determined by an ion-selective electrode
(ISE), which is used to calculate the defluorination number.
YF (376 MHz) and 'H (400 MHz) NMR spectra were
recorded on a BRUKER AVANCE III NMR spectrometer
equipped with a QXO (Quattro Resonance X Observe) probe,
using D,O as the solvent. Potassium fluoride (KF) was
employed as a reference to calibrate the chemical shift. Product
analysis was conducted by liquid chromatography—high-
resolution mass spectrometry (LC—HRMS). DLS measure-
ments were performed on a Zetasizer Lab instrument (Malvern
Instruments) with a He—Ne laser of A = 633 nm. The C—F

https://doi.org/10.1021/acs.est.4c01444
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01444/suppl_file/es4c01444_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01444?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01444?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01444?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01444?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c01444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

bond dissociation energy (BDE) for all PFASs examined in this
study was calculated by using the GAUSSIAN 16 program. All
the geometries of molecular, intermediate, and transition states
were fully optimized using the Grimme empirical dispersion
corrected B3LYP-D3/6-311+G(2d,2p) hybrid functional en-
ergies. The solvation model based on density theory (SMD)
was applied to simulate the aqueous environment implicitly.
The details of experimental methods and theoretical
calculations can be found in the Supporting Information (SI).

B RESULTS AND DISCUSSION

e,, Reaction with PFBS in SO;> Solution. First, we
conducted the reaction of PFSA with e,,” under the alkaline
condition (pH = 12) in the absence of SO,>". The transient
kinetics recorded at 710 nm, corresponding to the maximum of
the absorption band of e,;~, exhibited no significant change in
the e,,~ decay in the presence of PFBS. The pseudo-first-order
rate constant was estimated to be less than 10° M™! s7!,
consistent with previous findings.'”'**' This low rate constant
indicated that PFBS remained chemically inert to e,;~ without
adding SO4>~ (Figure S1).

In stark contrast, Figure la—f presents compelling evidence
of accelerated e,;~ decay in solutions containing SO;*” ranging
from 0.05 to 0.5 M. e, decayed faster with rising PFBS
concentration. The second-order rate constants were deter-
mined to be 1.6 X 10°® and 2.8 X 10° M™" s™" in the presence of
0.05 and 0.1 M SO,*7, respectively. These rates represented an
enhancement of more than 2 orders of magnitude compared to
that in the absence of SO;*~ (Figure 1b—d). Nevertheless, a
noticeable deceleration in e,,~ decay occurred when the SO*~
concentration exceeded 0.5 M (Figure le/f). In this case, the
apparent rate of decay deviated from a linear relationship with
the PFBS concentration and decreased to 3.6—5.6 X 10" M~}
s™' (Figure lef). The decrease in rate constants is likely
attributed to the aggregation or micellization process of PFBS.
This is often observed in higher ionic strength solutions for
surfactant systems.’>*> Based on the surfactant characteristics
of PFBS, it is presumed that the higher SO;*~ concentration
diminished the electrostatic repulsion between negatively
charged headgroups of PFBS. The reduced repulsion fostered
aggregation and micelle formation. The aggregation and
micellization process ultimately decreased notably the
reactivity of PFBS with e,

Water radiolysis generates reducing e,,~ and oxidizing ‘OH
radicals. SO;>~ also reacts with ‘OH radicals to form SO;~
radical, a typical reactive oxidant employed for degrading
organic pollutants.”™*> To explore the possible reaction of
PFBS with the SO;™ radical, we conducted pulse radiolysis
experiments in an N,O-saturated solution (Figure 2). Under
this condition, e, is initially converted to ‘OH radical (Figure
$2) (N,O + e = O™ + N, k, =60 x 10° M7 s7; O +
H,0 — OH + OH™ k; = 9.3 X 10" M~ s7!). Subsequently,
SO, radicals are generated as the sole reactive species in the
solution (OH + SO;*~ — H,0 + SO;™ k, = 5.1 x 10° M™*
s™'). As illustrated in Figure 2a, when €,q was completely
quenched, the transient absorption at 10 us displayed
characteristic spectra of SO;~ radicals in the UV regions.
The kinetics at 310 nm revealed the identical decay of SO;~
radicals in the presence or absence of PFBS with a half-time of
40 ps (Figure 2b). The decay of SO~ radicals did not exhibit
any dependence on the PFBS concentration. Based on the
transient data excluding any reactivity between SO;~ and
PFBS, we concluded that SO;*” instead of SO;~ radicals

A o015 b — omM
2 - go.oz 04 mM
S0.010 . o 0.2mM
2 B0,
00.005 ©

- o
e o
< .

0.000 <

350 400 450 500 20 Q. 20 40 60 80
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Figure 2. Pulse radiolysis measurements on N,O-saturated 0.2 M
SO;*~ solution in the presence of different concentrations of PFBS.
(a) Transient absorption spectrum at 10 us corresponding to SO;~
radicals. (b) Transient kinetic traces of SO;~ radicals at 310 nm
within 80 us.

played an active role in accelerating the bimolecular reaction
between e,;~ and PFBS.

Interactions between SO;>~ and PFBS. Subsequently,
we performed '"F nuclear magnetic resonance (NMR)
spectroscopy in a 0.5 mM PFBS solution to elucidate the
interaction between PFBS and SO,*~. KF was employed to
calibrate the chemical shift. In our samples, we observed four
distinct signals within the chemical shift range from —79.9 to
—125.0 ppm. These signals were assigned to distinct F
positions in the PFBS molecular framework (Figure 3a).’**’
Significantly, the signals consistently exhibited a downfield shift
when 0.1 M SO;*” is present (Figure 3b—e). These shifts
signified a reduced electron density around F atoms, which
could be attributed to the interaction from SO;2.***
Importantly, these observations cannot be ascribed to the
aggregation and micellization because the processes typically
induce an upfield shift in the F signal, as previously
reported.””*' The downfield shifts strongly suggested that
the formation of interactions predominated the influence of
SO,>” on PFBS rather than micellization. Furthermore, when
SO;>~ underwent protonation under pH 6, no shift in the F
signals occurred since these protonated ions were unable to
form interactions with the F atoms. This contrast between
SO;*" and its protonated counterpart suggests that this
interaction is chiefly driven by the lone pair of electrons
residing on the sulfur atom in SO,*", leading to the unexpected
activation of C—F bonds.

Along with the increase in the SO;*~ concentration up to 0.5
M, all observed signals experienced more pronounced shifts
toward the downfield region. Specifically, the chemical shift of
F; exhibited the most substantial change, amounting to a
remarkable 0.062 ppm shift, while those of F, and F, both
shifted by 0.040 ppm toward the downfield. However, the
chemical shift of F4 showed only a slightly smaller change of
0.030 ppm. The magnitude of the observed chemical
alterations in NMR follows a sequence of F5 > F, ~ F, > F.
Intriguingly, this tendency corresponds closely with the change
of the theoretically calculated C—F bond dissociation energies
(BDEs).”*** The C—F bond BDEs of the terminal —CF,
(118.8 kcal mol™") are significantly higher than those of the
C—F bonds in the middle —CF,— moieties (106.5—109.2 kcal
mol™"). The significant shift implied that SO~ effectively
formed interactions with the more recalcitrant F atoms and
activated the corresponding C—F bonds that are convention-
ally challenging to break. This mechanism may play a pivotal
role in substantially enhancing the defluorination rate.

The significance of SO;*~ in the acceleration of defluorina-
tion was further illustrated by density functional theory (DFT)
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Figure 3. ”F NMR spectra of PFBS (0.5 mM) in the presence of
different concentrations of SO5>~ and PFBS molecule model (a), and
corresponding spectra for F; region (b), F, region (c), F4 region (d),
and F, region (e). Inset: The optimized structure of PFBS and the
SO~ complex DLS size distribution (f) and correlation data (g) of
PFBS in the presence of different SO;>~ concentrations.

calculations. As expected, the geometries and electron
distribution of the optimized structures of PFBS with SO,*~
suggested weakly bound, noncovalent complexes between F
atoms and SO,*~. When SO;*~ was approaching the PFBS
molecule, the spatial configuration of SO;*~ was converted
from a triangular conical to a planar structure (Figure 3b—e).
Meantime, compared with single PFBS, the LUMO of the
complex was mainly located on the SO;>~ and its interacting F
atoms with a clear sigma antibonding nature (Figure S3). Once
an external electron is attached to PFBS, SO,*~ would “lead”
itself to localize in the F atoms and induce C—F cleavage. As
summarized in Table 1, the bond dissociation energies (BDEs)
of C—F bonds in PFBS molecules were calculated through
both homolytic and heterolytic dissociation. According to
previous studies,'”'* the primary C—F bond (F, 117.8 kcal
mol™") presented higher BDEs than all secondary C—F bonds
(F, Fy F,, 107.0—109.4 kcal mol . F4 had lower BDEs in all
C-F BDEs, 107.0 keal mol™. In our cases, SO;*~ sharply
decreased the BDE of the C— F on the adjacent F atoms for
homolytic reactions. Specifically, the BDE of the primary C—F

Table 1. Calculated C—F BDEs (kcal mol™) of PFBS with
the B3LYP-D3(BJ)/6-31G* Level of Theory

homolytic reaction

C-F BDEs BDEs BDEs BDEs
bond  without with without with

heterolytic reaction

type SO;* SO difference  SO;*~ SO, difference
a 109.4 39.1 70.3 99.3 98.9 0.4
Y/ 107.0 36.2 70.8 97.3 96.4 0.9
v 108.9 38.7 70.2 102.2 101.7 0.5
) 117.8 47.8 70 95.7 95.4 0.3

bond (Fs) dropped by nearly 60% to 47.8 kcal mol™', and
other BDEs declined to around 36.2—39.1 kcal mol ™.

We also simulated the potential transition state to investigate
the interaction between PFAS and sulfite (Figure S4). The
geometry of the transition state for PFAS in the presence of
sulfite showed significant stretched C—F bonds when
compared to the pristine PFAS configuration. Specifically,
the C—F bond length in the terminal —CF; group expanded
from 1.35 to 2.13 A, while the corresponding bond length in
the middle —CF,— unit enlarged from 1.54 to 2.14 A. The
stretched C—F bonds demonstrated the interaction between
the sulfite’s oxygen atom and F atoms within the PFAS
molecule (Figure S4a,b), highlighting the chemical reactivity
and potential transformation pathways of PFAS in sulfite-rich
environments. It is noted that the corresponding energy of the
terminal —CF; transition state (38.6 kcal mol™) was found to
be 1.5 times higher than that of the middle —CF,— moieties
(25.3 keal mol™"). However, in the presence of explicit water
molecules, we did not find similar transition states of PFAS
with sulfite (Figure S4c). The role of explicit water molecules
is indispensable during defluorination by hydrated electrons.
We speculated that sulfite dominated the interaction with F
atoms and explicit water molecules might interact with them
by more complex structures. To the best of our knowledge,
such a significant reduction in BDEs by noncovalent
interactions has never been reported. The distinctive reduction
in BDEs clearly reveals that the introduction of SO5*~ lowered
reaction energy barriers of e,;~ defluorination.

To investigate PFBS aggregation at higher SO;*~
trations, dynamic light scattering (DLS) measurements were
carried out. The peak shifted from 15.6 to 255 nm (Figure 3f)
as the SO;2~ concentration increased from 0.05 to 0.2 M.*
This shift indicated a notable enlargement of the size
distribution of PFBS aggregates. We performed the DLS
measurements on 0.5 mM PFBS solutions without sulfite as a
control experiment (Figure SS). After 1 h, the peak of the size
distribution remains almost the same. Furthermore, consider-
ing that the concentration of PFBS in our experiments (0.5
mM) was much lower than its CMC (22 mM), it can be
inferred that the presence of alcohol had a negligible effect on
the aggregation behavior of PFBS. These control experiments
underscored the minimal impact of alcohol on the system.
Furthermore, as the concentration exceeded 0.2 M, the time
correlation function curves systematically shifted toward longer
time scales (Figure 3g). These findings pointed out that the
high concentration of SO,*” induced the formation of larger
PFBS aggregates or micelles and thus slowed the dynamics of
reactants.”™* To conclude, the introduction of SO;*~ induced
a set of interrelated effects on the PFBS molecular
configuration. On the one hand, SO;*” interacted with F
atoms and played a catalytic role in activating C—F bonds for

concen-
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Figure 4. (a) Radiolytic yield of fluoride (Gg_, in 1077 mol J™!) for the defluorination of PFBS (initial concentration: 0.2 mM) with e, in the
presence of different concentrations of SO;*~ solutions from 0 to 1 M (all experimental data are fitted linearly within 10% accuracy). (b)
Defluorination rate of PFBS in aqueous solution and varying concentrations of SO;>~ and sulfate at 30 kGy. (c) '°F NMR spectra of PFBS (initial
concentration: 0.2 mM) irradiated with different absorbed doses in 0.1 M SO,*". (d) Number of defluorination of degradation intermediates by
HPLC-MS in 0.1 M SO,>". (e) Egq values for the defluorination of PFBS in different SO,>~ concentrations (initial concentration: 0.2 mM for
PEBS; inset red dashed line: Egq value in UV/ARP with SO,~ of pH = 12 from Liu et al.'").

defluorination. On the other hand, the continuous increase in
SO;*~ concentration resulted in aggregation and micellization.
This is why a higher concentration than 0.2 M SO;*~ would
reduce the reactivity of PFBS with e, and yield negative
effects. The combined influence of these two factors ultimately
determined the PFBS reactivity at different SO;*~ concen-
trations.

Accelerated PFBS Defluorination Activated by SO;*.
Perfluoroalkyl sulfonates (PFSAs) exhibit a higher resistance to
photolytic e,;~ treatment than perfluoroalkyl carboxylates
(PFCA). Particularly, short-chain PFSA species pronounced
notably sluggish reactivity toward e,,”. Achieving an effective
defluorination process necessitates higher chemical dosage and
energy consumption. Our previous research demonstrated that
the defluorination rate of PFBS by e, through y-ray
irradiation was limited to a mere 4% under pH = 10
conditions.”> To enhance defluorination efficacy, we initially
assessed the pH effects as reported before'® (Figure 4a).
Nevertheless, no discernible positive effect appeared even in
pH = 12 solutions. The robust chemical resistance under
highly alkaline conditions bottlenecked PFBS defluorination.

Aligned with the accelerated transient kinetics, higher SO~
concentrations exhibited a markedly contrasting effect on the
defluorination kinetics. In radiation chemistry, the G value,
which refers to the number of various chemical species formed
as a function of deposited energy, is used to evaluate PFSA
defluorination efficiency.’** As depicted in Figure 4a, the
yield of released F~ (Gy~) without SO,*~ was found to be 0.02
X 1077 mol J7". The addition of 0.05 M SO;>" sharply raised
the yield 6-fold to 0.12 X 107" mol J™" (Figure 4a). It is worth
noting that the change in pH is almost negligible after
irradiation (pH 11.97). Gy~ further increased to 0.26 X 1077
mol J7! in the presence of 0.1 M SO;*". However, with
excessive 0.5 M SO,*7, Gi~ decreased to 0.18 X 1077 mol J™*
and eventually reached a near-saturation point of 0.11 X 1077
mol J7" at 1 M SO5>~ (Figure 4a). The defluorination rate as a
function of the SO;>~ concentration shows two distinct effects

on the PFBS defluorination process with SO;> (Figure 4b), in
accordance with our transient experiments. The highest
defluorination rates occurred at 0.1 and 0.2 M SO;>~ solutions,
which enhanced to 43.7 and 43%, respectively. These rates
were nearly 15 times higher than those without SO;*.
However, a further increase in SO;*” to 0.5 M led to a
reduction in the defluorination rate to 30.1%. This reduction
coincided with the decrease of the rate constant from 2.8 X 10°
Mt st (at 0.1 M SO;*7) to 3.6—5.6 X 10’ M~ s7! (at 0.5 M
SO;*7). One may question whether SO,* could play a similar
interacting role as that of SO,>". To address this, we also
performed the reference experiments in 0.1 and 0.5 M SO,*~
solution under identical gamma irradiation conditions. The
obtained Gy~ and defluorination rates from 0.1 and 0.5 M
SO,>” systems demonstrated a comparable level to that
without SO5>~ (Figure 4a,b). These distinct results confirmed
the unique interaction between SO,*~ and PFBS rather than a
salt effect. Instead, the salt effect was attributed to the negative
impact on Gy~ in the 0.5 and 1 M SO;*~ systems.
Additionally, PE NMR spectroscopy confirmed the for-
mation of the defluorination product (Figure 4c). As the
absorbed dose increased, a new resonance corresponding to
the defluorination product was built up and gradually
predominated in the NMR spectra. This signal exclusively
appeared at —124.3 ppm for 10 kGy and subsequently shifted
to —123.3 ppm for 30 kGy without any other resonance. The
sole signal indicated the presence of only one type of F atom in
the defluorination product, which can be F~ ions or
hydrodefluorination products.””** High-performance liquid
chromatography—mass spectrometry (HPLC-MS) unveiled a
pronounced acceleration in the defluorination process under
0.1 M SO;* from analysis of degradation intermediates
(Figure 4d). In the absence of SO,*7, only the hydro-
defluorination product (C,FgHSO;™), involving the removal of
a single F atom, was identified after 30 kGy irradiation.
However, the introduction of 0.1 M SO;*~ resulted in the
detection of C,F,H;SO;™, marked by removing five F atoms,
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even after only 10 kGy of irradiation. As the absorbed dose
reached 30 kGy, intermediates with removing seven fluorine
atoms were observed. These further defluorination products
under 0.1 M SO,> reflected that PFBS was effectively
defluorinated with an accelerated mechanism.

To estimate the practicality of the radiolysis approach, we
also evaluated the electrical energy per order (Egq, calculation
details in the Supporting Information) level to evaluate the
physical energy efficiency of SO, systems. Eg is defined as
the energy consumed to reduce the concentration of
contaminant by 1 order of magnitude in 1 m® of water (eq
1).” It has recently been employed as a metric for comparing
energy efficiency among PFAS degradative technologies.

Epo = In(10) X P/(k X V) (1)

where P is the power of the electron accelerator equivalent to
the cobalt source (KW), k is the first-order rate constant (h™),
and V is the volume of the solution (m®). We are concerned
more with defluorination than just reducing the PFxS
concentration, so here, k is the rate constant for F~ release.
To obtain the electric energy consumption, the power of the
®Co y-rays source is estimated from the equivalent electron
accelerator as eq 2.

DXpXV
n (2)

where D is the dose rate, 2.25 kGy/h (Gy: J/kg), p is the
density of the solution, 1 kg/ dm?, V is the volume of solution,
4 x 1073 dm’® and 7 is the accelerator electrical efficiency,
which is around 10—40%.""* P, ., .. =225 X 10° X 1 X 4 X
107/0.25/3600 = 1 X 107° kW.

As illustrated in Figure 4e, the Epq level dropped from 2326
to 134 kW h m™>, which equaled only $8% of the current
record in the UV-ARP system for PFBS (230 kW h m™3). This
remarkably high energy efficiency suggested a promising route
to a cost-competitive defluorination process for short-chain
PFSA, even superior to UV-ARP.

Reaction Pathway. On the basis of the SO;* -accelerated
defluorination mechanism, our studies were extended to
longer-chain PFSA, specifically perfluorooctanesulfonate
(PFOS, CgF;SO;7). As depicted in Figure Sa, Gy~ and the
defluorination rate as a function of SO;*>~ exhibited a
relationship similar to that observed in PFBS. The highest
defluorination rate was achieved at 0.2 M SO,*7, reaching
25.4% after only 1.6 kGy irradiation. When converted into the
Ego level, this corresponded to 14 kW h m™ (Figure Sb), only
35% of the current UV-ARP system record for PFOS (40 kW h
m™3). This value underscored the applicability of SO;*"-
accelerated methods to PFSA homologues during irradiation.
With an extended irradiation period of 20 kGy, the maximum
defluorination rate reached 72.7%. The corresponding Gz~ was
calculated to be 1.1 X 107" mol J™" (Figure Sc).

Remarkably, the observed Gy~ value in Figure Sa reached S. 3
X 1077 mol J™!, greatly surpassing the theoretical yield of €y
(2.7 x 1077 mol J™'). The unusual G value established the
existence of an additional defluorination pathway distinct from
the aforementioned discussion. To investigate further, we
examined the steady-state intermediates using HPLC-MS. In
addition to the hydrodefluorination products (C¢F;,, H,SO;7),
we also detected a series of perfluoroalkyl carboxylates
(PFCAs) with shorter-chain lengths (C3-C7,
C3_,F,_15CO07) as a function of absorbed dose (Figure

P =
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Figure S. Gp_ and the defluorination rate for the defluorination of
PFOS with e,;” in different concentrations of SO, solutions at 1.6
kGy (a) and the corresponding Ey, values (b) (initial concentration:
0.2 mM for PFOS; inset red dashed line: Egq value in UV/ARP with
SO;*™ of pH 12 from Liu et al.). (c) Defluorination rate of PFOS at
an elevated absorbed dose to 40 kGy. (d) Number of desulfurization
chain lengths and defluorination of degradation intermediates by
HPLC-MS in 0.1 M SO,>".

5d). DFT calculations also suggested that the BDE of the C—S
bond declined from 50.6 to 49.8 kcal mol™ in the presence of
SO,*". LUMO of PFBS with SO,*” is located on the sulfonic
acid group of the PFBS molecule (Figure S6). These results
strongly suggested the occurrence of a desulfurization/
decarboxylation—hydroxylation—elimination—hydrolysis
(DHEH) pathway.">"

As proposed in the literature, when PFSA reacts with e, ™ to
form radical anions, it follows two distinct pathways.””>" First,
sequential H/F exchanges take place and form highly
recalcitrant hydrodefluorination products. Second, radical
anions break the C—S bond between the headgroup and the
perfluoroalkyl chain, yielding unstable perfluorinated alcohol
(C,Fy,,1—OH) that is prone to HF elimination. This acyl
fluoride is hydrolyzed to release the second fluoride ion. The
shorter-chain PFCA compounds initiate the next DHEH
reaction cycle. Essentially, during one DHEH reaction cycle,
the consumption of one e,;~ can realize the removal of two F
atoms.

As shown in Figure S7, in the absence of SO;*,
hydrodefluorination products from the defluorination process
were restricted to four H/F exchange steps. This limitation is
attributed to the formation of the highly recalcitrant
C¢F3H,SO;™ product. Moreover, the DHEH pathway without
SO,>" was constrained to 3 cycles and produced the
CsF,;COO™ product. In comparison, the introduction of 0.1
M SO4>~ achieved seven DHEH cycles and the formation of
the all-site H/F exchange product (CgH,,SO;”). Such a new
reaction pathway transcended the limitation of defluorination
in the absence of SO;*". As shown in Figure 5d, 0.1 M SO,*~
facilitated the initial DHEH reaction, even at a low dose of 0.4
kGy. Five cycles of DHEH were observed and generated a
C3F,COO™ product at 1.2 kGy. Beyond this point, no further
DHEH reactions occurred. Continuous irradiation resulted in
the gradual degradation of the PFCA products obtained from
DHEH until 40 kGy, corresponding to the descent of the
shortened chain length curve after 1.2 kGy. Regarding the
defluorination process, the number of defluorination was
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suppressed to four up to 10 kGy. This can be attributed to the
persistence of the C4F;3H,SO;” compound and favored e,
toward predominately the DHEH reaction pathway. After
surpassing 10 kGy, defluorination of CgF;3H,SO;™ was also
induced in the presence of 0.1 M SO,>", ultimately realizing
all-site defluorination.

More importantly, we can quantify the fraction of PFOS™
radical anions that engage in distinct pathways (DHEH or H/F
exchange) by referencing the Gp~ value in Figure Sa. The
Ge,,” is known to be 2.7 X 107" mol J™' in the absence of
SO;*". By examining the observed Gy~ value of 3.2 X 1077 mol
J7!, it became evident that approximately 82% of PFOS™
radicals underwent H/F exchanges, while the remaining 18%
of PFOS™ radicals followed the DHEH pathway. Conversely,
as the concentration of SO;*~ ranging from 0.0S to 0.2 M, the
proportion of PFOS™ radicals participating in the DHEH
reaction raised from 74% up to 96%. This increase corresponds
to the elevated Gy~ value reaching as high as 5.3 X 10~ mol
J7'. These findings unveil that the presence of SO;*~ not only
activates the C—F bonds but also influences the C—S bond of
PFOS. During the degradation of PFOS by e, in the presence
of SO;*7, e,q initially reacts with PFOS to form radical anions
PFOS™ (e,,~ + PFOS — PFOS™). Under SO;* -assisted
activation of the C—S bond, PFOS™ first predominately
follows the DHEH reaction pathway to generate shorter-chain
PFCA intermediates. The DHEH reaction achieves effective
defluorination rather than H/F exchange. After sufficient
DHEH reactions, PFOS™ next enters the H/F defluorination
process. According to the previous report,”” the theoretical
calculation elucidated that the sulfonic functional group in
PFOS caused the C; and C, centers to have the lowest bond
dissociation energy among all the C—F bonds. e~
preferentially attacks either the C; or C, sites at the center
of the molecule. With the weakened C—F bonds activated by
SO, e,y could continue H/F exchange until all F atoms are
removed.
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