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Abstract

Atmospheric pressure plasmas (APPs) can efficiently activate liquids by simultaneous de-
livery of electrons, ions, photons, and excited neutral species to the liquid surface. With
the goal of controlling APP-liquid interactions, the impact of operational parameters on
the formation and development of surface ionization waves (SIWs) was investigated with
a two-dimensional numerical model, including the effects of the: (i) applied voltage pulse;
(i1) liquid thickness (capacitance); (iii) liquid conductivity; and (iv) Ar/He gas mixture
ratio. These parameters can be used to control the type and flux of reactive species arriv-
ing at the liquid surface, providing a means to tune the plasma-initiated chemistry. Higher
voltages, thinner liquids, higher liquid conductivities, and helium-rich mixtures shift the
system towards charge-dominated interfacial reactivity, whereas lower voltages, thicker
liquids, lower conductivities, and argon-rich mixtures enhance photon-driven pathways.
The ability to control reactivity delivered to the surface was applied to an investigation of
APP destruction of per- and polyfluoroalkyl substances (PFAS) in water. Since long-chain
PFAS preferentially accumulate at the gas—liquid interface, APPs that generate SIWs pro-
vide a targeted means of delivering reactive fluxes directly to these contaminants.

Keywords Atmospheric pressure plasma - Plasma-liquid interactions - Surface ionization
waves - PFAS remediation

Introduction

Atmospheric pressure plasmas (APPs) are a versatile platform for activating liquids, simul-
taneously delivering fluxes of electrons, ions, photons, and a wide range of reactive neutral
species to the liquid surface [1-4]. This capability has given rise to the field of plasma-
driven solution electrochemistry (PDSE), which broadly refers to the delivery of plasma-
generated species to an electrolytic solution (either isolated or grounded), with the goal
of material synthesis or chemical conversion [5, 6]. A distinguishing feature of PDSE are
the strong non-equilibrium conditions in the plasma — electron temperatures of several eV
coexist with near-ambient gas temperatures, producing reactive fluxes at the plasma-liquid
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interface that can exceed those of purely liquid-phase electrochemical systems by orders of
magnitude. For example, PDSE has been successful in nanoparticle synthesis, where the
gas-phase plasma serves as the reducing agent in a liquid electrolyte [7-10].

APPs that activate liquids have been broadly applied across several fields, including
medicine [11, 12] and agriculture [13, 14], and have demonstrated high efficacy for water
purification. This is particularly the case for the destruction of per- and polyfluoroalkyl sub-
stances (PFAS) in water, which are of increasing environmental concern. Long-chain PFAS
(e.g., C8) contain a hydrophobic tail and tend to accumulate at the liquid surface behaving
as surfactants. Since APPs often produce surface ionization waves (SIWs) that focus reac-
tive particle fluxes at the plasma-liquid interface, they are well-suited for targeting and
decomposing such surfactant-like contaminants [15-19].

Most APP-liquid applications use either a pulsed atmospheric pressure plasma jet (APPJ)
or a DC glow discharge, where the latter typically requires a conductive solution and a
counter electrode to sustain the DC current. However, pulsed APPJs are particularly prom-
ising, as the rapidly rising voltage generates large transient electric fields that exceed those
in steady-state sources, producing time-averaged reactive fluxes greater than those by DC
discharges [20, 21]. In pulsed APPJs interacting with liquids, the discharge typically forms
a SIW that travels along the surface of the liquid. The development and propagation of
the SIW arise from surface charging and electric-field enhancement at the plasma-liquid
interface (where the liquid can be electrically viewed as a lossy dielectric) [10, 22, 23]. The
electric field component parallel to the liquid surface sustains the SIW propagation and is
generated by the surface charge deposited on the liquid. Once the SIW starts to propagate
along the surface, charge separation develops at the wave front, forming a region of intense
electric field that travels along the surface and initiates most of the chemical reactivity.

A key factor in optimizing APP-liquid interactions for specific applications is the control
of the SIW properties. In this paper, we discuss results from a computational investigation of
the propagation of pulsed APPJs onto liquid water sustained in argon/helium/water—vapor
gas mixtures. We assess the impact of operational parameters of the plasma-liquid system
on the formation and development of SIWs, including the: (i) amplitude of the voltage pulse
applied to the powered electrode that initiates the gas-phase plasma; (ii) liquid thickness;
(iii) liquid conductivity, adjusted by use of a NaCl solution; and (iv) argon/helium gas mix-
ture ratio with a constant 0.5% water vapor impurity. The electrode voltage defines the bulk
plasma and thus influences the charge delivered to the liquid surface. The liquid thickness is
inversely proportional to the liquid electrical capacitance. Thinner liquids can sustain higher
surface charge density, promoting stronger SIWs. The liquid conductivity, which governs
dielectric losses, offers an alternative path for the discharge current through the liquid vol-
ume, affecting the horizontal current driven by the SIW across the liquid surface [24, 25].
Finally, the gas mixture directly influences the ratios of fluxes of reactive species reaching
the plasma-liquid interface.

This study primarily focuses on configurations relevant to PFAS remediation in water.
Due to the surfactant behavior of some long-chain PFAS, electron and photon fluences
onto the liquid surface play a critical role in controlling the plasma-liquid reactivity and the
success of remediation. As a result, particular attention is given to how these fluences vary
under different operating conditions. The impact of these conditions and the fluxes onto
the liquid they produce are evaluated by the rate of dissociation of the perfluorooctanoate
anion (PFO™, C4F,50,"), which resides in the liquid phase and is concentrated at the inter-
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face. PFO™ originates from the dissociation of perfluorooctanoic acid (PFOA, CgHF,50,)
[26-28]. Although this investigation focuses on a single discharge pulse, while practical
remediation of PFAS requires sustained processing, the reaction pathways identified here
provide mechanistic guidance for the design of plasma-based remediation systems.

An overview of the numerical methods, simulation geometry, and chemical reaction
mechanism used in this investigation are provided in Sect. "2". Results for the base case,
consisting of a 115 ns, —15 kV discharge sustained in Ar/H,O over a 2.4 mm of liquid
water layer, with emphasis on plasma properties are presented in Sect. "3". The changes
in plasma-liquid reactivity resulting from varying voltage, thickness, conductivity, and gas
mixture (Ar/He content), are discussed in Sect. "4". The implications of these changes for
PFO™ dissociation, along with an assessment of the dominant dissociation pathways, are
discussed in Sect. "5". Concluding remarks are in Sect. "6".

Description of the Model and Conditions
Brief Overview of nonPDPSIM

The simulations in this investigation were performed using nonPDPSIM, a two-dimensional
plasma hydrodynamics model executed on an unstructured mesh. nonPDPSIM has been
described in detail elsewhere [29], and so only a brief overview is provided here. The model
comprises several modules containing algorithms integrated using time-slicing techniques,
which enable picosecond time steps resolving the discharge dynamics and several nanosec-
ond time steps during the afterglow.

In the plasma transport module, Poisson’s equation for electrical potential, continuity
equations for charged species, and charge densities in and on materials, are concurrently
solved using implicit methods. Charged particle fluxes are computed using a drift—diffusion
approximation utilizing the Scharfetter-Gummel method. Secondary electron emission on
all solid surfaces was included for incident positive ion species and photons, with constant
emission coefficients of 0.25 and 0.01, respectively. Secondary electron emission on liquid
surfaces was neglected here since it has been estimated by Delgado et al. [30] to have a
probabilitysmaller than 107. The divergence operators in these equations are discretized
using the finite volume method.

Following the calculation of the electric potential and charge densities, the bulk electron
temperature, T, is synchronously updated as a function of position by implicitly solving the
electron energy conservation equation using a successive-over-relaxation (SOR) method.
Rate and transport coefficients are obtained as functions of 7T, by solving the stationary elec-
tron Boltzmann's equation over a range of reduced electric fields, £/N, and tabulating the
results using 7, as the independent variable. These tables are updated during the simulation
as the mole fractions of collision partners change. Separate tables are constructed for mesh
zones with significantly different gas compositions.

The continuity equations for neutral species densities are solved under the assumption
that individual neutral species diffuse within a single background fluid and may react with
surfaces. These equations are also solved implicitly using a SOR method. The background
neutral flow field is described by a modified version of the Navier—Stokes (NS) equations —
continuity, momentum, and energy — using unsteady, compressible, implicit algorithms. The
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formalism accounts for momentum transfer from electric-field-driven ions and electrons
to the neutral fluid, Joule heating from ions, and energy release from reactions. However,
momentum transfer and gas heating are not significant for the single-pulses investigated
in this work. The integration of the NS equations is coupled to other modules using time-
slicing techniques and, in this work, was updated every 1 ns.

The multi-phase (gas and liquid) capabilities of nonPDPSIM were employed in this
investigation [10]. The shape of the gas—liquid interface is assumed to be static. Fluxes of
neutral gas-phase species into and out of the liquid are limited by Henry’s law equilibrium
at the liquid surface, such that the flux of a gas phase species into the liquid goes to zero
when the corresponding solvated species at the liquid surface reaches saturation. If the sol-
vated species is supersaturated, the net flux at the boundary is from the liquid towards the
gas phase, although we do not require that species at the surface be in a Henry's law equi-
librium. Other processes such as reactions and rate of transport from the surface ultimately
determine densities of species at the surface. For details on the numerical implementation of
these interfacial fluxes, see Egs. (1) and (2) of Ref. [10]. These Henry’s law-based transport
limits apply only to neutral species crossing the gas—liquid interface. Transport within the
bulk gas and liquid phases, away from or towards the interface, is not otherwise constrained.
All incident ions, electrons, and photons arriving at the gas—liquid interface are assumed to
enter the liquid. The temperature of the liquid phase was maintained at 300 K.

Plasma-Surfactant Module

In this investigation, the powered electrode was pulsed negatively, and the liquid function-
ally serves as the anode. Prior to the surface of the liquid charging, electrons are accelerated
into the solution, producing significant incident electron fluxes with energies of several eV.
Upon reaching the liquid surface, these electrons can undergo inelastic collisions with liquid
species before the electrons solvate, leading to the dissociation and ionization of surface res-
ident molecules. Such electron-impact processes can be particularly relevant for long-chain
PFAS remediation in water [15] as these species exhibit surfactant-like behavior. These pro-
cesses are modeled in nonPDPSIM using the Plasma-Surfactant Module (PSM). The PSM
first described in [10] was further developed in this work. For the PSM, the term surfactant
is used broadly to denote any liquid-phase molecule residing at the surface, including water
itself. To make clear the distinction between gas and liquid species, from this point on, the
subscript "aq" refers to an aqueous or in-liquid species.

Surfactants in the liquid are hypothesized to react with gas phase species (electrons, ions,
and neutrals) incident onto the liquid surface. The rates of these reactions differ from those
of bulk liquid reactions as they directly rely on the flux of gas phase species to the liquid
surface. Considering the unstructured numerical mesh, at the liquid phase mesh point i on
the surface having neighboring mesh nodes j in the gas phase, the rate of reaction for process
m (cm > s~ 1), resulting from the incident flux of gas phase species g is
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The sum is over the n gas phase mesh points that are neighbors of liquid node i. Here, s
stands for surfactant rate contribution, ¢, is the flux of species g from gas phase node ; to
liquid phase node i passing through the face of the liquid volume element having area 4,
and V; is the volume of the liquid cell. V,,, is the surface density (cm™2) of the liquid phase
species for process m. The value of NV, is discussed below. (Note that in Eq. (3) in [10] the
molar fraction should be replaced by the surface density. The surface density was properly

accounted for in the model.)
eff

qjm
estimated as

o is the effective cross section for species ¢ reacting at node j for process m and is

U;gfm — kqjm (qu) Q)
Vth,qj

where kqjm(Tq;) is the rate coefficient at node j for species g and process m, and 7,; and
Vi g are the temperature and the thermal speed of gas-phase species ¢ arriving from node j
to node i. The gas-phase rate coefficients are used to approximate the interactions between
incident gas-phase species and surface-resident molecules. When computing the effective
cross sections for each process m, the algorithm ensures that the total cross section describ-
ing the interaction between the incident species and the liquid species does not exceed the
surface-site area occupied by the liquid molecule (4,). For H,0O,, molecules, the surface-

. . . . . - <2
site area is estimated from the total liquid density #; as ASZO =n, /3 ~ 9.67A”. How-
ever, PFO",, molecules are larger than H,0,,, thereby occupying a larger cross-sectional

area [31]. Here, we assumed ALFO = 5A§izo ~ 48.3 A>. When the total cross section of
a gas-liquid pair is limited to 4; the renormalization ensures that the branching ratios for
each process m are preserved. Under the conditions explored in this work, only some charge
exchange processes require such a renormalization.
When the species at the liquid surface is not a surfactant (amphiphilic), the surface den-
sity V,,, is estimated from the volumetric bulk density 7,, (cm™>):
Nb N, 2/3

m = 3

In the case of surfactants, a monolayer of molecules accumulates at the liquid surface, lead-
ing to a larger surface density described by [32]:

C
qu = NAFmax ﬁ (4)

where N, is Avogadro's constant, T, is the maximum surface excess (mol cm ), c,, is
the bulk concentration (M = mol/L), and B is the concentration at half saturation (M). I,
and S depend on the surfactant properties and can be obtained from experimental measure-
ments reported in the literature. For PFO(A),q [33], 'y = 5.3 % 101 mol cm™ and g =
1.75x107* M. Note that Eq. (4) is valid only for surfactant concentrations below the criti-
cal micelle concentration (CMC) [32]. For PFO(A),,, the CMC is 3460 ppm [34], while
the PFO",, concentration studied in this work is 1 ppm. For this concentration, the PFO ",
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surface density is ~ 4.3 x10'? cm™2. For more details on the surface excess of surfactant
molecules, see Chapter 2-I1I of Rosen and Kunjappu [32] and Constanza et al. [34].

For the case of incident (hot) electrons, an additional rate component (R, ) is included
in the surfactant module to account for reactions occurring in the liquid volume, produced

by electrons that do not react at the surface. With g =e referring to the electron species,

s v - A,jiﬁbejiff?ﬁn
Rime = Rime + Rime = Z # (A[m + (1 - peji)nm/\eji) (5)

J

where v stands for volumetric contribution, p,; is the probability of an electron reacting at
the surface, and 4,; is the mean free path of the electron in the liquid. Both p,; and /,; are
calculated by summing over all possible inelastic processes. The additional volume contri-
bution is not included for incident radicals or ions because the reactions of these species
in the liquid volume can be adequately described through standard liquid-phase chemistry
once solvation occurs. For incident hot electrons, however, the situation differs because the
temperature of the electrons after solvation is much lower than that of the incident electrons,
and the additional volume contribution from these highly reactive electrons would other-
wise not be captured.

Reaction probabilities (or sticking coefficients) are commonly used to describe interac-
tions of gas phase species with condensed phases (solids or liquids). These values can ulti-
mately be derived from an effective cross section associated with a surface site. We opted
to formalize plasma-surfactant reactions here using an effective cross section instead of the
higher level reaction probability. The effective cross sections can be approximated from
rate coefficients and enable addressing a liquid surface composed of an arbitrary number of
species having any surface density. Surface reaction probabilities can be deduced from the
product of the species surface density and the effective cross section.

The products of the plasma-surfactant processes are assumed to remain in the liquid
phase, although the model permits them to return to the gas phase if necessary. In the par-
ticular case of plasma-based remediation of PFAS, experiments suggest that the majority of
products remain in the liquid phase [35].

Photoabsorption Module

Radiation transport and photoabsorption are addressed in nonPDPSIM using a Green’s
function approach, as described in [29]. Here, we summarize the method and the modi-
fications introduced to account for surfactant-like species at the gas—liquid interface. The
photoabsorption source (cm ™ s~') for a process i at location 7 arises from the integral of
photon emission from all other locations 77,

Spi(7y) = ni(75) - ZaikAk/nk(ﬁ)szk(ﬁﬂ:}) a*r (6)
%

where o, is the photoabsorption cross section of the process i for photons emitted by spe-
cies k, and A4, is the emission frequency for the transition. Gy, is the Green’s function
describing the relative flux of the photon emitted at 7 that survives to reach 7:
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€xXp < f;;J ZU’ITLknm(Fp)de > . (1 - Zo'mkNm > .
m sur

m

(M

Gujw(m,75) = Al — 72
J

where the integral in the exponent accounts for absorption of photon £ by all absorbing spe-
cies m with cross section o, and number density n,,. The second term in the numerator is
applied only if the path between 7} and 7 intersects a gas—liquid interface, in which case
N, denotes the surface density of the absorbing species evaluated at the intersection point.
Generating G, in the unstructured mesh is expensive due to the evaluation of the integral
along the cord. For this reason, G, is not recomputed unless the density of absorbers sig-
nificantly changes.

For liquid cells at the gas—liquid interface, in addition to the volumetric photoabsorp-
tion source term given by Eq. (6), photoabsorption due to process i at the liquid surface is
included as:

. NiAs Z . Loy o3
Spi(Tj)L = % . UikAk/nk(n)Gljk(rl,rj) dgm (8)
s k

where 4 is the cell area at the gas—liquid interface, ¥ is the cell volume, and N; is the sur-
face density at the interface.

Operating Conditions

The source geometry used in this work is shown in Fig. la. The two-dimensional (2D)
Cartesian geometry implemented in nonPDPSIM is symmetric about the left-hand bound-
ary. The APPJ source is positioned above the liquid and consists of a tungsten powered
electrode, 1.2 mm in width, placed inside a glass tube with 2.4 mm inner width and 0.6 mm
thick (relative permittivity €,=4). The downstream ends of both the powered electrode and
the glass tube are rounded. The distance between the tip of the powered electrode and the
liquid surface is 5 mm. The region below the liquid and the entire right-hand side of the
simulation domain are electrically grounded. The voltage applied to the powered electrode
is varied from —12 kV to —18 kV (base case is —15 kV). The pulse length is 115 ns, linearly
rising from 0 kV to the maximum (absolute) value over the first 5 ns and maintaining a
constant value until 90 ns. The voltage then linearly ramps to zero over 15 ns. The liquid
thickness was varied from 0.8 mm to 5.0 mm (base case is 2.4 mm). The depth of the simu-
lation domain was set to 1 cm. This value does not influence the results, aside from setting
a constant factor for the total number of particles collected on surfaces.

The mesh nodes and connectors are shown in Fig. 1b, where the mesh resolution varies
between a minimum of 25 pm/cell near the powered electrode surface and maximum of
1.2 mm/cell far away from the liquid surface. The numerical mesh used for 2.4 mm liquid
thickness consists of 16,010 total nodes, comprising 11,737 gas-phase nodes and 4,273
liquid-phase nodes.

The investigations presented here involve argon/helium gas mixtures containing a con-
stant 0.5% water vapor impurity and liquid water with varying NaCl,, concentrations to
adjust conductivity. (For reference, at 293 K, the saturated water vapor concentration in
air is about 2.3%.) The geometry and operating conditions are designed to be broadly con-
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Fig. 1 Schematics of the (a)
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sistent with the experimental work of Mededovic-Thagard [15, 36, 37] on plasma-assisted
PFAS remediation, in which water flows through a treatment chamber while argon is used
as the working gas. In those systems, the argon stream is nominally saturated with water
vapor due to evaporation from the liquid. Although nonPDPSIM is capable of simulating
complex flow patterns, for simplicity a spatially uniform background gas composition was
assumed prior to pulsing. The argon/helium ratio was varied from 1/0 to 0/1 while maintain-
ing the same water vapor content. The base case corresponds to pure argon with water vapor.
The NaCl,, concentration in the liquid was varied from 0.0 to 15.8 mM, corresponding to
conductivities between 0.0 and 2.0 mS/cm (base case is 0.79 mM, 0.1 mS/cm) [38]. Due
to the relatively low NaCl,, concentration, the salt is assumed to be fully dissociated into
Na®, and CI',.

To assess the impact of plasma exposure on PFAS dissociation, 1 ppm of perfluoroocta-
noic acid (PFOA,;, CgHF,50,,,) was set in the bulk liquid. Values reported in the literature
for the acid dissociation constant pK, of PFOA,, range from —0.1 to 3.8 [26-28]. Using a
pK, of 3.8 for PFOA,, [26], corresponds to the limit of least dissociation. For these condi-
tions more than 98% of the acid is deprotonated, leading to the formation of perfluorooc-
tanoate anion (PFO",,) and H3O+alq [39]. Accordingly, PFO,, is treated as the sole PFAS
aqueous species in this work.
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Table 1 Species in the reaction mechanism

Gas phase charged e, Ar’, Ar,", He', He,", HeH", H, H, H,", H;", OH*, OH", H,0", H;0", O,
0,0,,0,,0;,0,"

Gas phase neutral Ar, He, H, H,, OH, H,0, HO,, H,0,, O, O,, O,

(ground)

Gas phase neutral Ar(4s's), Ar(4s's,), Ar(ds's;), Ar(ds's,), Ar(4p), Ar(4d), Ar,*,He(2s°S),

(excited) He(2s'S), He(2pP), He(2p'P), He(3s>S), He(3p°P), He,*, H*, H,*,H,(1),

Hy(v), HyO(v), O('D), O5('4), 05('%), Oy(r), Ox(v), 05", OH(A)

Liquid Species H,0,4, €45 H20+aq, H3O+aq, H,0,,q, HOy,g, OH,, OH*aq, OH", Hyg, Hyogo Oggs
Ozaq’ 02+aa= O3ac|’ Oiaq’ 02730’ OT[aq’ Ho2iaq7 He'cm7 Arau’ Na+aq’ Crau’ PFO?au
Table2 Radiation transport Excited state Energy (eV) Wavelength (nm)
OH* 4.0 309 (broadband)
Ar,* 9.9 126 (broadband)
Ar(4s's,) 11.62 106.7
Ar(4s's,) 11.83 104.8
Ar(4p) 12.91 96.0
He(2'P) 21.22 58.4
He,* 20.7 60 (broadband)
He(3P) 23.0 53.9

Reaction Mechanism

The species included in the gas- and liquid-phase reaction mechanism are listed in Table 1.
In the gas phase, the mechanism consists of 20 charged species, 11 neutral ground-state
species, and 26 neutral excited-state species. In the liquid, a total of 24 species are consid-
ered, where ¢, refers to solvated electrons. The gas-phase reaction mechanism is based
on the work of Van Gaens and Bogaerts [40], with helium reactions incorporated follow-
ing Norberg et al. [29] and Emmert et al. [41]. The liquid-phase reaction mechanism was
adapted from Tian and Kushner [42], with additional reactions from Lietz and Kushner [43]
and Meyer et al. [44]. Further reactions involving H,0,, were added and treated with the
surfactant module, including dissociation, dissociative attachment, and ionization, based on
gas-phase reaction data [10, 45].

Photoemission, photoionization, and photodissociation are included in the reaction
mechanism. The photoemission tracked in this work are summarized in Table 2. In the gas
phase, photons emitted from Ar(4sls4) [106.7 nm], Ar(4s152) [104.8 nm], and Arz* [126 nm]
are absorbed by H,O with a cross section of 1077 ¢cm?, and from Ar(4p) [96 nm] with a
cross section of 1.5x 1077 cm? [46]. Since the photon energies from the first three states
lie below the ionization threshold of H,O (12.6 eV), photoabsorption produces dissociation
into OH and O. Due to the higher photon energy of Ar(4p) emission, photoabsorption leads
to H,O ionization. The ionization threshold of H,O in the liquid phase is lower than in the
gas phase, and photon energies above 7 eV can significantly ionize H,0,,. Following the
experimental findings of Sander et al. [47], photons emitted by Ar(4s's,), Ar(4s's,), and Ar,"
produce ionization of liquid water with a quantum yield of 0.6, with the remaining fraction
contributing to dissociation. Radiation from all helium excited states ionize argon atoms in
the gas phase with a cross section of 3.5 x 1077 cm? [48, 49], and ionize H,0 molecules in
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both phases with a cross section of 2.3 x 107 ¢cm? [46] Radiation from OH* [309 nm] can
be reabsorbed by OH with a cross section of 1.4 x107'® cm? [50], whereas absorption by
H,O0 is negligible (cross section of the order of 10724 cm?) [51].

The surfactant PFO,, can undergo dissociation through reactions with electrons, ions,
radicals, and photons originating from the gas-phase plasma. Sapunaa et al. [52] recently
computed the electron-impact dissociation cross sections of several PFAS, including PFOA,
perfluorobutanoic acid (PFBA), perfluorobutanesulfonic acid (PFBS), and perfluorooctane-
sulfonic acid (PFOS). The dissociation pathways in [52] included excitation to singlet and
triplet states, and dissociative ionization. In this work, due to the lack of specific data, we
assume that the electron-impact dissociation cross sections for PFO",, (CgF;50, ) are the
same as for PFOA, (CsHF,50,,,). The gas-phase rate coeflicients for PFO™,, dissociation
by argon and helium ions were taken from [53], being 2.4x 10~ cm™ and 7.6x10™° cm
for argon and helium ions, respectively. However, when applying Eq. (2) to calculate the
effective cross section for the plasma-surfactant process, the resulting values exceed the sur-
face-site area ALFO=4.83x 10715 cm? and are therefore limited to the physical area occu-
pied by this molecule (cf. Sect. "Plasma-Surfactant Module"). PFO ™, dissociation by other
ions (such as H,0", H;0" and OH") was neglected due to their lower ionization potentials.
The gas-phase rate coefficients for PFO",, dissociation by argon and helium excited states
were estimated to be 4x 107! cm™>. This estimation is not critical as the flux of radicals to
the surface of the liquid is much smaller than the flux of charged particles.

The VUV photon absorption cross section of PFO™ was measured in the gas phase by
Douix et al. [54] for photon energies between 6 and 12 eV. In that work, two mechanisms of
photoabsorption were identified: (i) photodissociation of PFO™ producing at least one ionic
fragment, and (ii) photodetachment of PFO~, which may also lead to dissociation, since
CgF 50, is not a stable chemical state. However, only ion fragments could be detected, and
so no definitive conclusions could be drawn regarding fragmentation following photode-
tachment [54]. Here, we assumed that photodetachment also contributes to dissociation.
The impact of this assumption is discussed in Sect. "5". The cross section for photodissocia-
tion involving ion fragments has an onset near 7.6 eV and varies between 2.5x 107! and
1x107'7 cm? for photon energies between 8 and 12 eV. The cross section for photodetach-
ment has an onset near 6.4 eV and varies between 5 x 1077 and 1.5x 107'% cm? for energies
between 7 and 12 eV, being on average 30—40 times larger than for direct photodissociation.
In this work, a total photodissociation cross section of PFO™,, of 107! cm? was assumed for
all photons produced by argon and helium excited states (cf. Table 2). Note, however, that
photodissociation has not been measured for photon energies higher than 12 eV, and so the
value for helium radiation is an approximation.

The PFO ", dissociation processes described above concern reactions driven by spe-
cies originating directly from the plasma. However, PFO",, can also undergo dissociation
induced by solvated electrons. The rate coefficient for this process was measured by Maza
et al. [55] to be approximately 2.3 x 1072 ¢cm3 s for PFO",, concentrations below 1 mM
(415 ppm).

Since the extent of PFO ™, dissociation during a single pulse is small compared to the total
PFO",, density, the subsequent chemistry of the decomposition products was not explic-
itly tracked. Accordingly, only the total PFO",, dissociation is computed. We acknowledge
that significant remediation of PFAS compounds requires many discharge pulses. Effective
remediation of PFAS requires repeated pulsing and accounting for the fate of intermediate

@ Springer



Plasma Chemistry and Plasma Processing (2026) 46:84 Page 11 0of 31 84

products. That said, the focus of this work is to discuss how plasma operating conditions
control the fluxes of reactive species incident on the liquid surface and to identify the initial
reaction pathways governing PFAS dissociation.

APPJ Interaction with a Liquid Surface

The plasma properties of an APPJ interacting with a liquid surface were first examined in
detail for the base case. This base case consists of a —15 kV pulse, an Atr/H,O gas mixture of
99.5/0.5, and a liquid layer 2.4 mm thick with a conductivity of 0.1 mS/cm.

The electron density, E/N (electric field/gas density), and OH gas-phase density during a
discharge pulse are shown in Fig. 2. The discharge is initiated by placing a neutral plasma
seed at the tip of the electrode, with an initial density of 10! cm™ and a diameter of 500 um.
During the first 10 ns, a Townsend ionization wave propagates from the powered electrode
towards the liquid surface. Upon reaching the liquid at 10 ns, the surface charges negatively,
generating electric fields near the center of the liquid surface up to 72 kV/cm and E/N up to
290 Td (1 Td=10"'7 V-cm?). The parallel components of the electric field initiate a surface
ionization wave that propagates horizontally along the liquid surface. During this horizontal
propagation, the electric field is largest at the streamer head, reaching E/N values of 250 Td
and electron temperatures of 5 eV. Behind the streamer head, the electric field weakens due
to charge shielding and the high conductivity of the plasma column, resulting in lower E/N
values. Consequently, the majority of electron-impact generated reactivity occurs during the
passage of the SIW head.

The electron density is confined within 500 pm above the surface, reaching up to
1.5x 10" ¢cm™ near the interface. The production of short-lived reactive species, such as
OH, mostly mirrors the electron density profile. Far from the SIW where the electron den-
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Fig. 2 Macroscopic plasma properties for the APPJ incident onto the liquid surface for the base case con-
ditions. (a) Electron density with a 5-decade log scale, (b) reduced electric field, E/N, (1 Td=10""7 V-cm?)
with a linear scale, and (¢) OH gas-phase density with a 3-decade log scale. The maximum values are
noted in the figures. Operating conditions are —15 kV, Ar/H,0=99.5/0.5, and liquid with 2.4 mm thick-
ness and 0.1 mS/cm conductivity
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sity is small, OH is produced by photodissociation of H,O resulting from photoemission
from excited argon states. The OH density reaches 2 10'° cm™ after 55 ns.

From 10 to 55 ns, the SIW propagates 1.92 cm, corresponding to an average propagation
speed of ~ 4.3x 107 cm/s. The SIW continues to propagate until the voltage pulse begins
to decrease at 90 ns, after which it decelerates, ultimately reaching a maximum extent of

3.3 cm.

The fluences (time integral of flux which produces the number of incident particles per
unit area) of photons, charged species, and electronically excited states onto the liquid sur-
face are shown in Fig. 3 at the end of the discharge pulse (115 ns). The photon fluence is
dominated by photoemission from the argon dimer, Ar,*. Photoemission from atomic argon

Fig. 3 Fluences (time-integrated
flux) incident onto the liquid sur-
face at 115 ns, for the base case.
(a) Photon fluence, (b) electron
and ion fluences, (¢) electroni-
cally excited species fluences
with energies above 10 eV. In
(a), photoemission of Ar(4s's,)
and Ar(4s's,) is combined into
Ar(4s). In (¢), all electronically
excited states of atomic argon are
combined into Ar*
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— Ar(4s's,), Ar(4s's,), and Ar(4p) — is three orders of magnitude lower than that from Ar,*.
The Ar,* excited state is efficiently produced at atmospheric pressure by the three-body
reaction Ar* + Ar + Ar — Arj + Ar, where Ar* represents any excited state of atomic
argon. The large disparity between dimer and atomic argon emissions primarily arises from
differences in the effective emission coefficients. The natural emission coefficient of Ar,*
radiation is 6 x 107 s~! [56], and this emission is not radiatively trapped. However, atomic
resonant argon radiation is significantly trapped at atmospheric pressure, resulting in effec-
tive emission coefficients that are much smaller than their natural values [57]. Following the
Holstein formalism, the effective emission coefficients for Ar(4s's,), Ar(4s's,), and Ar(4P)
are 6x10° 57!, 2.64x10* s7!, and 2 x 10* s /[50]. As Ar* is depleted through dimer forma-
tion and atomic resonance radiation is heavily trapped, the fluence of Ar,* excimer emission
exceeds that of atomic argon resonance emission. Although the fluence of OH* radiation is
significant, its photon energy (= 4 eV) is not sufficient to dissociate surfactant molecules,
making it less relevant under the conditions considered in the present study.

The fluences of electrons and ions arriving at the liquid surface are shown in Fig. 3b. The
dominant ion species reaching the surface is Ar", followed by H,0%, Ar,", H;0", and H"
ions. Neither electron nor ion fluences peak at the center of the liquid. The initial Townsend
avalanche negatively charges the liquid directly below the electrode, which produces lateral
components of the electric field which divert the streamer that follows, as shown Fig. 2a.
The electron fluence is approximately 8 times smaller than the Ar,* photon fluence. Under
these conditions, photons may have a significant influence on the plasma-liquid interfacial
reactivity. However, the gas mixture plays a significant role in these trends, as discussed in
Sect. "Gas Mixture: Argon/Helium Content".

The fluences of electronically excited species with energies above 10 eV arriving at the
liquid surface are shown in Fig. 3c. Electronically excited states of atomic argon, here com-
bined into Ar*, are the main energetic neutral species arriving at the liquid surface. How-
ever, their fluence is approximately three orders of magnitude lower than that of charged
species. As a result, in spite of the high intrinsic reactivity of electronically excited species
with surface resident species, their lower fluence onto the surface reduces their role in pro-
ducing plasma-liquid reactivity compared to photons and charged species.

Controlling Plasma-Liquid Interfacial Reactivity

In this section, the plasma-liquid interfacial reactivity is analyzed as a function of applied
electrode voltage, liquid conductivity, liquid thickness, and gas mixture. The effect of
applied voltage is discussed more briefly since it was previously addressed in [10]. The
influence of these conditions on the propagation of the SIW is discussed, and the resulting
variations in fluences of electron and photons onto the liquid surface are quantified. Only
VUV photon radiation is included in this analysis — specifically, radiation from argon and
helium excited states — while OH* emission (4 eV) is excluded due to its low energy and
inability to initiate the in-liquid chemistry of interest. To facilitate comparison, the para-
metric studies are performed by varying one parameter at a time relative to the base case
described in the preceding section (—15 kV pulse, Ar/H,0=99.5/0.5 gas mixture, 2.4 mm
liquid thickness, and 0.1 mS/cm liquid conductivity).
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Powered Electrode Voltage

The propagation of the SIW can be interpreted as a continuous charging of the underlying
liquid capacitance. The extent of propagation is therefore largely determined by the rate of
charging of this capacitance, which in turn depends on the charged particle fluence to the
surface delivered by the gas phase plasma. Higher applied electrode voltages are expected
to generate a stronger volume ionization wave, enabling faster charging of the liquid capaci-

tance and propagation across a larger extent of the liquid surface.

VUV photon and electron fluences onto the liquid surface are shown in Fig. 4 at the end
of the pulse (115 ns) for voltages between —12 and —17 kV. For —12 kV, the plasma fluences
are negligible beyond 1.8 cm due to the slowly propagating SIW, whereas for —17 kV the

Fig. 4 Fluences (time-integrated
flux) across the liquid surface at
115 ns, for different applied volt-
ages. (a) VUV photon fluence,
(b) electron fluences, (c) ratio of
VUV photon to electron fluenc-
es. Other operating conditions
are the same as the base case
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SIW propagates to the outer boundary of the reactor at 3.9 cm. In addition to the extent
of propagation, both the magnitude and spatial profile of the fluences vary significantly
with voltage. The photon fluence has two maxima — near the center of the reactor and at
the maximum extent of the SIW. With increasing voltage magnitude, the maximum VUV
photon fluence near the axis increases from 5.5x 10'* cm™2 to 7.5 x 10'3 cm 2 with contribu-
tions from the initial Townsend discharge. The maximum in fluence at the outer extent of
the SIW increases from 3.6x 10" cm™2 to 5.2 x 10'3 ecm ™. The change in the spatial profile
of the VUV fluence can be attributed to two factors. The first is the faster propagation of
the SIW at higher voltages, which results in a shorter residence time of the streamer head
at intermediate liquid positions and, consequently, fewer argon excited states generated at
those locations. The second factor is related to the higher £/N of the SIW head in inter-
mediate positions for higher voltages. Since the ratio of excitation collisions to ionization
collisions decreases with increasing E/N, for higher voltages and intermediate positions, the
importance of excitation collisions decreases, thereby affecting VUV emission.

In contrast to the VUV fluence, the electron fluence increases sharply with voltage
magnitude. From —12 to —17 kV, the peak electron fluence rises from 2.8x 10!> cm™2 to
11.4x10'2 cm™2. As a result, the ratio of VUV photon fluence to electron fluence can be
controlled by adjusting the electrode voltage, shifting from more photon-dominated fluxes
delivered to the surface to a more electron-dominated regime as voltage increases (see
Fig. 4c). Such control is limited by the minimum voltage required for initiating SIW propa-
gation, below which the charging of the liquid surface is insufficient to sustain the SIW.
However, even at the highest voltage investigated here, the photon fluence remains larger
than the electron fluence.

Liquid Conductivity

Although the liquid conductivity cannot be readily controlled for many plasma-liquid appli-
cations, this property can significantly impact the propagation of the SIW, as it governs the
dielectric losses in and conduction current through the liquid. As conductivity increases, a
larger fraction of the discharge current is diverted through the liquid towards the ground
electrode, rather than sustaining horizontal current flow along the interface. This redistribu-
tion of current reduces the electric field available to support SIW propagation, leading to
a decrease in the maximum spatial extent of the SIW with increasing liquid conductivity.

The spatial profiles of the electron density and reduced electric field (E/N) are shown
in Fig. 5 for liquid conductivities between 0 and 1 mS cm™'. The times for each image
were selected to capture the head of the SIW at comparable positions across all conductivi-
ties. Taking into account that the initial plasma streamer reaches the liquid surface approxi-
mately 10 ns after the beginning of the voltage pulse, the SIW requires 39.5 ns to arrive at
1.76 cm for a liquid with zero conductivity, corresponding to an average propagation speed
of 4.5x107 cm s~!. For a conductivity of I mS cm ™!, the SIW takes 67 ns to reach the same
position, corresponding to an average speed of 2.6 x 107 cm s, 40% smaller than in the
absence of conductivity. These trends of decreasing propagation speed with increasing con-
ductivity are in agreement with the experimental observations of Hermann et al. [24, 25].
While for lower conductivities the electron density profile is detached near the center of the
liquid, at the highest conductivity the profile becomes continuous and strongly focused at
the center.
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Fig. 5 Macroscopic plasma properties for the APPJ incident onto the liquid surface for different liquid
conductivities. (a) Electron density with a 5-decade log scale and (b) reduced electric field, £/N, with a
linear scale. The maximum values are noted in the figure. The times for each image were chosen to cap-
ture the SIW at near the same position. Other operating conditions are common to the base case.

Liquid conductivity affects the net charge density at the surface of the liquid, which in
turn influences the electric field. As shown in Fig. 5b, the E£/N at the SIW head decreases
significantly with increasing conductivity, ranging from 258 Td at 0 mS cm ™' to 130 Td at 1
mS cm™! at the position shown in the figure. Consequently, the reactivity per electron at the
SIW head is expected to be higher for lower conductivities.

VUV photon and electron fluences onto the liquid surface are shown in Fig. 6 at the end
of the discharge pulse (115 ns) for different liquid conductivities. For 0 mS em ™!, the plasma
fluences cover the entire liquid surface (up to 3.9 cm), whereas for the highest conductivity
of 2 mS ecm ™!, the fluences do not exceed 1.8 cm. This behavior is associated with the lower
electric field at the SIW for higher conductivities, which limits the propagation distance.
In addition to the reduced propagation extent, the spatial profile of the electron fluence is
strongly affected by conductivity, becoming increasingly focused at the center for higher
conductivities. As the conductivity rises from 0 to 2 mS cm™', the peak electron fluence
increases from 5.9x10'% to 3.7x 10" cm™2.

The divergence of the initial streamer and SIW from the center of the reactor results from
negatively charging the surface of the liquid during the Townsend discharge stage. At low
conductivity, the surface charge is retained (dielectric relaxation time exceeds the discharge
duration). The surface charge diverts the subsequent streamer and SIW from the center of
the reactor. With increasing conductivity, the surface charge is dissipated into the bulk liquid
as current (dielectric relaxation time decreases) which then reduces or eliminates the diver-
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Fig. 6 Fluences (time-integrated flux)
across the liquid surface at 115 ns, for
different liquid conductivities. (a) VUV
photon fluence, (b) electron fluences,
(¢) VUV photon to electron fluences,
(d) Flux-averaged electron temperature.
Other operating conditions are the same
as the base case
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sion of the subsequent streamer and SIW. The decrease in spatial extent of the SIW with
increasing conductivity is partly explained by current continuity being accomplished by
conduction current flowing through the liquid. For low conductivities, current continuity is
maintained by displacement current through the liquid, which requires successive charging
of the surface of the liquid by a propagating SIW.

In contrast, the VUV photon fluence decreases with increasing liquid conductivity. VUV
photon fluxes are produced in the gas phase by electronic excitation which dominantly
occurs at the head of the SIW. With increasing conductivity, the E/N in the head of the SIW
decreases which in turn decreases the rate of excitation of electronic states, thereby reduc-
ing VUV fluences. As a result, the ratio of VUV photon to electron fluence onto the liquid,
shown in Fig. 6¢, decreases with increasing conductivity. With increasing conductivity,
there is a transition from fluences being photon-dominated to fluences being more electron-
dominated. Although more electrons reach the liquid surface at higher conductivities, their
flux-averaged temperature decreases moderately with conductivity, as shown in Fig. 6d.

Liquid Layer Thickness

The electrical capacitance of the liquid layer is ege, A/d, where g, is the vacuum permittiv-
ity, €, is the relative permittivity of the liquid (&, = 80 for water), and 4 and d are the area and
thickness of the layer. Thinner layers therefore have higher capacitances, which can sustain
larger surface charge densities and generate stronger SIWs. Since the liquid thickness can
be readily adjusted in experimental reactors, this parameter serves as a practical means of
controlling interfacial reactivity.

The electron density and E/N profiles of the SIW are shown in Fig. 7 for liquid thick-
nesses between 0.8 and 5 mm. The time for each image was chosen to capture the SIW head
at similar positions. The higher capacitance of thinner liquid layers leads to larger electron
densities both near the surface and in the bulk plasma. From a thickness of 0.8 to 5 mm, the
maximum electron density near the surface decreases from 5x10'° to 7x10'> cm™. The
larger electron density with thinner layers is associated with a higher net charge density
at the head of the wave, which in turn produces a larger electric field. Consequently, as
the thickness increases from 0.8 to 5 mm (smaller capacitance), the E/N at the SIW head
decreases from 275 to 185 Td. Similar to the change in £/N when changing conductivity,
this reduction in E/N can significantly influence the interfacial reactivity.

The SIW propagation speed depends on the liquid thickness. For a liquid thickness of
0.8 mm (large capacitance), the SIW reaches 1.76 cm in 34 ns (speed of 5.2x 107 cm s7'),
whereas for 5 mm (small capacitance), the SIW requires 56 ns to reach the same distance
(speed of 3.1 x 107 cm s71), corresponding to a decrease of 39% in speed. This result reflects
the coupling between the local surface capacitance, surface charge accumulation, and
charge production in the head of the SIW. If the rate of charge production is constant, the
larger capacitance of thinner liquids would require more charge to reach a given surface
potential, which would tend to increase the charging time. However, for these conditions
the rate of charge production is not constant. Thinner liquid layers are more strongly capaci-
tively coupled to the grounded electrode, enabling larger charge densities to be sustained in
the head of the SIW. The resulting increase in E/N enhances ionization and charge produc-
tion, thereby decreasing the charging time and increasing the SIW propagation speed. This
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Fig. 7 Macroscopic plasma properties for the APPJ incident onto the liquid surface, for different liquid
thicknesses. (a) Electron density with a 5-decade log scale, (b) reduced electric field, E/N, with a linear
scale. The maximum values of each scale are noted in the figure. The times for each image were chosen
to capture the SIW at near the same position. Other operating conditions are the same as the base case

enhanced charge production dominates over the slower charging expected from the larger
capacitance alone.

Under different configurations of the reactor, the SIW speed may scale differently with
thinner liquids having higher capacitance exhibiting slower propagation. In the current con-
figuration, the ground electrode is in direct contact with the liquid, such that the series
capacitance between the SIW and ground is determined solely by the liquid layer. In con-
trast, when the liquid is contained in a glass or plastic dish with the ground electrode posi-
tioned beneath the dish, the effective series capacitance includes contributions from both the
liquid and the dielectric dish.

The VUV photon and electron fluences at the end of the pulse are shown in Fig. 8 for
different liquid thicknesses. For a thickness of 5 mm, plasma fluences do not extend beyond
2.7 cm, whereas for 0.8 mm, the maximum extent is 3.4 cm. The reduced extent for thicker
layers results from the lower E/N at the SIW head.

While the magnitude of VUV fluences remains similar across the different thicknesses,
the spatial profile changes significantly. For thinner layers, the photon fluence is higher at
the edges than in the middle, whereas for thicker layers, the fluence is more uniform along
the liquid surface. This behavior is analogous to that observed for voltage variation. Edge-
peaked VUV fluences are associated with both faster SIW propagation and the decrease of
electron-impact excitation compared with electron-impact ionization at intermediate posi-
tions, which in turn is caused by a higher E/N in those regions.
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Fig. 8 Fluences (time-integrated
flux) across the liquid surface at
115 ns, for different liquid thick-
nesses. (a) VUV photon fluence,
(b) electron fluences, (¢) VUV
photon to electron fluences.
Other operating conditions are
the same as the base case.
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The electron fluence is strongly influenced by the thickness of the liquid layer. From 0.8
to 5 mm, the peak electron fluence decreases from 2.6 x 10'> cm™2 (high capacitance) to
3.0x10" cm™? (low capacitance) corresponding to a 89% reduction. This result suggests
that liquid thickness is a promising parameter for tuning interfacial reactivity, enabling tran-
sitions from photon-dominated to electron-dominated regimes. This trend is quantified by
the corresponding VUV photon-to-electron fluence ratio shown in Fig. 8c.
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Gas Mixture: Argon/Helium Content

Up to this point, the initial background gas mixture was the same as the base case (Ar/
H,0=99.5/0.5). The choice of gas species determines the characteristics of the bulk plasma,
the rate of surface charging, and the production of reactive species that ultimately reach the
liquid surface. In this section, the impact of gas composition is examined by varying the
argon/helium atomic ratio, from 1/0 to 0/1, while maintaining a constant 0.5% H,0.

For argon, the first inelastic process has an energy threshold of 11.5 eV and the ioniza-
tion threshold is 16 eV. For helium the first inelastic threshold occurs at 19.8 eV and the
ionization threshold is 24.6 eV. This wide difference in the spectrum of electron energy
losses can lead to considerably different SIW dynamics. For instance, for E/N=200 Td and
Ar/H,0=99.5/0.5, only 21% of the electron power is dissipated in ionizing collisions, with
the majority of the rest of the power being dissipated in electronic excitation. For the same
E/N and He/H,0=99.5/0.5, the electron power losses are equally shared between ionization
and electronic excitation.

The spatial profiles of the electron density and average electron temperature (7,) are
shown in Fig. 9 for various helium fractions. As the helium fraction increases, the electron
density profile becomes significantly thicker above the water surface. This behavior arises
from two main factors. On the one hand, the higher inelastic thresholds of helium increase
the average electron temperature and promote additional ionization in the outer regions of
the main discharge channel. Although electrons in the outer regions may not be energetic
enough to ionize He (24.6 eV), they are sufficiently energetic to ionize H,O (12.6 eV) and
Ar (15.8 eV). On the other hand, VUV emission from any helium excited state can ionize
both H,0 and Ar, while in argon only Ar(4p) emission contributes to H,O ionization in
the gas phase, further explaining the broadening of the electron density profile in helium-
containing mixtures.

The SIW propagation speed increases with helium fraction. The average propagation
speed, calculated from the moment the initial streamer reaches the liquid surface until
the head of the SIW arrives at 1.76 cm, is 4.2x 107, 5.4x107, 7.5x107, 1.1x 10, and
1.3 10® cm/s, for helium percentage fractions of 0, 25, 50, 75, and 100, respectively. This
increase in speed is not associated with a higher electric field, as the E/N at the head is not
increasing with helium content. The E/N in the head of the SIW is 241, 238, 233, 234, and
220 Td, for the same sequence of increasing He content. Instead, the faster propagation is
attributed to the higher electron mobility in helium-rich mixtures. For instance, at E/N=200
Td, the electron mobility in pure helium is 3.2 times larger than in pure argon.

The average electron temperature of the SIW (shown in Fig. 9b) increases with helium
fraction, reflecting the higher energy thresholds of helium. The peak T, at the SIW head
ranges from 4.9 to 9.2 eV with increasing He content, with a steeper temperature rise occur-
ring for higher helium content.

The VUV photon and electron fluences at the end of the voltage pulse are shown in
Fig. 10 for different helium fractions. For finite argon fractions, the VUV photon fluence
scales nearly linearly with the argon content. In contrast, for pure helium, the VUV fluence
is approximately two orders of magnitude lower than for pure argon. Argon VUV radia-
tion dominates over helium radiation due to the lower threshold of the Ar resonant states
(11.5 eV for Ar compared to 21 eV for He) and the larger absorption probability of He
produced radiation in the gas phase. Consequently, varying the argon/helium ratio in the gas
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Fig. 9 Macroscopic plasma properties for the APPJ incident onto the liquid surface, for different argon/
helium ratios. (a) Electron density with a 5-decade log scale, (b) electron temperature, 7. The maximum
values for each image are noted in the figure. The times for each image were chosen to capture the SIW
at near the same position. Other operating conditions are the same as the base case

mixture provides an effective means of controlling the VUV fluences. Although the higher-
energy radiation from helium states can initiate additional reaction pathways compared to
argon, the VUV fluence in argon is two orders of magnitude higher, which is expected to
more than compensate for this effect.

The peak electron fluence increases monotonically with helium content, ranging from
7.2x10' to 1.6x 10" ¢cm2 for helium fractions between 0 to 100%, as shown in Fig. 10.
This behavior is associated with the larger fraction of electron power being spent in ion-
izing collisions, as the helium fraction increases. The VUV-photon-to-electron fluence ratio
strongly depends on the helium fraction in the gas mixture. In particular, for 100% He, the
ratio of VUV-photon-to-electron fluence is much less than unity, indicating that under these
conditions charged particles dominate the plasma-liquid reactivity.

Inventory of Plasma Particles onto the Liquid
This section summarizes the variations in interfacial reactivity discussed in Sects. "Powered

Electrode Voltage" — "Liquid Conductivity", by means of the total inventory of particles
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incident on the liquid surface. The total inventory is defined as the total number of particles
arriving at the liquid surface. The inventory is then the time- and surface-integrated flux of
an incoming species. The total inventories of VUV photons and electrons impinging on the
liquid surface are shown in Fig. 11, as a function of a) applied voltage, b) liquid conduc-
tivity, c) liquid thickness, and d) helium fraction in the gas mixture. Solid lines (left axis)
represent the total inventory. Dashed lines (right axis) correspond to the total inventory
normalized by the discharge energy, defined here as inventory efficiency, which is more
relevant from a practical perspective.
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Fig. 11 Total inventories of VUV photons and electrons onto the liquid surface, as a function of: (a)
magnitude of applied voltage, (b) liquid conductivity, (¢) liquid thickness, and (d) helium fraction in gas
mixture. Full lines and left axis represent the total inventory. Dashed lines and right axis represent the
inventory efficiency (inventory divided by discharge energy)

The incident inventories of both VUV photons and electrons increase with applied volt-
age. However, the efficiency of photon production remains approximately constant, whereas
the efficiency of electron production increases. This behavior reflects the rise in electron
temperature near the plasma-liquid interface at higher voltages, which shifts a larger frac-
tion of the deposited energy into ionizing collisions. In contrast, VUV photon production
is governed largely by lower-threshold excitation processes. Electron fluxes contributing
to the inventory originate within several mean-free-paths of surface whereas VUV pho-
ton inventories have contributions from emission originating from regions remote from the
interface. As a result, VUV photon inventories are less sensitive to local electron heating.
Increasing liquid conductivity suppresses the VUV photon inventory while enhancing elec-
tron delivery to the interface. In this regime, the trends for inventory efficiency follow those
for absolute inventories. The dependence of electron and VUV photon inventories on liquid
thickness have the opposite dependence. Thicker liquids favor VUV photon inventories but
decrease electron inventories. Finally, increasing the helium content sharply reduces the
photon inventory while increasing the electron inventory.

The optimal experimental configuration and operating conditions depend on the intended
application. If the relevant reactions in the liquid are primarily driven by VUV photons, the
most favorable conditions correspond to low-conductivity, thicker liquids, and argon-rich
gas mixtures. In contrast, if the dominant reactions are initiated by incident electrons, the
opposite conditions—higher conductivity, thinner liquids, and helium-rich mixtures—are
more suitable.
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Impact on Surfactant Perfluorooctanoate Dissociation

To evaluate the impact of plasma-liquid interactions on PFAS degradation, simulations were
performed using a liquid bulk concentration of 1 ppm perfluorooctanoate anion. The total
PFO",, dissociation per unit liquid surface area, as a function of lateral position, is shown
in Fig. 12 for gas mixtures of (a) Ar+0.5% H,O and (b) He+0.5% H,O. The total dissocia-
tion is separated into contributions from different incident species: gas-phase electrons (e),
gas-phase ions (M"), VUV photons (hv), and solvated electrons (€,q)- For the argon-based
mixture, the two dominant dissociation pathways are initiated by incident gas-phase ions
and VUV photons, followed in decreasing importance by solvated electrons and incident
gas-phase electrons. For the helium-based mixture, the dissociation is dominated by gas-
phase ions, while photon-induced dissociation is significantly reduced. The importance of
incident gas-phase electrons increases compared to solvated electrons due to the higher
electron temperature of the SIW in helium-based mixtures.

Although for argon mixtures VUV photon fluence dominates over charged-particle flu-
ence for all of our conditions (Fig. 11), dissociation by incident gas-phase ions is larger than
by VUV photon dissociation. The cause of this behavior is that the surfactant dissociation
rate is proportional to both the incident species flux and the reaction cross section (Eq. 1).
Under these conditions, the dissociation cross section by incident ions (limited to the PFO ",
site area) is much larger than the VUV photon cross section.

The red dashed line in Fig. 12a represents the dissociation of PFO™,, when VUV photo-
dissociation resulting from electron detachment is neglected. In this regard, the absorption

Fig. 12 PFO™, dissociation per
liquid surface area along the lat-
eral position, after 115 ns, for (a)
argon and (b) helium discharges.
PFO™,, dissociation by different
species are shown: gas-phase
electrons (e), gas-phase ions
(M"), VUV photons (hv), and
solvated electrons (e,,). The red
dashed curve represents VUV
photon dissociation when the
photodetachment contribution is
neglected. The green dot-dashed
curve represents dissociation

by solvated electrons when
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Fig. 13 PFO,, dissociation efficiency as a function of: (a) magnitude of applied voltage, (b) liquid con-
ductivity, (¢) liquid thickness, and (d) helium fraction in gas mixture. Dissociation is separated into con-
tributions from different species: gas-phase electrons (e), gas-phase ions (M"), VUV photons (hv), and
solvated electrons (e,,)-

cross section is 3x 10718 cm? instead of 107'® cm? When neglecting dissociation follow-
ing photo-detachment, VUV-induced dissociation makes a smaller contribution and is no
longer comparable to dissociation produced by gas-phase ions. However, as discussed in
Sect. "Operating Conditions", the contribution of photodetachment does likely contribute
to photodissociation, since the product of PFO ", photodetachment is not a stable chemical
state and likely undergoes subsequent fragmentation.

The green dot-dashed line in Fig. 12 corresponds to the PFO,, dissociation by solvated
electrons if photoionization in the liquid is neglected. This contribution is approximately 3
times smaller than in the base case, highlighting that for these conditions photoionization in
the liquid is the primary mechanism for producing solvated electrons in argon gas mixtures.
In contrast, for the helium gas mixture shown in Fig. 12b, PFO ", dissociation by solvated
electrons is not affected by neglecting liquid-phase photoionization. This result is due to the
smaller photon flux incident onto the liquid in helium compared to argon, such that solvated
electrons are predominantly generated by the incident electron flux from the gas phase.

As discussed in the previous section, the incident fluences of plasma species vary signifi-
cantly with operating conditions. Consequently, the relative importance of each species for
PFO",, dissociation also changes. The PFO",, dissociation efficiency is shown in Fig. 13 as
a function of: a) magnitude of applied voltage, b) liquid conductivity, c) liquid thickness,
and d) helium fraction in the gas mixture. Here, the dissociation efficiency is defined as the
total number of dissociated PFO™,, molecules normalized by the discharge energy.

The dissociation efficiency associated with charged species increases with applied
voltage, whereas the photon efficiency slightly decreases at the highest voltage. Increas-
ing liquid conductivity slightly decreases the efficiency of incident charged species and
solvated electrons, and substantially suppresses photon-induced dissociation. Photon effi-
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ciency is higher for thicker liquid layers, whereas dissociation by gas-phase charged species
decreases. Finally, as the helium fraction in the gas mixtures increases, the contribution
from charged species increases, while photon efficiency decreases. Although incident elec-
tron fluence increases with helium content, dissociation efficiency by solvated electrons
increases only marginally, reflecting the concurrent reduction in VUV photon flux that lim-
its photoionization in the liquid phase.

Concluding Remarks

Pulsed atmospheric plasmas incident on liquid layers were computationally investigated
using a 2D hydrodynamics model. The primary objective of this work was to investigate
methods to control the properties of the surface ionization wave (SIW) formed once the
bulk plasma reaches the liquid surface, thereby controlling the reactive fluxes to the liquid.
Several parameters of the plasma-liquid system were examined, including: the voltage pulse
amplitude, liquid thickness, liquid conductivity, and the argon/helium gas mixture ratio,
with a constant 0.5% water vapor.

The study focused on configurations relevant to PFAS remediation in water, for which
the SIW properties are critical due to the surfactant behavior of some long-chain PFAS at
the interface. The impact on plasma-liquid reactivity was quantified through the resulting
electron and VUV-photon fluences onto the liquid surface, as well as the dissociation of
the perfluorooctanoate anion, contained in the liquid phase and concentrated at the surface.

Higher voltage magnitude generates a stronger volume plasma, enabling faster charg-
ing of the liquid surface and propagation of the SIW across a substantially larger portion
of the interface. As a result, the inventory efficiency of electrons onto the liquid surface
significantly increases with voltage, whereas the photon efficiency remains approximately
constant.

Liquid conductivity provides an alternative through-liquid pathway for discharge con-
duction current to reach ground and maintain current continuity, reducing the need to sus-
tain a horizontally propagating SIW to maintain current continuity through displacement
current. Consequently, as conductivity increases, the electron density profile becomes more
focused near the center of the liquid, and the inventory efficiency of electrons is larger than
that of photons.

As the thickness of the liquid layer is inversely proportional to its electrical capacitance,
thinner liquids allow for greater surface charging, which enhances the formation of stronger
SIWs and increases the efficiency of electron delivery to the surface. In contrast, VUV pho-
ton inventory onto the surface is more efficient for thicker liquids.

The effect of the gas mixture was examined by varying the argon/helium content from
1/0 to 0/1. SIWs in helium-containing mixtures propagate faster, owing to the larger elec-
tron mobility in helium compared with argon, which is itself a consequence of differences
in the spectra of electron energy losses. Electron inventory efficiency increases with helium
content, whereas photon inventory efficiency decreases sharply—by two orders of magni-
tude from 0 to 100% helium content. Fewer VUV photons are delivered to the liquid surface
in pure helium than in argon, in part due to the higher threshold energies in He for electronic
excitation, larger rates of quenching of excited states by water vapor and more absorption of
He-produced radiation by water vapor.
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The dissociation of the surfactant PFO™,, was investigated for these operating conditions.
In general, surface dissociation of PFO™,, by incident ions originating from the plasma was
the dominant pathway. In pure argon, surfactant dissociation by incident VUV photons was
significant and of the same order as dissociation by ions. For most conditions, PFO",; dis-
sociation by solvated electrons in the liquid bulk was found to be comparable to dissociation
by direct electron impact from the plasma, but less relevant than dissociation by incident
ions. In argon gas mixtures, solvated electrons are dominantly generated through photo-
ionization in the liquid phase, while in pure helium, they are mostly generated through the
direct solvation of the incident electron flux. Radiation from the argon dimer (Ar,*) can be
a dominant source of electron production in the liquid phase, owing to the lower ionization
threshold of H,O in the liquid compared with the gas phase.

We have addressed single pulses in this investigation and acknowledge that after several
plasma pulses, the temperature of the liquid surface may increase, which in turn can lead to
a higher water vapor density above the surface [58]. The higher water vapor density above
the liquid surface could impact our findings in several ways. The higher water vapor density
at the surface, coupled with the SIW propagating through this layer, would likely produce
higher fluxes of reactive oxygen species (ROS) and near UV radiation (for example, from
OH(A)) onto the surface. The reactions which initiate dissociation of PFO ", depend weakly
on these fluxes. Larger fluxes of H,O" and H;O" relative to, for example, Ar" might dimin-
ish the contribution of charge exchange to dissociation. Absorption of VUV radiation by the
water vapor prior to reaching the liquid surface might impact the contribution of photolysis.

From a more general perspective, this work leads to two primary conclusions. The first
is that VUV photons can be important for plasma-liquid reactivity, particularly in argon-
containing mixtures, where the VUV photon fluence can exceed the electron fluence by
an order of magnitude. VUV photons not only dissociate surfactant molecules, but also
generate reactive species in the bulk liquid, such as OH,, and solvated electrons, which can
initiate additional chemical pathways. The second conclusion is that the distance between
the SIW and the ground electrode plays a fundamental role in reactivity, as demonstrated by
the strong dependence of SIW properties on liquid thickness. Engineering the thickness of
the liquid when treated by APPs is perhaps an underutilized opportunity.
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