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Abstract

Radio frequency (RF) driven atmospheric pressure plasma jets (APPJs) operate in a non-equilibrium regime that
enables highly localized energy deposition and reactive species delivery to gas-liquid interfaces. In this study, 10 mg
L™ perfluorooctanoic acid (PFOA) was treated in a 13.5 mL recirculating, flow-through reactor contacted by an RF
argon APPJ. The parent PFOA was removed to below detection within two hours, while fluoride release continued
and reached up to ~80% after three hours. Identified short-chain perfluoroalkyl acids (C,-C7) accounted for ~12% of
the initial mass. Systematic variation of discharge power, liquid flowrate, radical and electron scavengers, and
processing gas composition was used to elucidate the dominant degradation pathways. PFOA removal was unaffected
by liquid flowrate but increased with discharge power, indicating that degradation is controlled by interfacial plasma
processes rather than bulk hydrodynamic transport. Fluorine mass balance and scavenger experiments demonstrate
that the majority of fluoride release (>70%) occurs directly during the initial interfacial dissociation of parent PFOA,
driven by plasma-generated species. Hydroxyl radical scavenging had no effect on PFOA degradation but significantly
suppressed fluoride formation, indicating a secondary role in oxidizing partially fluorinated intermediates. In contrast,
AgNO;3, a solvated-electron probe, produced minimal changes in degradation or defluorination trends. Gas substitution
experiments (Ar, He, Ar/H,, Ar/N,) revealed substantially reduced defluorination in helium, supporting a mechanistic
picture in which dominant initiating steps occur near the plasma-liquid interface and depend on gas-phase discharge

characteristics, particularly electron density and vacuum ultraviolet (VUV) photon flux generation.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of anthropogenic chemicals that have been widely
used in diverse industrial and consumer applications, including non-stick cookware, stain-resistant fabrics,
waterproofing treatments, firefighting foams, and many other applications [1]. They exhibit persistent behavior in the
environment, leading to their accumulation in water, soil, wildlife, and human blood samples worldwide [2]. Exposure
to PFAS has been associated with adverse health effects, including kidney and testicular cancer, thyroid disease,
immune system dysfunction, decreased fertility, developmental delays in children, among others [3]. In response to
these risks, the United States Environmental Protection Agency (USEPA) finalized the first enforceable national
drinking water standards for PFAS in 2024. These regulations establish maximum contaminant levels (MCLs) of 4
ng/L for both perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS), and 10 ng/L for
perfluorononanoic acid (PFNA), perfluorohexane sulfonate (PFHxS), and the HFPO-DA “GenX” chemicals. In
addition, USEPA introduced a hazard-index—based standard for mixtures of PFNA, PFHxS, PFBS, and GenX,
reflecting growing recognition that PFAS occur and act as complex chemical mixtures rather than isolated compounds
[4]. Ongoing research efforts are focused on developing safer alternatives to PFAS and exploring effective remediation
methods for PFAS-contaminated sites and water sources [2].

Conventional water treatment methods for PFAS include activated carbon filtration, ion exchange, and
membrane processes. While these non-destructive methods are effective, they have limitations such as poor adsorption
capacity, resin regeneration requirements, high energy consumption, and membrane fouling [5]. Moreover, they
generate a PFAS residue that must be further disposed of. Non-thermal electrical discharge plasma technology, which
is capable of breaking the carbon-fluorine bonds, offers a promising alternative for the treatment of these compounds
[6]. Furthermore, electrical plasmas have been recognized as one of the most effective and efficient technologies
available today for degrading long-chain PFAS, such as PFOA [7]. However, the elementary steps governing PFOA
degradation, particularly the relative roles of interfacial electron-, ion-, and photon-driven processes versus bulk
aqueous chemistry, remain largely unknown. Because PFAS are resistant to conventional oxidation, plasma-driven
degradation has been attributed to species generated near the plasma-liquid interface, including electrons, ions,
metastables, and vacuum-ultraviolet (VUV) photons, rather than to bulk-phase aqueous oxidants [8—12]. Numerous
plasma studies have reported the stepwise degradation of the parent compound (e.g., PFOA, a Cs compound), leading

to the generation of C,-C5 short-chain perfluoroalkyl acids, fluoride ions and gaseous byproducts [5, 8, 12]. While the



ultimate objective of the treatment is complete PFAS mineralization (i.e., 100% defluorination), no plasma reactor or
excitation source has been able to achieve this level of success [5, 13, 14]. Moreover, while a wide range of plasma
configurations have been investigated, plasma jets, particularly those directly interfacing with liquids, have received
comparatively limited attention for PFAS degradation [15]. In plasma jets contacting liquids, reactive species are
delivered to a nm-scale interfacial region where electric fields, surface charge accumulation, and surfactant enrichment
can strongly localize reactivity [16—19]. In this context, the primary objective of this work was to explore PFOA
degradation using a radio frequency (RF) driven atmospheric pressure plasma jet (APPJ). The focus was placed on
the identification and quantification of liquid-phase degradation byproducts, closing the fluorine mass balance, and
identification of the key species contributing to degradation and defluorination.

2. Materials and Methods

2.1 Chemicals
Perfluorooctanoic acid (PFOA, reagent grade, 95% purity), phenol (molecular biology grade), and silver

nitrate (AgNO3, anhydrous, > 99.99% trace metals basis) were purchased from Sigma-Aldrich and used as received.
Deionized water of conductivity 1 pS/cm was used for the preparation of all solutions. Helium (99.99% purity), argon
(99.99% purity), nitrogen (99.99% purity), and hydrogen (5% H: balanced with argon, industrial grade mix) gas
cylinders were purchased from Airgas.
2.2 Experimental setup

Fig. 1 shows the overall experimental setup. Plasma was generated using an RF generator (T&C Power
Conversion AG — 0113R) with a continuous sinusoidal voltage waveform at a frequency of 13.56 MHz. A matching
box (T&C Power Conversion AIT — 600) was connected in series between the high voltage output of the power
generator and the APPJ to match the generator to the APPJ. As shown in Fig. 1, a directional coupler between the
matching box and the APPJ was connected to an oscilloscope to measure the discharge voltage. The APPJ consisted
of a tungsten needle electrode (¢ = 1 mm) encased in a quartz tube (2 mm (ID) x 3 mm (OD)) and a grounded ring
electrode (3.15 mm (ID) x 4.76 mm (OD) x 5.4 mm (H)) placed around the quartz tube. Throughout the experiments,
the ground-to-nozzle and electrode-to-nozzle distances were 2 mm and 1 mm, respectively. For all experiments, the
distance between the jet nozzle outlet and the liquid surface was consistently maintained at 2 mm to ensure plasma-
liquid touching conditions. The working gas was ultra-high purity grade (= 99.99%) argon flowing at 0.8 SLM. In

certain experiments argon was replaced with ultra-high purity helium, nitrogen and hydrogen. In the experiments



involving a 0.4% N (or, 1% H») balanced with Ar, an additional mass flowmeter was used for the N gas line and a
gas manifold that served as a temporary reservoir was used to mix the gases before introducing them to the jet. All
experiments were conducted at a discharge power of 60 W. However, it is worth noting that the actual power delivered
to the jet might have been substantially lower, potentially by an order of magnitude, owing to excessive reflective
power. This observation is supported by the significant heating experienced by the cable connecting the RF generator
to the matching box, indicative of power dissipation.

Working PFOA solution was treated in a 3 mL flow-through reactor (type 48 quartz cell) equipped with two
side tubes which served as inlets and outlets, as shown in Fig. 1. The flow-through cell had outer dimensions of 45
mm (L) x 12.5 mm (W) x 12.5 mm (H). The side tubes with a dimension of 3 mm (ID) x 5 mm (OD) served as the
inlet and outlet of the reactor. A peristaltic pump (Masterflex L/S 77200-60) was incorporated into the setup to
introduce mixing. An external sample reservoir system of 13.5 mL was implemented to address the challenges posed
by continuous solution level depletion due to evaporation and the requirement for external mixing. The liquid in the
reactor was recirculated at 15 mL/min or 145 mL/min, depending on the experiment. Precise measurements of the
flowrates were performed using a graduated cylinder and a timer. It is important to note that, unless explicitly indicated
otherwise, all results presented in this study correspond to a liquid flowrate of 15 mL/min and a total solution volume

of 13.5 mL.
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Fig. 1 Schematic of the overall experimental setup featuring an RF plasma generating network, atmospheric pressure
plasma jet, and flow-through reactor setup.



2.3 Experimental procedures

Perfluorooctanoic acid solutions with an initial concentration of 10 mg/L (~24 uM) were prepared using
deionized water without any adjustments to the solution’s electrical conductivity, which remained in the range of ~1
puS/cm. The reactor was filled with a sample volume of 13.5 mL and then carefully positioned on a translation stage
(not shown in Fig. 1) underneath the plasma jet. Prior to starting each experiment, the solution was circulated within
the flow-through reactor system for 5 minutes. Considering that the volume of the treated liquid required for analyses
was 1 mL, a single sample collection was conducted at the conclusion of the treatment. Consequently, multiple distinct
experiments were performed, ranging from the initial point (t = 0 min) to reach specific target treatment times, thereby
enabling the acquisition of time-resolved degradation profiles at 20-minute intervals. For all the experimental

conditions, the PFOA removal followed pseudo first-order kinetics, as described by Equation (1) [20]:

_ d CPFOA

dt =Ko Crroa M

where Cpros [mol/L] represents the concentration of a PFOA at time ¢, and ko5 [min™'] is the experimentally derived

(observed) rate constant. Fluoride formation also followed pseudo first-order kinetics, as described by Equation (2):

k _t

C. (n=C, (- e ) 2)
where Cr () [mol/L] represents the concentration of fluoride ions at time ¢, Cr » [mol/L] is the asymptotic (final)
fluoride concentration as t — oo, and k# [min’'] is the observed rate constant for fluoride release. The extent of
defluorination for all PFAS compounds is quantified using Equation (3) [21]:

C .
Fluoride _yield(%)=—~%— 3)
0 XNep

where Cr-[mol/L] is the measured fluoride concentration, Cy [mol/L] is the initial concentration of the parent PFAS,
and Nc-r is the number of C-F bonds in the parent PFAS molecule.
2.4 Analytical methods

Perfluoroalkyl acids (PFAAs) bulk liquid concentrations were determined using an ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS-MS) system (Thermo Scientific Vanquish-TSQ ALTIS). The
instrument was equipped with a pentafluorophenylpropyl (PFP) Accucore C18 column (2.1 mm % 100 mm, 2.6 pm)
and a 20 pL injection loop. The gradient solvent program utilized consisted of 5 mM ammonium acetate and LCMS-

grade acetonitrile. All samples underwent a triple dilution with a mixture composed of 75% methanol and 25% water.



Following this, the samples were analyzed by electrospray in negative ion mode. Fluoride (F ) ion concentrations were
measured using an Ion Chromatograph (Dionex Integrion HPIC) equipped with a Fast Hydroxide-Selective Anion-
Exchange AS18 column (Dionex Ionpac 4 x 150 mm, RFIC, Analytical, 4 pm). The analysis was carried out under
isocratic conditions using potassium hydroxide solution as the eluent at a constant flow rate of 0.75 mL/min. The
electrical conductivity and pH of the solution before and after the plasma treatment were measured using a
conductivity meter (OAKTON, Cole-Palmer Model 35604-00) and a pH probe (Apera Instruments LLC), respectively.
The concentration of hydrogen peroxide generated by the plasma was measured colorimetrically at 409 nm using a

UV-Vis spectrophotometer (UV-1900i, Shimadzu) [22].

3. Results
3.1 The effect of liquid flowrate and discharge power on the degradation and defluorination of PFOA

Fig. 2 shows the dependence of the PFOA degradation (a) and fluoride ions concentration (b) on liquid
flowrate and discharge power. Control experiments conducted without plasma revealed that the liquid evaporation
induced by the impinging gas contributed to ~8% loss of the solution volume after 180 minutes of treatment. To
account for this, all solution concentrations were corrected based on the measured final volumes so that the reported
concentrations represent the true solute levels during treatment. Results indicate that for a fixed discharge power of
either 45 or 60 W, an increase in the liquid flowrate from 15 to 145 mL/min had a minimal effect on the PFOA
degradation and fluoride yield (Table 1). By contrast, increasing the discharge power from 45 to 60 W increased the

degradation rate constant by ~35% and the fluoride yield by ~15-20%.

Table 1 Experimentally derived rate constants for the four distinct experimental conditions of power and liquid flow
which are shown in Fig. 2.

Fluoride ion production

Observed Cr o Initial rate Observed rate Fluoride yield
Experimental condition degradation ' i at t =180 min
rate constant, (MM) (uM/min) con.stant for %)
Kobs (min™) fluoride release o
(min™)
45 W @15 mL/min 0.018 0.33 32 0.010 66
45 W @145 mL/min 0.019 0.33 3.0 0.009 61
60 W @15 mL/min 0.025 0.37 4.5 0.012 80
60 W @145 mL/min 0.024 0.36 4.7 0.013 81
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Fig. 2 Time-dependent (a) normalized PFOA concentration and (b) fluoride ions concentration for two different
discharge power and liquid flowrates. Control experiment was conducted under continuous gas flow without plasma.

While the specific plasma species responsible for PFOA degradation remain unknown, the observed increase
in degradation rate and fluoride yield with increasing discharge power indicates that the interfacial flux of reactive
species delivered to the liquid surface increases with power input. This interpretation is consistent with the H,O,
measurements shown in Fig. 3, where higher power resulted in significantly greater concentrations of hydrogen
peroxide. H,O, serves here as an indicator of overall plasma oxidative activity; however, its formation primarily
reflects time-integrated secondary aqueous-phase chemistry rather than the interfacial processes responsible for
initiating PFOA degradation [23-25]. Although OH radicals, which are directly involved in H,O» formation, are not
believed to play a dominant role in PFOA degradation, their potential involvement in downstream oxidation and

defluorination of intermediate products cannot be ruled out and is discussed further in Section 3.2.

The minimal impact of the liquid flowrate on the degradation of PFOA using a plasma jet is consistent with an
interfacial, flux-limited reaction regime rather than bulk transport control. Because the plasma-liquid contact area is
limited and the delivery of reactive species is governed primarily by plasma-generated fluxes, increasing the liquid
flowrate does not significantly increase degradation. Previous modeling efforts have demonstrated that for gas plasmas
contacting liquids, contaminant degradation is strongly affected by both the magnitude of the plasma area and the rate
of liquid surface renewal rate under the plasma, depending on reactor conditions [26—28]. For large plasma areas
spanning several cm?, degradation exhibits the highest degree of sensitivity to fluid flow under the plasma. For smaller

plasma areas, typically < 0.5 cm?, the removal is unaffected by the variations in liquid flow [26]. Since PFOA



preferentially accumulates at the plasma-liquid interface due to its amphiphilic nature, its degradation is decoupled
from conventional diffusional and convective transport limitations and governed primarily by near-surface processes
[2, 5-7]. The relatively minor impact of liquid flowrate on PFOA degradation is further supported by H»O,

measurements, which indicate that H>O» production is nearly independent of the liquid flowrate (Fig. 3).
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Fig. 3 Time-dependent H,O» concentration profiles measured in deionized water for two different discharge
power inputs and liquid flowrates.

In addition to fluoride ions, the degradation of PFOA resulted in a generation of short-chain perfluoroalkyl acids
(PFAAS), including perfluoroheptanoic acid (PFHpA, C;), perfluorohexanoic acid (PFHxA, Cs), perfluoropentanoic
acid (PFPeA, Cs), perfluorobutanoic acid (PFBA, C4), perfluoropropionic acid (PFPA, Cs), and trifluoroacetate (TFA,
C,) (Fig. 4a). The presence of these compounds has been previously reported in earlier plasma studies, and the
degradation pathways leading to their formation have been elucidated through the stepwise degradation of PFOA [29—
32]. Note that experiments described below were conducted for a total treatment time of 120 minutes, as this duration
was sufficient to resolve the relevant degradation kinetics and mechanistic trends.

Liquid phase products followed a characteristic evolution profile where the concentrations C4-C7 compounds
increased during the first 40 minutes of the experiment and subsequently decreased as treatment progressed. In
contrast, the concentrations of C, and C3 compounds continually increased and did not exhibit significant degradation
over the treatment duration. Concentrations of all PFOA byproducts remained low (< 0.8 mg/L for each shorter-chain
compound) which is consistent with fluoride being the dominant transformation byproduct.

The rate of fluoride ion accumulation was highest within the first 60 minutes of treatment and decreased

progressively thereafter (Fig. 2b). At 180 minutes, the fluoride ion concentration reached ~0.24 mM (corresponding



to ~65% fluoride yield) at 45 W and 0.29 mM (~80% fluoride yield) at 60 W for a liquid flowrate of 15 mL/min. To
our knowledge, such high fluoride yields have not previously been reported for RF atmospheric-pressure plasma jet
systems treating PFOA. In contrast, bubbling plasma reactors typically exhibit rapid initial defluorination followed by
early kinetic saturation, with fluoride yields commonly plateauing near ~40-60% once the parent PFAS is degraded,
and the remaining fluorine resides predominantly in stable, partially fluorinated byproducts that persist in the bulk
liquid and are not further defluorinated [5, 13]. The continued increase in fluoride release observed here indicates
sustained interfacial reactivity under APPJ conditions, with defluorination occurring predominantly from the parent
PFAS rather than from secondary byproducts. This behavior is evident in Fig. 2 and confirmed further below, where
the continued increase in fluoride release closely follows the degradation of the parent PFAS. Comparable fluoride
yields have only been achieved in mesoporous plasma and microwave plasma reactors [33, 34].

Fig. 4b shows the distribution of measured fluorine among PFOA, the identified degradation byproducts, and
free fluoride (expressed as the molar fraction of fluorine relative to the initial fluorine bound to PFOA) as a function
of treatment time. Fluoride accumulation closely follows the degradation of parent PFOA, with >70% of the initial
fluorine converted to F-, while all identified short-chain PFAAs collectively account for <15% of the fluorine mass
balance. While the rapid decrease in PFOA (and subsequent decrease of PFHpA) coincides with the largest increase
in free fluoride, this is partially attributed to the high fluorine stoichiometry of the C8 molecule (15 F atoms) compared
to short-chain intermediates like TFA (3 F atoms). Furthermore, the consistently low concentrations of C,-C4 products
may indicate a pseudo-steady state, where their rate of formation from longer chains is balanced by their subsequent
defluorination. Although their weak interfacial presence likely reduces their susceptibility to plasma-assisted
degradation compared to PFOA, their role as transient intermediates in the total defluorination pathway cannot be
ruled out [13, 35]. As shown in Fig. 5, organically bound fluorine decreases steadily during treatment, driven primarily
by degradation of PFOA and PFHpA. After 2 h, fluoride ions account for ~70% of the total fluorine and PFAAs for
~12%. The remaining ~17% of fluorine, which may include gaseous, adsorbed, or unidentified liquid-phase
byproducts, was generated early in the treatment and persisted throughout, suggesting limited susceptibility to further

transformation under the present conditions [36].
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Fig. 4 Time-dependent (a) concentration profiles of PFOA and its byproducts and (b) molar fraction of initial
fluorine (log scale) for the identified PFAAs at 60 W input power and 15 mL/min liquid flowrate for the first two
hours of treatment time. The heights of the bars in (b) were estimated as (3 (Ci(t) x i) / (Co % f)) x 100%, assuming
an initial concentration of Co [mol/L] and no fluoride at t = 0 for a PFAAs molecule having the molecular formula
C.F{O.Hp. Here, i denotes the fluorine content bound within a particular byproduct where f; is the number of fluorine
atoms in that byproduct.
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Fig. 5 Time-dependent mass fraction of initial fluorine at 60 W input power and 15 mL/min liquid flowrate for

the first two hours treatment time. The heights of the bar for organic fluoride were estimated as (3 (Ci(t) x fi) / (Co x
f)) x 100%, assuming an initial concentration of Co [mol/L] and no fluoride at t = 0 for a PFAAs molecule having

the molecular formula C.FiO.Hy. Here, i denotes the fluorine content bound within a particular byproduct where f; is

the number of fluorine atoms in that byproduct.
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3.2 The effect of ‘-OH and eaq” scavengers on the degradation and defluorination of PFOA

Hydroxyl radicals have not been found to initiate the degradation of PFAS, but they have been extensively
documented as playing a critical role in later phases of the reaction pathway, ultimately facilitating mineralization [37,
38]. In this study, phenol, a well-known OH scavenger (k = 1.8 x 10!1°M™! s7! [39]), was introduced into the PFOA
solution at varying concentrations (reported as PFOA: phenol molar ratios). The results revealed that its addition had
no apparent effect on the degradation of PFOA (Fig. 6a) which is consistent with the very low rate constant for reaction

between PFOA and OH (< 1 x 10°M ' s7! [39]).
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Fig. 6 Time-dependent (a) normalized PFOA concentration and (b) overall fluoride yield (%) of PFOA with and
without the presence of varying molar ratios of phenol at 60 W input power and 15 mL/min liquid flowrate.

In contrast, the presence of phenol strongly affected the defluorination process (Fig. 6b). As the concentration
of phenol increased, the rate of fluoride release gradually decreased from ~70% without the phenol to ~53% when
phenol was present (1:10 case). Because phenol had no effect on PFOA degradation but significantly suppressed
fluoride release, these results indicate that hydroxyl radicals are not responsible for initiating PFOA degradation but
instead contribute to secondary oxidation and defluorination of partially fluorinated intermediates formed after the
initial plasma-assisted cleavage [15, 29, 36]. This behavior is consistent with a reaction pathway in which initial C-F
and C-C bond cleavage occurs at or very near the plasma-liquid interface. Owing to its amphiphilic nature, PFOA
preferentially orients at the interface, with the hydrophilic carboxylate headgroup remaining solvated and the
fluorinated tail extending toward the gas phase. This configuration places the fluorocarbon chain within the penetration

depth of plasma-generated species, while rendering the primary interfacial degradation step insensitive to bulk-phase

12



scavengers such as phenol. In contrast, hydroxyl radicals diffusing away from the interface are effectively scavenged
by phenol, selectively suppressing secondary oxidation pathways without influencing the initial degradation of PFOA.

The fluorine mass balance (Fig. 5) indicates that ~17% of the initial fluorine is not recovered as F~ or as the
quantified PFAAs, consistent with formation of unidentified organofluorine (e.g., partially defluorinated intermediates
and non-target fluorinated products) and/or minor volatile fluorine-containing species [29, 36]. Comparison of fluoride
yields with and without phenol provides further insight into the fate of these intermediates. In the absence of phenol,
the continued increase in fluoride yield beyond the rapid loss of parent PFOA indicates that a limited fraction of
residual fluorine, initially retained in partially defluorinated intermediates, becomes accessible to secondary oxidation.
This process contributes incrementally to total fluoride release but does not represent the dominant defluorination
pathway [39—-41]. However, when phenol is present, the scavenging of hydroxyl radicals suppresses this secondary
oxidation pathway, leading to a ~17% reduction in total fluoride yield and a significant decrease in the cumulative
fluorine yield within identified short-chain PFAAs from ~12% to ~3% (Fig. 7). This implies that in the presence of
phenol, the unidentified fluorine fraction nearly doubles to approximately 44% (100% - 53% F~ - 3% PFAA-F),
representing intermediates that are trapped in the bulk solution and cannot undergo further chain-shortening or

defluorination.
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Fig. 7 Time-dependent concentration profiles of PFOA and its byproducts in the presence of phenol (PFOA: phenol
=1:10). 60 W input power and 15 mL/min liquid flowrate.

Plasma-generated chemically reductive species, such as solvated electrons (e7q) and hydrogen atoms (H),
have also been proposed to play a role in the primary dissociation reactions of PFOA [5, 42, 43]. To evaluate their

contribution, silver nitrate (AgNO3), a well-known scavenger for solvated electrons and, to a lesser extent, for

13



hydrogen radicals [44, 45], was introduced at varying concentrations. Its presence exhibited a minimal effect on both
the degradation and defluorination profiles of PFOA (Fig. 8).

This result should not be interpreted as evidence against electron-driven degradation pathways. Solvated
electrons and hot electrons generated at the plasma-liquid boundary exist within an ultrathin interfacial region on the
order of a few nm, whereas ionic scavengers such as Ag" are largely excluded from this region due to electrostatic
barriers, sheath formation, and short electron penetration depths [45]. The minimal effect of AgNO; therefore may

reflect restricted interfacial accessibility of bulk phase ionic scavengers rather than the lack of aqueous reductive

pathways.
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Fig. 8 Time-dependent (a) normalized PFOA concentration and (b) overall fluoride yield (%) of PFOA with and
without the presence of varying molar ratios of AgNO3 at 60 W input power and 15 mL/min liquid flowrate.

3.3 The effect of gas type on the degradation and defluorination of PFOA

To evaluate the influence of discharge gas composition on PFOA degradation and defluorination, argon was
replaced with two admixtures (1% H: balanced with argon and 0.4% N balanced with argon) and pure helium. The
free jet length, measured from the nozzle exit without a substrate, was ~4 mm for argon, and decreased to ~3 mm with
hydrogen and ~2 mm with both nitrogen and helium. Since the nozzle-to-substrate distance was fixed at 2 mm, and
the presence of a substrate enhances plasma stability and coupling, plasma-liquid contact was maintained for all gas

compositions.
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removal, whereas helium significantly decreased both degradation and defluorination (Fig. 9). Defluorination

Replacing argon with small hydrogen or nitrogen admixtures resulted in no appreciable change in PFOA

followed the order Ar = Ar + H, > Ar + N, >> He.
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Fig. 9 Time-dependent (a) normalized PFOA concentration and (b) overall fluoride yield (%) of PFOA at 60 W
input power and 15 mL/min liquid flowrate for 1% H» balanced Ar, 0.4% N, balanced Ar, and helium as processing
gases. The gas flowrate was 0.8 SLM for all cases except for helium (2.3 SLM).

Argon plasmas are characterized by high electron density, strong localization of electric fields near the
plasma-liquid interface, and intense emission of VUV radiation dominated by Ar,*excimer emission near 125 nm
(~9.9 eV) [46—48]. These conditions favor interfacial dissociation pathways involving both hot electrons and VUV
photons, which possess sufficient energy to cleave C-F bonds (5.5 eV) and C-C bonds (=3.9 V) in surface-adsorbed
PFOA molecules [21, 49-52]. The high efficiency of the argon discharge may also be attributed to the lower ionization
potential of Ar (15.7 eV) relative to He (24.6 eV), allowing for a higher fraction of the input power to be channeled
into electron-impact ionization and excitation rather than sustaining the plasma volume. Because PFOA is strongly
surface-active, its fluorinated chain is preferentially exposed within the penetration depth of plasma-generated

electrons and photons, making interfacial reactions highly efficient.

In contrast, the direct contribution of argon metastables and ions is substantially diminished under humid
atmospheric-pressure conditions. Argon metastables are efficiently quenched by water vapor via Penning ionization

and dissociative quenching which reduces their lifetimes from ps to tens of ns and suppresses Ar>* formation [53].
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Similarly, argon ions have mean free paths of only tens of nm at 1 atm and rapidly undergo charge-transfer and
clustering reactions, resulting in thermalized species such as ArH* or HO* with kinetic energies < ~1 eV before
reaching the liquid surface [54-56]. While such ions may contribute indirectly by initiating secondary radical

chemistry near the interface, their direct role in C-F bond cleavage is expected to be limited.

The addition of small amounts of hydrogen (1% H: in Ar) did not enhance PFOA degradation or
defluorination. While hydrogen admixtures (typically 0.5-5.0%) are often introduced to promote reductive chemistry
through formation of atomic hydrogen or solvated electrons [57], the absence of an observable effect here suggests
that the interfacial density of reactive species in pure Ar is already near a “saturation point” for the available surface-
adsorbed PFOA. Any incremental increase in H-atom or solvated electron flux generated by hydrogen addition is
likely negligible relative to the existing fluxes of electrons and VUV photons inherent to the argon discharge [58, 59].
In contrast, the addition of 0.4% nitrogen resulted in a modest but measurable decrease in defluorination efficiency.
Nitrogen effectively quenches argon metastable states and Ar,* excimers through collisional energy transfer, thereby
suppressing VUV photon production [60]. In addition, nitrogen introduces new electron energy loss channels via
vibrational and electronic excitation, which lowers the mean electron energy and suppresses high-energy electron-
driven reactions such as dissociative electron attachment and direct bond scission [61]. Nitrogen-containing plasmas
also favor NOy formation, which can scavenge reactive oxygen species and further reduce secondary oxidation

processes [62, 63].

Replacing argon with helium resulted in significant reduction in both degradation and defluorination.
Although helium plasmas generate higher-energy photons (59-100 nm), the net VUV photon flux incident on the
liquid surface under humid atmospheric-pressure conditions is substantially lower due to weaker excimer formation,
enhanced collisional quenching, and reduced plasma-liquid coupling [19]. In addition, helium RF jets typically operate
at lower electron densities (10'7-10'® m™ vs. 10!°-10%° m= for argon) and exhibit broader, more diffuse discharge
structures, which reduce electric field localization and the flux of electrons to the liquid surface [64, 65]. To
compensate for these diffuse characteristics and maintain plasma-liquid contact, the helium flowrate was increased
from 0.8 to 2.3 SLM. However, the adjustment likely introduced a gas-phase shielding effect; the resulting high-
velocity inert gas layer increases convective losses of reactive species before they can reach the interface.

Consequently, the combination of a lower primary species flux (electrons and photons) and increased shielding of
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bulk-phase radicals suppresses the interfacial dissociation pathways necessary to break the PFOA monolayer, leading

to the observed decrease in efficiency relative to argon.

Voltage-current waveforms (Fig. 10) provide further insight into the observed gas effects. Helium discharges
exhibited lower peak currents (~6.4 mA) compared to argon (~10.8 mA) and lacked the high-frequency oscillations
characteristic of more energetic argon plasmas. These features are consistent with lower electron densities, reduced
sheath power deposition, and weaker electron acceleration toward the plasma-liquid interface in helium discharges
[66]. In addition, the helium plasma plume was significantly broader (~675 = 80 um) than the argon plume (~340 +
80 um) [64], promoting radial diffusion losses and reducing localization of electric fields and reactive fluxes at the
interface. In contrast, argon discharges produce a more constricted jet with stronger interfacial electric fields, higher
electron fluxes, and enhanced generation of electrons and VUV photons, all of which favor efficient dissociation of
surface-active PFOA. The higher axial gas velocity of the argon jet (~40 m s™' compared to ~12 m s for helium)
further promotes interfacial renewal through liquid surface deformation, an effect shown previously to enhance
plasma-liquid reaction rates [18]. Consistent with these discharge characteristics, the strong dependence of PFOA
removal and fluoride release on applied RF power (Fig. 2) supports a mechanism in which initiation is governed by
power-sensitive interfacial processes, most notably electron-driven and electron-coupled pathways, rather than by

bulk aqueous-phase chemistry or mass transport limitations.
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Fig. 10 Time-dependent voltage-current waveforms for two distinct conditions: (a) helium plasma with flow-
through cuvette reactor containing PFOA and (b) argon plasma with flow-through cuvette reactor containing PFOA
for 15 mL/min liquid flowrate. Gas flowrate was 2.3 SLM and 0.8 SLM for helium and argon respectively.

4. Conclusions

This study elucidates the mechanisms governing PFOA degradation and defluorination in RF atmospheric-
pressure plasma jets by systematically correlating reactor operating conditions, scavenger effects, and gas composition
to interfacial plasma-liquid processes. The parent PFOA was removed to below detection within two hours, while
fluoride release continued and reached up to ~80% after three hours. Identified short-chain perfluoroalkyl acids (C»-
C7) accounted for ~12% of the initial mass. Increasing RF power enhanced both, PFOA removal and defluorination,
whereas varying liquid recirculation rate had minimal impact, indicating that performance is controlled by interfacial
delivery of plasma-generated species rather than bulk hydrodynamic transport.

Consistent with this interpretation, the addition of an OH radical scavenger had no effect on the PFOA
degradation but decreased fluoride yield by ~17% and reduced the cumulative yield of short-chain PFAAs from ~12%
to ~3%. This decoupling of parent removal from defluorination indicates that hydroxyl radicals do not participate in
the initiation of PFOA degradation, but instead promote secondary oxidation, chain-shortening, and incremental C-F
bond cleavage of partially defluorinated intermediates formed following interfacial plasma-driven dissociation. In
contrast, the addition of AgNO; produced minimal changes in either degradation or defluorination kinetics, consistent
with the limited accessibility of bulk-phase ionic scavengers to the nm-scale plasma-liquid interfacial reaction zone
where electron- and photon-driven processes dominate. Gas composition further affected degradation and
defluorination by controlling interfacial electron and photon fluxes through changes in electron density, discharge
localization and VUV photon production. Among the gases investigated, argon provided the most favorable conditions
due to its higher electron density and strong Ar,* excimer emission, leading to superior performance relative to helium
and gas-admixture conditions.

These results suggest that PFOA degradation and defluorination in RF plasma jets are controlled primarily
by interfacial electron- and photon-mediated pathways, with aqueous-phase radical chemistry contributing at later
stages. Future work combining experiments with self-consistent plasma-fluid and plasma-liquid interface modeling
will be critical to quantitatively verify these interpretations and to resolve the relative contributions of electron- and
photon-driven pathways. More broadly, these mechanistic conclusions should not be generalized across all plasma

reactors, since different plasma sources generate different reactive species distributions and exhibit different modes
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of coupling to the plasma-liquid interface. Accordingly, the dominant PFAS degradation mechanism may vary
considerably from one plasma platform to another, depending on the species produced and the way in which they are
delivered to the interface.

Although RF atmospheric-pressure plasma jets are not suited for large-volume PFAS treatment, they provide
a highly controlled platform for isolating elementary plasma-liquid interfacial processes. Insights gained from these
systems are therefore critical for informing the design and optimization of scalable plasma-based PFAS remediation
technologies.
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