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ABSTRACT: Low-temperature plasma, generating both reductive electrons
and diverse oxidative species, has demonstrated considerable potential for
the degradation of perfluorooctanoic acid (PFOA). However, limited

understanding of electron propagation mechanisms during discharge hasled == — e =
previous research to focus on hydrated electrons (eaq ) while neglecting free & s — — —
electrons (e”). In this study, a consistent and modeled dielectric barrier , -

discharge (DBD) plasma was employed to degrade PFOA. Contribution
analysis indicated that reactions driven by e~ were dominant, with
substantial contributions from hydroxyl radical (¢ OH)-mediated oxidation.
By integrating a kinetic model with a streamer solver, a basic discharge unit
model was developed. Simulation of e~ streamer propagation identified a
high-intensity response electric field formed by the e™ memory effect, with a
peak strength of 1.816 X 10° V/m. This electric field facilitated a secondary
acceleration of e”, allowing e” to penetrate the surface water layer and directly attack PFOA via chain-shortening mechanisms. The
delocalized state of e restricted degradation primarily to the gas—liquid interface, minimizing interference from the surrounding
medium. This study highlights the previously overlooked role of e™ and provides essential theoretical insights for the plasma-based
treatment of PFOA-contaminated water.

KEYWORDS: Dielectric barrier discharge plasma, Free electrons, Perfluorooctanoic acid, Basic discharge unit model, Water treatment

1. INTRODUCTION advanced reduction processes (ARPs).'° AOPs operate
through two primary mechanisms: direct disruption of
molecular structures via electrochemical oxidation'’ and the
generation of highly oxidative species that decompose PFOA
through photocatalysis,"® supercritical water oxidation,'” or the
addition of oxidants.”® In contrast, ARPs focus on utilizing
photochemistry effects to stimulate reducing electrons,
enabling the removal or replacement of fluorine atoms with
hydrogen atoms.”’ Despite the proven ability of these
technologies to effectively mineralize PFOA, they are often
limited by stringent experimental conditions, high reagent
costs, and substantial energy consumption.”” Recently, low-
temperature plasma technology has garnered significant
interest as a highly efficient approach for degrading organic
pollutants without the need for external additives.”>”*" Its
success in PFOA removal was particularly noteworthy, thanks
to the presence of both free electrons (e”) and hydrated
electrons (e,,”), along with an array of oxidative species.”>”’

Per- and poly fluoroalkyl substances (PFAS) are a group of
synthetic organic compounds in which hydrogen atoms on
carbon chains are fully or partially replaced by fluorine
atoms.' > Due to their exceptional surface activity and
stability, PFAS have found extensive applications across various
industries, including paper coatings, firefighting equipment,
and polymer synthesis.”> However, their extensive use has
resulted in environmental accumulation, posing profound
ecological threats.%” Among these, perfluorooctanoic acid
(PFOA) is particularly concerning because of its persistence,
toxicity, and tendency to bioaccumulate.”” The detrimental
effects on reproductive, neurological, and immune systems
have prompted the US Environmental Protection Agency to
designate it as a persistent organic pollutant.'”'" As a result,
the search for efficient and economically viable methods to
eradicate PFOA has emerged as a critical research priority.
Although physical methods, such as adsorption and
membrane separation, have demonstrated effectiveness in
removing PFOA, the resulting high-concentration residues Received: February 13, 2025 E% !
necessitate additional treatment.' Moreover, the strong C—F Revised:  March 24, 2025
bond (485 kJ/mol) poses a challenge to traditional Accepted:  March 25, 2025
remediation techniques. Therefore, current methods for Published: April 2, 2025
PFOA degradation mainly encompass sonolysis,"”> thermal
treatment, * advanced oxidation processes (AOPs),"> and
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Given that hydroxyl radicals (eOH) have insufficient
oxidation potential to initiate PFOA degradation, electron-
dominated reduction reactions were considered as the primary
mechanism.””” Initially, it was assumed that e~ existed
exclusively in the gaseous phase, with e,,” being regarded as
the primary driving force.”® Nevertheless, this assertion
remains a subject of debate. During discharge, large amounts
of nitrogen oxides were generated, releasing nitrate ions, which
were potent scavengers of e,,~. Additionally, oxidizing agents
and acidic conditions in the liquid phase further diminished
the accessibility of e, to interact with contaminants.’’ Unlike
photocatalysis or electrochemical methods, e,,~ in plasma were
primarily produced through the solvation of e, rather than by
direct excitation in the liquid phase.”” Recent studies indicated
that e” solvation occurred stepwise, with e” eventually being
captured by cavities formed within water molecules.”> When
the incident kinetic energy was sufficiently high, e™ could
escape the water film, dissipating energy along random paths
and completing solvation after reaching a certain depth.**
Therefore, e may have interacted directly with PFOA at the
gas—liquid interface before solvation was complete.” How-
ever, the absence of effective monitoring methods to track e~
generation and propagation limited discussions on their role in
PFOA degradation.*””’

In this study, a uniform dielectric barrier discharge (DBD)
plasma device was selected and optimized to evaluate its
effectiveness in degrading PFOA. Through performing
qualitative and quantitative analyses of reactive species and
evaluating their contributions, the dominant reactive species
were identified. A fluid dynamics model coupled with a parallel
flow solver was employed to simulate the fundamental
discharge units. This model enabled the calculation of the e~
propagation paths during discharge and the electric field
density at the gas—liquid interface, enabling an in-depth
discussion of the penetration effects of e in the aqueous phase
and their accessibility to PFOA. Additionally, the degradation
pathways and mechanisms of e -initiated PFOA degradation
were further investigated through density functional theory
(DFT) calculations and analysis of the degradation by-
products. In addition, by assessing the resistance to dielectric
interference, biotoxicity, and applicability to various PFAS, we
clarified the potential of the DBD system. Through elucidating
the advantages of e~ in mitigating environmental interferences,
valuable insights were gained regarding the application of e™-
dominated plasma systems for PFOA removal.

2. MATERIALS AND METHODS

2.1. Chemicals. The degradation effects of 10 PFAS were
investigated, including PFOA, perfluoroheptanoic acid
(PFHpA), perfluorohexanoic acid (PFHxA), perfluoropenta-
noic acid (PFPeA), perfluorobutanoic acid (PFBA), perfluoro-
octanesulfonic acid (PFOS), perfluorohexanesulfonic acid
(PFHxS), perfluorobutanesulfonic acid (PFBS),
1H,1H,2H,2H-perfluorooctanesulfonic acid (6:2 FTS), and
hexafluoropropylene oxide dimer acid (GenX). In addition,
five different cationic surfactants were used, namely,
cetyltrimethylammonium bromide (CTAB), tetradecyl-
trimethylammonium bromide (TTAB), dodecyltrimethyl-
ammonium bromide (DoTAB), decyltrimethylammonium
bromide (DeTAB), and octyltrimethylammonium bromide
(OTAB). The analytical-grade reagents were employed
without additional purification, and all solutions were prepared

9333

with deionized water (DI water) unless otherwise specified.
Details were available in Text S1.

2.2. Experimental Setup. The experimental system,
illustrated in Figures S1 and S2, comprised essential
components including a high-voltage power supply (CTP-
2000K), a pulse controller (PC-07), a voltage stabilizer
(TDCG2-1), a quartz disk reactor (¢, = 180 mm, h, = 8
mm, self-designed), and an oscilloscope (Tektronix TBS-
1102B). The top and bottom ends of the reactor were
interfaced with a high-voltage electrode (¢ = 120 mm) and a
grounded electrode (¢ = 100 mm), respectively. Air was
introduced through a side port of the reactor, providing the
necessary environment for inelastic collisions.

2.3. Experimental Procedures. In a typical pollutant
removal experiment, an 80 mL solution of PFOA (10 mg/L)
was introduced into the plasma reactor. After the gas flow rate
was stabilized, the plasma device was powered on. At regular
intervals, 50 uL of solution was collected and diluted in 3.95
mL of methanol. After ultrasonic dispersion to ensure uniform
distribution of the remaining PFAS, the solution was filtered
through a 0.22 pm membrane. The pollutant content in the
solution was determined via liquid chromatography tandem
mass spectrometry with three parallel experiments conducted
for accuracy. A control experiment, with identical operational
conditions except for the plasma treatment, was conducted in
Figure S3. Notably, after 30 min, the concentration of PFAS in
the study decreased by no more than 5%. This indicated that
the potential adsorption of PFAS on the experimental setup
and filter membrane did not affect the reliability of the
experimental results.

2.4. Analysis Methods. The quantitative analysis of target
pollutants, detection methods for intermediate products, and
determination of ion concentrations are described in Text S2.
The input power of the device was calculated using the
Lissajous figure method.”® The evaluation method for the
degradation efficiency and the calculation method for the
reaction rate constant (k) are outlined in Text S3. The
surface tension of the liquid was measured using the pendant
drop method on a Dataphysics DCAT21 surface tensiom-
eter.”” The optical emission spectrum (OES) of the gas phase
during the discharge process was measured with an AvaSpec-
2048TEC spectrometer. The electron spin resonance (ESR)
spectra was obtained using a Magnettech ESR 5000 instru-
ment, with §,5-dimethyl-1-pyrroline N-oxide (DMPO) em-
ployed as a spin-trapping agent. During the measurement, the
following parameters were used: scan time, 60 s; microwave
power, 10 mW; modulation amplitude, 2 G; and microwave
attenuation, 10 dB. The method for calculating the maximum
surface excess concentration is shown in Text S4. Quantitative
analysis of eOH, H,0,, and O; was performed using the
dimethyl sulfoxide (DMSO) method, ammonium molybdate
method, and indigo carmine method, respectively. The
chemical structure of PFOA was optimized using the
B3LYP-6-311*G basis set in Gaussian 16."° The conceptual
DFT descriptors, including Fukui indices, electron affinity,
ionization energy, and hardness, were calculated using the
Multiwfn package.”' The biotoxicity of PFOA and its
degradation products was predicted using the Toxicity
Estimation Software Tool (T.E.S.T.).

3. RESULTS AND DISCUSSION
3.1. Efficiency of PFOA Degradation by DBD Plasma.
After PFOA degradation and energy efficiency were evaluated,
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Figure 1. (a) Degradation rates, (b) k, and defluorination (deF) rates of DBD plasma for PFOA at different initial concentrations. (c) Variation
in intermediate byproducts during the degradation process of 10 mg/L PFOA. System parameters: input voltage = 50 V, duty cycle = 50%, ambient

temperature = 25 °C, gas environment = 30 mL/min of air.

air with a flow of 30 mL/min was chosen as the reactive
medium for e collisions (Text SS). A pulsed power supply
operating at 50 V with a 50% duty cycle was selected,
delivering 21.5 W of input power (Text S7). Under the
optimized conditions, the DBD plasma system effectively
degraded PFOA across a wide concentration range (0.01—10
mg/L), achieving a maximum degradation rate of 98.81%
(Figure 1la). Interestingly, the degradation kinetics exhibited
minimal dependence on initial concentrations: the kg,
decreased only marginally from 0.153 to 0.098 min~"', despite
a three-order-of-magnitude increase in PFOA concentration
(Figure 1b). Such weak concentration correlation deviated
from that typically observed in a conventional homogeneous
reaction, suggesting that the degradation progress was likely
constrained by interfacial confinement effects. Nevertheless,
even at an elevated concentration of 10 mg/L, the system
accomplished a 95.05% degradation rate. Furthermore, the
relatively high defluorination rate (47.23%) illustrated that the
DBD system not only decomposed PFOA but also facilitated
its complete mineralization.

To gain a deeper understanding of the degradation and
defluorination processes, an initial PFOA concentration of 10
mg/L was selected for subsequent experiments. The temporal
variations of PFOA and short-chain perfluorocarboxylic acids
(PECAs, C,F,,,;,COOH) were measured (Figure lc and
Figure S8). With the prolongation of treatment time, the
concentrations of short-chain C,F,,,;COOH initially in-
creased, peaked, and then gradually declined, a pattern typical
of reaction intermediates.” Notably, PFPeA and PFBA, with
shorter carbon chains, exhibited a slower concentration
increase and later peak appearance, whereas PFHpA and
PFHxA concentrations rose more rapidly. This suggested that

the degradation of PFOA into shorter homologues occurred
through sequential chain-shortening steps rather than random
C—C bond cleavage along the chain.*** Figure S9 and Table
S1 compare the remediation efficacy of various treatments for
PFOA-contaminated water. DBD plasma demonstrated higher
kqps values than electrochemical, photochemical, and persulfate
activation systems, suggesting that it is a promising alternative
for PFOA removal.

3.2. Detection and Contribution of Various Reactive
Species. The plasma plume was analyzed in the 200—1000
nm wavelength range by using OES (Figure 2a). The detected
spectral features included an OH band (298.3 and 315.6 nm),
N, second positive system (336.6 nm), N,* first negative
system (357.2, 405.4, and 427.8 nm), ionized O* atom (375.3
and 399.2 nm), nitrogen oxide NOy (380.2 nm), metastable
0o, (1Zg+, 760.2 nm), and excited-state atomic O (772.1,
869.7, and 887.8 nm). These observations confirmed the
presence of abundant reactive oxygen species (ROS) and
reactive nitrogen species (RNS) under excitation conditions.*
To assess the contributions of various reactive species, a series
of quenching experiments were performed (Figure 2b and
Figure S10). For oxidative substances, tert-butanol (TBA)
quenched eOH, and furfuryl alcohol (FFA) quenched both
¢OH and 'O,, while p-benzoquinone (p-BQ) quenched ¢OH,
'0,, and O,*". Ferulic acid (FA) was effective against eNO,,
while uric acid (UA) quenched ONOOH. For reductive
substances, NO;~ quenched e,;~, and NO,” simultaneously
quenched e,;~ and its acidification product eH. The second-
order reaction rate constants for these interactions are detailed
in Table S2.

The presence of ®OH scavengers notably hindered PFOA

removal, with k., decreasing from 0.098 to 0.076 min™'.
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Figure 2. (a) OES signal of DBD plasma. (b) Effect of various quenchers and (c) gradient quencher dosage on PFOA degradation. (d) Correlation
between k,,, and maximum surface excess concentration. (e) Effect of gas—liquid interface distribution on PFOA degradation and (f) impact of
cationic surfactants with varying alkyl chain lengths on PFOA deF rate. System parameters: input voltage = 50 V, duty cycle = 50%, ambient
temperature = 25 °C, gas environment = 30 mL/min of air, [PFOA] = 10 mg/L.

Under identical detection conditions, the addition of PFOA
caused a significant reduction in the ESR signal associated with
DMPO-e0H (kpppo-eon = 2.1X 10° M™* s7!), accompanied
by a marked decrease in € OH concentration from 0.55 to 0.45
mM (Figure S11). This indicated that, although eOH
struggled to directly cleave C—F bonds, it played a crucial
role in the later stages of the multistep reaction process. The
incorporation of FFA further reduced the rate to 0.066 min™’,
while p-BQ_ demonstrated analogous inhibitory effects. This
implied that 'O,, as a pivotal species in the free radical chain
reaction, may have facilitated the degradation, whereas the
contribution of the phosphorus-binding group of O,*” was
neglected. Additionally, the minimal impact of FA and UA
pointed to a relatively marginal effect of RNS. Considering the
short half-lives of free radicals in water (107 to 107 s), ROS
in the liquid phase primarily originated from the migration and
transformation of long-lived species like O; and H,0,, rather
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than from direct excitation.”® In view of the low oxidation
potentials of O; (E, = 2.07 V) and H,0, (E, = 1.78 V), which
were inadequate for the direct degradation of PFOA, the
decline in the levels of the O3 and H,0, upon PFOA addition
implied that oxidation processes occurred both at the gas—
liquid interface and within the bulk liquid phase (Figure S12).
However, despite the quenching of the principal oxidants, the
PFOA degradation efficiency still achieved 80.3%, suggesting
that reductive processes were the predominant mechanism.
TBA could serve a protective role for e,;~ by inhibiting
oxidative substances.”” However, gradient dosing experiments
revealed that increasing the TBA concentration enhanced its
inhibitory effect on the reaction (Figure 2c, Figures S13 and
S14). In contrast, NO;~, as a quencher of €aq unexpectedly
expedited the reaction,* with ke, rising to 0.126 min~". In
conjunction with the observation that NO,™ also exhibited no
inhibitory effect, it was concluded that reductants in the

https://doi.org/10.1021/acs.est.5c02062
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Figure 3. (a) Geometric model setup of the DBD device. Evolution of (b—d) free electron intensity, (e—g) electric field, and (h—j) oxygen density

over discharge time.

solution were not effectively involved. This phenomenon could
be attributed to the brief half-life of e,;~ (1.0 X 107% 5), which
was readily quenched by high concentrations of dissolved
oxygen, hydrogen ions, and nitrogen oxides in the solution.
Furthermore, the reduction potential of eH (—2.3 V) was
substantially lower than the 2.7 V required to break the C—F
bond.* The maximum surface excess concentration (I",,) of
PFOA before and after NO5™~ addition was calculated based on
changes in surface tension.”® As depicted in Figure 2d, the
addition of NO;™ led to an increase in I',,,, which was strongly
correlated with the enhancement of k. Given the negligible
impact of RNS, the augmentation by NO;~ was primarily
attributed to its salting-out effect,>’ which promoted the
distribution of PFOA at the gas—liquid interface. Therefore, e~
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accumulated at the gas—liquid interface were considered the
primary driving force for PFOA degradation.

As an anionic surfactant, the interfacial distribution of PEOA
was influenced by charge interactions with other surfactants.>”
Specifically, the cationic surfactant CTAB promoted the
dispersion of PFOA toward the gas—liquid interface via
electrostatic attraction, whereas the anionic surfactant sodium
dodecyl sulfate (SDS) hindered this dispersion by forming a
repulsive layer.”” As shown in Figure 2e and Figure S15,
changes in the PFOA distribution at the gas—liquid interface
closely matched its degradation rate. CTAB significantly
accelerated PFOA degradation with a kg, value of 0.142
min~!, while SDS reduced the k,, value to 0.034 min~’,
inhibiting degradation. With increasing alkyl chain length, the
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Figure 4. (a) Optimized molecular structure and (b) Fukui function (f*) of PFOA. (c) Derived PFOA degradation pathway in the DBD system.

hydrophobicity of the quaternary ammonium compounds
intensified, further promoting PFOA accumulation at the
interface. At a concentration of 0.5 mM, cationic surfactants
with varying alkyl chain lengths all facilitated both PFOA
degradation and defluorination with the effect intensifying as
the alkyl chain length increased (Figure 2f and Figure S16).
This demonstrated that optimizing PFOA migration to the
gas—liquid interface, thereby facilitating the mass transfer of e~
and PFOA, is a crucial strategy for improving PFOA
degradation in the DBD system.

3.3. Simulation and Analysis of Propagation Paths.
Given the nanosecond-scale time intervals of plasma pulse
discharges, traditional diagnostic tools have faced challenges in
capturing the e trajectory. To gain a deeper insight into the
mechanisms underlying plasma generation and propagation, a
2D PASSKEy (PArallel Streamer Solver with KinEtics) code,
integrated with fluid dynamics, was utilized to model the
discharge unit.”*>> The geometric setup was a 1:1 replication
of the actual size (Figure 3a). Along the Z-axis, from bottom to
top, the components were arranged as follows: ground
electrode (below 19 mm), liquid layer (19—22 mm), air
layer (22—27 mm), dielectric layer (27—29 mm), and high-
voltage electrode (above 29 mm). Due to the combination of
low pressure and short pulse duration, the influence of gas
heating and expansion on the short discharge time scale was
considered negligible‘56 By integrating the continuity and
Poisson equations in discharge electrochemical kinetics,”” the
generation and propagation pathways of e and active oxygen
were derived. The specific calculation method is described in
detail in Text S8.

Based on the dynamics of plasma propagation, the process
was categorized into four distinct phases: seed electron
initiation, electron avalanche, streamer propagation, and
spark discharge. In DBD plasma, dielectric materials
functioned as barriers within the discharge gap, providing a
stable pathway for intermittent energy input from pulsed
power sources. This enabled the orderly movement and
distribution of charges, leading to the formation of periodic
localized discharges and preventing the transition of energy to
thermal arcs. This finely controlled discharge behavior allowed
the entire discharge process to decompose into a series of
fundamental discharge units. Finite element simulations
indicated that the discharge period lasted for approximately
9.37 ns. To more accurately capture the e™ trajectories, a single
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discharge cycle was selected for analysis. During the streamer
propagation phase, the significantly lower mass of e” compared
with that of positive ions allowed for their rapid acceleration
within the electric field, leading to charge separation. This
effect was particularly pronounced at the gas—liquid interface,
where it resulted in the formation of a sheath layer. The sheath
electric field typically pointed toward the plasma, repelling or
decelerating e” as they approached the liquid surface. As a
result, the concentration of e~ gradually increased throughout
the discharge progression, with significant accumulation at the
gas—liquid interface (Figure 3b—d and Figure S17).

Unlike the accumulated e, positive ions gradually
penetrated the liquid surface, exacerbating local charge
imbalances between the plasma head and tail. This imbalance,
combined with the memory effect, ultimately led to the
formation of a response electric field. As illustrated in Figure
3e, the response electric field bent near the interface and
extended uniformly into the gas phase because of space charge
effects. Under the combined influence of the response and
initial electric fields, e™ began to traverse the sheath layer and
move toward the liquid surface. However, due to their low
kinetic energy, they were typically captured by water
molecules, forming e,,”. As the surrounding electron density
increased, the intensity of the response electric field
correspondingly strengthened (Figure 3f,g and Figure S18),
reaching a peak value of 1.816 X 10° V/m. Once sufficient
kinetic energy was acquired, accelerated e could penetrate
multiple layers of water molecules, forming radially propagat-
ing channels near or at the water surface. Durin§ this process,
e~ remained in a nonsolvated, delocalized state.”® Monte Carlo
simulations showed that when the electric field strength
exceeded 1 X 10° V/m,*’ the average penetration depth of
plasma-generated e into the liquid surface reached 2.5 nm,
which is significantly greater than the length of a PFOA
molecule. Since the electric field generated by DBD was
substantially greater than 1 X 10° V/m and water acted as the
solvent, it could be inferred that e~ was able to interact with
PFOA prior to solvation. Therefore, the rapid degradation of
PFOA by e” is kinetically feasible.

The generation and propagation of excited-state oxygen
atoms, driven by e” collisions, closely resembled the streamer
propagation pathway (Figure 3h—j and Figure S19). The
accumulated e” led to the excitation of further oxygen atoms,
which subsequently accumulated at the gas—liquid interface.
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Figure S. Schematic diagram of electron-initiated PFOA degradation in DBD plasma.

Meanwhile, oxygen atoms with higher vibrational energy levels
could undergo a gradual decay process, initially transitioning
from O(1D) to O,(b'Yg"), and further quenching to
0,(a'Ag),*" thereby avoiding direct quenching to the ground
state. Under the combined effects of high-frequency excitation
and stable conduction, a sufficient number of excited-state
oxygen atoms reached the interface, where they reacted with
water molecules through free radical chain reactions,
generating ROS such as ¢OH, '0,, O, and H,0,.

3.4. Degradation Mechanism Initiated by e™. In the
DBD system, the PFOA degradation process did not involve
random cleavage of C—C bonds, elucidating that the e™-
initiated degradation mechanism was not merely a physical
disintegration but rather a chemical phenomenon arising from
nucleophilic attack. To predict the reactive sites of PFOA,
DFT calculations were performed to determine the Fukui
index (Figure 4a). Figure 4b displays the contour surfaces of
the Fukui function f* (indicating the susceptibility to
nucleophilic attack), while the condensed Fukui function
index is presented in Table S3. The results indicated that C23
in the carboxyl group (f* = 0.1261) and O24 in the carbonyl
group (f* = 0.1373) were the most likely reactive sites. It is
noteworthy that although the f* value for 024 was high, the
bond of 024 Jvas saturated, making it less likely to be attacked
by electrons.”’ From this, it was inferred that the carboxyl
group was the preferred site for electron attack.

By identifying the reaction intermediates through UHPLC-
MS and combining this with theoretical analysis (Figure S20),
the degradation pathway of PFOA was proposed (Figure 4c).
Given the relatively low oxidation potential of eOH, the
degradation was initiated by e~ bombardment, which
generated perfluoroalkyl radicals. The primary degradation
and defluorination pathway in DBD was a chain-shortening
mechanism, comprising decarboxylation, hydroxylation, elim-
ination, and hydrolysis. Initially, the carboxyl group of PFOA
was attacked by reductive e”, resulting in the generation of
oC.F ;. This intermediate was subsequently oxidized by eOH
to yield the unstable C,F;OH. This compound then
spontaneously lost F~ from the a-carbon, passing through
the intermediate C4F;COF, and ultimately resulting in the
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production of the chain-shortened C,F;;COOH (PFHpA).
Additionally, due to the inductive effect of the head group, the
C—F bonds at the a-position near the carboxyl group exhibited
higher reactivity. The high electronegativity (3.4 eV) of the
fluorine atom allowed it to directly extract electrons, leading to
the cleavage of the a-position C—F bond and the formation of
oC.F,COO™. Under the influence of distinct reduction and
oxidation pathways, substitution reactions primarily occurred
in two forms: H/F and OH/F exchanges. After one fluorine
atom on the a-position carbon was substituted, the reactivity
of the remaining fluorine atom increased.”” Consequently, the
next defluorination step occurred on the same —CF,— carbon.
After dual defluorination, the substitution increased the
resistance of adjacent C—F bonds, making it difficult for e™-
driven reductive pathways to cleave the remaining C—F
bonds.”® Fortunately, the oxidation of fluorinated end groups
to PFHpA by ¢OH was feasible.”* The resulting PFHpA then
underwent a similar process, ultimately being mineralized
through the synergistic effects of reduction and oxidation.
The degradation mechanism of PFOA via DBD plasma is
summarized in Figure 5. Upon powering the device and the
propagation of the plasma streamer, a significant accumulation
of e” occurred within the discharge gap, inducing a response
electric field because of the memory effect. Under the
secondary acceleration of this electric field, e” gained sufficient
kinetic energy to penetrate the surface water film and directly
interact with PFOA at the gas—liquid interface. Simulta-
neously, the excited-state oxygen species at the interface
generated a large quantity of eOH, which, along with e7,
constituted the primary reaction zone for PFOA degradation.
In the liquid phase, the kinetic energy of e~ gradually
decreased, leading to their solvation and formation of e, ",
which were quickly quenched by the surrounding environment.
O; and H,0,, owing to their superior mass transfer
capabilities, penetrated deeper and were further converted
into #OH and 'O, through free radical chain reactions, aiding
in the mineralization. By means of the synergistic effects of
reduction and oxidation reactions, PFOA was gradually
degraded via a chain-shortening mechanism, ultimately
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Figure 6. Effects of (a) initial pH value, (b) impurity ions, and (c) water matrix on the degradation reaction of PFOA. (d) Degradation curves, (e)
fluorine mass balance, and (f) k, and energy efficiency of various PFCAs. (g) Correlation between k,,, and hardness. (h) Degradation curves and
(i) deF rate and k, of different PESAs as well as PFOA and PFOS substitutes. System parameters: input voltage = 50 V, duty cycle = 50%, ambient
temperature = 25 °C, gas environment = 30 mL/min of air, [PFAS] = 10 mg/L.

yielding CO,, H,0O, and free fluoride ions, achieving complete
decomposition.

3.5. Assessment of Application Prospects. e,
constrained by hydrogen bonds with solvent molecules, were
highly sensitive to the surrounding solvent environment.
Conversely, e”, owing to their delocalized nature, exhibited a
reduced susceptibility to interference from the medium.
Nonetheless, this inherent freedom also contributed to a
certain level of instability, causing e” to be confined to the
gas—liquid interface. After identifying e and ®OH as the main
active species, we further investigated the influence of
environmental factors. First, the initial pH was adjusted
using 1 mol/L H,SO, or NaOH. Degradation efficiency
increased with decreasing pH, caused by the heightened
reactivity of eOH in acidic conditions (Figure 6a).
Simultaneously, PFOA, a weak acid, predominantly existed in
its nondissociated form at lower pH, thereby promoting its
accumulation at the gas—liquid interface. When the initial pH
was adjusted to 11, the degradation rate still reached 86%. This
was primarily attributed to e, as the main reactive species,
being confined to the gas—liquid interface. Additionally, the
rapid acidification of the solution minimized the impact of the
initial pH. Introducing extraneous ions caused only slight
inhibition, with the degradation rate reduced by no more than
11.5% (Figure 6b). The inhibitory effect of humic acid (HA)
was attributed to its competition with the oxidative species.
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Similar to NO;~, SO,*” facilitated the degradation through
salting-out effects.””*® The inhibitory effect of HCO;™ was the
most pronounced, likely resulting from its pH-buffering
capacity, which facilitated the dissociation of PFOA. Moreover,
HCO;™ and CI” were capable of reacting with #OH, leading to
the formation of species with lower oxidation potentials (eCl
and ¢CO;"). For both tap water and lake water (Table S4),
DBD efficiently degraded over 93% of PFOA, underscoring its
remarkable efficacy in practical aquatic remediation (Figure
6¢). Toxicological assessments indicated that DBD treatment
effectively transformed PFOA into less toxic, short-chain
byproducts and liberated fluoride ions, thereby significantly
mitigating its environmental hazards (Figure S21 and Table
SS).

To evaluate the general applicability of DBD, the
degradation performance of various PFAS was assessed.
Considering the different resistances to degradation, the
operation time was extended to 60 min to ensure
comprehensive processing. DBD effectively removed PFCAs
with varying carbon chain lengths (Figure 6d), with PFOA
reaching a degradation rate of 99.6% and a defluorination rate
of 72.7%. During discharge, a fraction of PFCAs protonated
and decomposed into gaseous products, leading to their loss.
Fluorine mass balance was calculated based on the
concentrations of short-chain byproducts, fluoride ions, and
residual PFAS (Figure 6e). The fluoride recovery rate
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remained high, ranging from 73.8% to 88.7%, indicating that
despite the possible escape of volatile byproducts such as F,,
CHEF;, and CF,, the rapid degradation of PFCAs was primarily
driven by mineralization rather than volatilization. Moreover,
the degradation efficiency demonstrated a chain-length
dependence (Figure 6f): as the carbon chain shortened, both
the degradation rate and the energy efficiency diminished.
Hardness, calculated by ionization potential and electron
affinity, was indicative of the resistance to electron gain or loss.
A negative correlation between k., and hardness suggested
that the sensitivity to e played a direct role in the degradation
performance (Figure 6g). Notably, while most PFCAs
underwent rapid and complete degradation, PFBA and
PFPeA showed a significant decrease in degradation efficiency.
As reported, the length of the carbon chain significantly
affected the surface polarity of PFCAs, with the I',,, of PFBA
being 2 orders of magnitude lower than that of PEOA.” This
finding indicated that the distribution at the gas—liquid
interface affected the efficiency of mass transfer between e~
and contaminants, thus influencing the remediation perform-
ance.

For perfluorosulfonic acids (PFSAs), a similar trend was
observed with PFBS exhibiting the strongest resistance to
degradation (Figure 6h). Notably, in terms of degradation rate,
defluorination rate, and defluorination efficiency (Figure 6i and
Figure S22), PFSAs generally outperformed PFCAs with the
same carbon chain length. This enhanced performance was
likely attributed to the stronger electron-withdrawing nature of
the sulfonate group, which made PFSAs more susceptible to e~
attack. For the PFOA and PFOS substitutes, GenX and 6:2
FTS, DBD demonstrated high degradation rates, yet the
defluorination rates remained comparatively low. This
phenomenon was primarily attributed to the introduction of
ether bond oxygen and hydrogen atoms. These changes altered
the preferential sites for e” attack, making the compounds
more susceptible to cleavage into smaller molecules instead of
gradual defluorination. Therefore, optimizing the degradation
of short-chain PFAS in the DBD system constituted a pivotal
challenge and a central focus for future research, as it was
crucial for advancing the complete mineralization of PFAS.

3.6. Outlook. In summary, efficient PFOA degradation was
achieved with DBD plasma, revealing for the first time the
crucial role of previously overlooked free electrons. Simulations
of electron propagation revealed the formation of a response
electric field induced by the electron memory effect, which
enabled electrons to penetrate the water surface and directly
target PFOA. Nonsolvated, delocalized free electrons exhibited
strong resilience to environmental interference, although their
effect remained primarily confined to the gas—liquid interface.
These findings provide novel insights for optimizing plasma-
based water remediation technologies for mitigating PFOA
contamination.
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