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Abstract: Per-and Polyfluoroalkyl substances (PFASs) are recalcitrant organofluorine contaminants,
which demand urgent attention due to their bioaccumulation potential and associated health risks.
While numerous current treatments technologies, including certain plasma-based treatments, can
degrade PFASs, their complete destruction or mineralization is seldom achieved. Extensive aqueous
PFAS mineralization capability coupled with industrial-level scaling potential makes gliding arc
plasma (GAP) discharges an interesting and promising technology in PFAS mitigation. In this study,
the effects of GAP discharge’s thermal and reactive properties on aqueous perfluorooctanesulfonic
acid (PFOS) mineralization were investigated. Treatments were conducted with air and nitrogen
GAP discharges at different plasma gas temperatures to investigate the effects of plasma thermal
environment on PFOS mineralization; the results show that treatments with increased plasma gas
temperatures lead to increased PFOS mineralization, and discharges in air were able to mineralize
PFOS at relatively lower plasma gas temperatures compared to discharges in nitrogen. Studies were
conducted to identify if GAP-based PFOS mineralization is a pure thermal process or if plasma
reactive chemistry also affects PFOS mineralization. This was done by comparing the effects of
thermal environments with and without plasma species (air discharge and air heated to plasma
gas temperatures) on PFOS mineralization; the results show that while GAP discharge was able to
mineralize PFOS, equivalent temperature air without plasma did not lead to PFOS mineralization.
Finally, mineralization during treatments with GAP discharges in argon and air at similar gas
temperatures were compared to investigate the role of plasma species in PFOS mineralization. The
results demonstrate that treatments with argon (monoatomic gas with higher ionization) lead to
increased PFOS mineralization compared to treatments with air (molecular gas with lower ionization),
showing the participation of reactive species in PFOS mineralization.

Keywords: PFAS; PFOS mineralization; non-thermal plasma PFAS degradation; gliding arc plasma;
temperature; reactive species

1. Introduction

Per-and Polyfluoroalkyl substances (PFASs) are fluorinated organic compounds widely
used for their thermal and chemical stability, high surface activity, and water and lipid
repelling properties [1,2]. These characteristics stem from their strong, thermodynami-
cally robust C-F bonds, which makes them stable and inert [3,4]. Applications of PFASs
include aqueous film-forming foams, refrigerants, semiconductor coating agents, stain
removers, water proofing materials, etc. [3,5]. They have been in use since the 1940s,
and the widespread and broad adoption of PFASs has led to their contamination in soil,
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surface water, and ground water [6]. Perfluorooctanoic acid (PFOA) and perfluorooctane
sulfonic acid (PFOS) were the most commonly used and are ubiquitous PFAS contaminants
around the world [7]. The characteristics that make PFAS popular (C-F bond) lead to them
being recalcitrant to conventional water treatment technologies and advanced oxidation
processes [2]. Due to the widespread contamination of PFASs, humans are exposed to them
through food web [8], the environment, and consumer products [9]. Sufficient evidence
is found to associate PFAS with the following health adverse effects such as decreased
antibody response, dyslipidemia, decreased infant and fetal growth, and increased risk of
kidney cancer; and suggestive evidence for the following disorders: enzyme altercations,
testicular and breast cancers, and thyroid and ulcerative colitis [10]. Due to the rampant
PFAS contamination and its associated health risks, there is an urgency in developing
pragmatic PFAS mitigation technologies.

Existing PFAS mitigation technologies can be broadly classified into separation and
destruction-based technologies [11]. Separation-based technologies use filtration or ad-
sorption approaches to remove PFASs; these technologies include: activated carbon, anion-
exchange resins or polymers, biocompatible materials [4], foam fractionation or ozofrac-
tionation, and nano filtration and reverse osmosis [12]. Separation technologies often
require consumables for operation and secondary treatments for ultimate PFAS destruction;
drawbacks include increased operation and maintenance costs [2,12], and potential for
PFAS release due to a lack of proper PFAS destruction [13]. Due to the disadvantages of
separation-based PFAS mitigation, destruction-based PFAS remediation technologies are
needed.

Destruction-based technologies for PFAS mitigation include sonolysis, thermal degra-
dation, persulfate, alkaline hydrothermal treatment, microwave/persulfate, UV, ioniz-
ing radiation electron beam, gamma irradiation, non-thermal plasma, and biodegrada-
tion [1,2,4,12]. These technologies differ from each other in their ability to completely de-
grade (mineralize) PFASs, energy consumption, and the formation of harmful by-products
during treatment, etc. Complete PFAS destruction is needed as the formation of short-chain
species during treatments can result in toxicity. Among these technologies, complete miner-
alization is possible in treatments by sonolysis, chemical oxidation, advanced reduction
processes, super critical water oxidation (SCWO), and a few non-thermal plasma-based
technologies [2]. Plasma-based PFAS degradation is an interesting technology that has been
noted for its effectiveness in degrading PFASs [2,4,12,14].

Plasma can be defined as a quasi-neutral fluid-like mixture of free electrons, ions, and
neutral particles with a large mean kinetic energy of electrons and other plasma compo-
nents [15]. Two broad classifications of plasma are thermal and non-thermal. In thermal
plasma, the high-energy electrons and heavy particles such as ions are in thermal equilib-
rium; but, in non-thermal plasma, if there is not enough energy or pressure, thermal equi-
librium between electrons and heavy particles is prevented resulting in non-equilibrium or
non-thermal plasma (NTP) [16]. Industrial applications of plasma are extensive and found
in multiple industries. Thermal plasma generators are not suitable for plasma chemistry
applications, which require selective treatment of reactants and energy efficiency; non-
thermal plasmas are suitable candidates for plasma chemistry applications [17], and their
current applications include, but are not limited to, medicine, the food industry, material
processing, syngas production, water treatment, and hydrogen production.

Interactions between NTP and aqueous media lead to the formation of chemically reac-
tive species such as reactive oxygen (OH, atomic oxygen, hydrogen peroxide, etc.), reactive
nitrogen species (nitrate, nitrite, peroxynitrate, peroxynitrite, etc.), shock waves, and UV
radiation. These species can degrade many biological and chemical contaminants [18–20].
NTP-based water treatments have shown potential in degrading contaminants such as
PFAS, 4-cholorphenol, diatrizoate, benzotriazole, verapamil, bisphenol A, enrofloxacin,
chloramphenicol, etc. [21]. Compared to conventional technologies such as advanced
oxidation processes, plasma-based water treatments feature advantages such as eliminat-
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ing consumables (as chemical species are present in the discharge), higher contaminant
decomposition rates, and lower operation costs as consumables are not needed [22].

While many treatment technologies can degrade PFASs, complete degradation or
mineralization is achieved only in a few. The lack of PFAS mineralization during treatments
leads to the formation of short-chain species, which are still toxic and thereby increases
the cost of treatments due to the need for further treatments. Therefore, the efficacy and
cost of PFAS degradations need to be analyzed in terms of PFAS mineralization. Plasma-
based PFAS degradation has been noted for its ability to degrade PFAS [2,4,12,14], but the
formation of short-chain species has often been reported as a drawback of this technol-
ogy [4,23]. In a study conducted by Saleem et al. [24] on plasma-based PFAS mineralization,
relatively higher energy NTP discharges such as Direct Current (DC) and Self-Pulsed Spark
discharges are able to achieve higher PFAS mineralization; while reported in a different
publication, microwave discharges have also exhibited good PFAS mineralization capabil-
ity [25]. Higher mineralization during treatments with high-energy discharges could be due
to the higher temperatures of these discharges. The high bond dissociation energy (BDE)
of the C-F bond (500 kJ/mol) requires thermodynamic compensation for C-F cleavage to
occur, since enthalpy of the formation of HF is lower than carbon-fluorine BDE [26]; energy
input is required for PFAS mineralization. Non-plasma-based PFAS treatment technolo-
gies where high temperature make an important contribution to PFAS degradation, such
as sonolysis [23,27] and supercritical water oxidation (SCWO) [6], have shown excellent
potential in mineralizing PFAS with minimal short-chain PFAS formation, and increased
mineralization with a rise in reaction temperatures has been observed in SCWO [6,28].
This effect of temperature is evident in a comparison of NTP-based PFAS degradation
technologies, where high-energy NTP discharges such as DC [3,29], Self-Pulsed Spark [24],
and microwave [25] discharges are able to mineralize PFAS with minimal short-chain
formation. While treatments with low-energy discharges such as Corona and Dielectric
Barrier Discharge (DBD) [4,23,24,30], having lower plasma gas temperatures [31], were
not able to achieve similar levels of PFAS mineralization as the high-energy discharges. A
relatively high-energy NTP discharge that has also shown extensive PFAS mineralization
capability is gliding arc plasma (GAP) discharge [19,32].

Gliding arc discharges are a unique candidate in NTP-based PFAS treatments; Takeuchi
et al. [33] reported GAP-based PFAS treatments by Lewis et al. [19] to have one of the high-
est PFAS mineralization efficiencies with respect to energy supplied per liter of volume.
GAP discharges are already noted for their scaling potential up to industrial scales [34]
compared to low-energy NTP discharge. These practical advantages (mineralization and
scaling potential) make GAP discharge an interesting candidate for PFAS degradation. As
a technology with great potential for scaling up, it is important to elucidate what char-
acteristics of plasma contribute to PFAS mineralization during GAP treatment. Growing
evidence from studies [24,33] and thermodynamic modeling [32] suggests that the thermal
environment in GAP discharges plays an important role, either directly or in combination
with plasma reactive species, in aiding the much-needed PFAS mineralization during
treatments. During interaction between GAP discharge and an aqueous medium, plasma
reactive species also interact in addition to the plasma thermal environment. As high
temperatures have shown effectiveness in mineralizing aqueous PFASs during plasma-
based [29] and non-plasma-based PFAS treatments [6,28], plasma reactive species such as
OH radicals [23–25,27,35,36] and reactive nitrogen species [36] have also been reported
to participate in PFAS degradation. Therefore, in this study, the effect of GAP discharge
temperatures (referring to gas temperatures, detailed description provided in Section 2.5)
on PFOS mineralization is investigated and investigations have been made to identify if
GAP-based PFAS mineralization is a pure thermal process or whether plasma reactive
species also contribute to PFOS degradation. In order to study the effect of plasma discharge
temperature on PFOS mineralization, aqueous PFOS was treated with GAP discharges in
air and nitrogen gases at different gas temperatures and PFOS mineralization via defluori-
nation (definition provided in Section 2.4), and PFOS degradation were studied. To identify
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the contribution made by plasma on PFOS degradation (purely thermal, or synergistic
effects of plasma thermal environment and reactive chemistry), treatments were conducted
in treatment environments with similar plasma gas temperatures, but different plasma
reactive environments. PFOS defluorination and degradation during treatments with air
discharge, and air heated to approximately the same temperature as air discharge gas tem-
peratures (with a joule heater), is compared to identify if GAP-based PFAS mineralization
is a pure thermal process. The effect of plasma reactive species on PFOS degradation is
investigated by comparing the results of treatments with GAP discharge in argon (discharge
in monoatomic gas with higher ionization) and air (discharge in molecular gas with lower
ionization) at similar gas temperatures.

2. Materials and Methods
2.1. Gliding Arc Plasma (GAP) Discharge

Gliding arc plasma discharge is characterized by formation of a thermal arc in the gap
between high voltage and ground electrode at the very beginning of discharge; this arc is
then elongated and cooled through forced convection by a jet of gas. The arc channel elon-
gates until a critical length is reached, when the power supply reaches the highest power it
can supply to sustain the discharge [17]. During this window, the ionization mechanism of
discharge transitions from thermal step-wise ionization to non-equilibrium direct electron
impact, which creates suitable conditions for non-equilibrium energy distribution, lower
gas temperatures, and increased production of plasma species. As the arc elongates further,
it reaches a point when the power supply can no longer sustain it, the arc self-extinguishes
and then reignites in the electrode gap and the process is repeated [37]. In this study, a three-
dimensional gliding arc discharge has been used, where the arc discharge is moved along
the cylindrical electrode circumference using compressed air, and 3D configuration allows
for better contact between the plasma zone and liquid to be treated, as well as preventing
local hot spots in the electrode [38]. A detailed drawing of the GAP plasmatron (plasma
system used to generate a 3D GAP [38]) used in this study is shown in Figure 1 below.
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2.2. Plasma Water Treatment System

The treatment set-up (Figure 2) consists of a gliding arc plasmatron, a beaker as a
reservoir for PFOS-contaminated water, and a liquid recirculation circuit. Aqueous PFOS
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(treatment volume: 200 mL) to be treated was kept in a 250 mL glass beaker and injected
with a pump (KCP PRO-2 Adjustable Peristaltic Pump, Kamoer Fluid Tech, Shanghai,
China) at flow rate of 50 mL/min into the plasmatron. A nozzle (Hago B-37) located
in the high-voltage electrode, atomizes the liquid into droplets of diameter ~50 microns
(according to the manufacturer’s documentation), and these droplets interact with GAP.
Droplets leaving the plasmatron were collected in the same beaker. A magnetic stirrer was
used for mixing the liquid during treatment, treatment duration was for 12 min and the
samples were collected with the help of a pipettor from the beaker every 3 min during
treatments. The system was flushed with methanol and distilled water prior to treatments,
in order to remove any PFASs remaining from previous treatments. The power supply used
in this study was Universal Voltronics, BRC 10,000. Since different feed gases (air, argon,
and nitrogen), feed gas flow rates, and electrical powers were used in these experiments,
operation parameters are attached in Section 3: Results.
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2.3. Aqueous PFAS (PFOS) Preparation

The 100 mg/L solution of aqueous PFOS used in this study was prepared by adding a
measured mass of PFOS (PFOSK, purity: 98%, Sigma-Aldrich, St. Louis, MO, USA) into
distilled water and stirring for 2 h with heat on for one hour. Solutions were prepared in
polypropylene volumetric flasks to minimize adsorption losses.

2.4. Analytical Methods

The concentration of HF or F− in bulk liquid provides insight into what percentage
of the parent compound has been mineralized. As fluorine is removed from the parent
compound this is referred to as defluorination. In this study, defluorination was estimated
with the aid of a fluoride selective electrode (ORION Ion Selective Electrode, Thermo scien-
tific, Waltham, MA, USA; accuracy ±2%), whose measurement range was from 1 mg/L
to 10 mg/L of F−. The measured F− concentration is converted into mass by multiplying
with the volume of solution in beaker; and, it is then compared to the initial mass of fluorine
in PFOS to determine %defluorination, as shown Equation (1) below:

%de f luorination =
Measured F−mass

Mass o f F atomsin PFOS
(1)

where Mass o f F atoms in PFOS is estimated by Equation (2), detailed step wise calculations
shown in ‘Calculation S1’ (page 6), Supplementary Information.

Mass o f F atoms in PFOS = moles o f F in PFOS × molar mass o f F (2)

In addition to mineralizing (or defluorination), treatment could also degrade PFOS into
shorter-chain PFAS species. The effect of plasma treatment on parent PFOS was analyzed
with the aid of Liquid Chromatography Quadrupole Time-Of-Flight Mass Spectrometry or



Plasma 2024, 7 710

LC-QTOF-MS (Sciex X500R, Framingham, MA, USA); the measurement method was same
as that described by Lewis et al. [19]. The following PFASs have been looked into during the
analysis to account the formation of any short-chain species: PFOS, PFBA, PFPeA, PFHxA,
PFHpA, PFOA, PFNA, PFDA, PFUnA, PFDoA, PFBS, PFPeS, PFHxS, PFHpS, PFNS, PFDS,
4:2 FtS, 6:2 FtS, and 8:2 FtS.

The percentage of PFOS removed after treatment was quantified by comparing the
mass of PFOS removed after treatment to the initial PFOS mass. The measured PFOS
concentration is converted into mass by multiplying it with the volume of solution in the
beaker; and, it is then compared to the initial mass of PFOS to determine PFOS degradation,
as shown in Equation (3) below:

%PFOS Removed =
1 − PFOS mass measured

Initial PFOS mass
(3)

If any short-chain PFAS concentrations were measured, they were converted to mass by
multiplying them with the volume of solution in the beaker, and they were compared to the
initial PFOS mass to determine the formation of short-chain PFASs during treatment. Using
the percentage of inorganic fluoride produced as a result of mineralization (%defluorination)
and the percentage of organic fluoride still remaining in the parent PFOS and any short-
chain species, fluorine mass balance showing the effect of treatment on PFOS is created.

2.5. Plasma Gas Temperature Estimation

As the effect of temperatures in a plasma discharge is discussed, it is important to de-
fine the temperature being studied. Effective temperatures present in non-thermal plasma
(NTP) are as follows: gas (kinetic or translational), and rotational and vibrational tempera-
tures. Among these, gas temperature is of primary importance, as it affects the reaction rate
constants and plasma density [15]. Gas temperatures in NTP are usually determined using
emission, adsorption spectroscopy [15], or Rayleigh scattering thermometry [39,40]. In this
study ~ average gas temperatures during GAP discharges were theoretically determined
with the aid of average energy, based on the principles described below.

Gliding arc plasma (GAP) discharges transition rapidly from the initial quasi equi-
librium to the non-equilibrium phase because of strong non-linear ionization instability;
during this instability, the phenomenon of rapid discharge length explosion results in
discharge parameters that are sufficient for supporting a relatively cold plasma. After this
transition, GAP discharge has strong non-equilibrium characteristics, with heavy particle
temperatures significantly lower than electron temperatures [17]. Due to the lack of local
thermodynamic equilibrium in non-thermal plasmas, its temperature is a characteristic of
average energy [15]. As gliding arc discharge rapidly transitions to the non-equilibrium
phase, its gas temperature will be dominantly influenced by energy supplied for ionization
rather than by electron collisions. Therefore, the ~average plasma gas temperatures of
GAP discharge were estimated by using average energy (assuming a 100% conversion of
electrical energy to heat energy), as shown below:

E =
.

mcp∆T (4)

where E is the electrical power supplied,
.

m is the mass flow rate of feed gas,
cp is the specific heat of the feed gas,
and ∆T is the change in temperature of the feed gas.
As E,

.
m, and cp are known, ∆T can be found from Equation (4), and the temperature

of gas after ionization (or ~ average plasma gas temperature) can be found with the aid
of ∆T and the initial temperature. There were volume losses due to evaporation during
experiments, and thereby some amount of the energy supplied is lost as heat of vaporization
for water (2260 J/g); since this energy is lost, the ~ average plasma gas temperature was
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estimated with energy that has been accounted for this loss (examples of these estimations
can be found in Tables S1 and S2 in Supplementary Information).

2.6. Thermal Imaging

Thermal imaging (Seek Thermal, Santa Barbara, CA, USA; accuracy: ±5%) was per-
formed to validate the estimations of gas temperature mentioned in Section 2.5. Thermal
imaging reports lower temperatures than those estimated by the average energy values.
Possible reasons could be loss of heat energy to walls of the plasmatron, which are exposed
to air at room temperature. Water droplets inside of the reactor during treatments could be
exposed to temperatures that are close to those estimated via average energy.

3. Results
3.1. Impact of Average Plasma Gas Temperatures on PFOS Mineralization during Treatments in
Air and Nitrogen GAP Discharges

Since increase in temperatures have been reported to aid aqueous PFAS mineraliza-
tion [6,29,32], the influence of GAP discharge temperatures on PFOS defluorination and
degradation is investigated. Aqueous PFOS was treated with GAP discharges at different
plasma gas temperatures; this was done by varying the electrical power supplied to the dis-
charge. Details of each of these treatments are as mentioned in Section 2.2; treatments were
performed in air and nitrogen GAP discharges at different gas temperatures. The operating
parameters of these treatments are provided in Supplementary Data (Tables S1 and S2).
Estimations of gas temperatures, according to Equation (4), for air and nitrogen discharges
discussed here are also provided in Tables S1 and S2 in the Supplementary Information;
thermal images of the reactor are provided in Figure S1 to validate the estimations, since air
and nitrogen gas have similar specific heats, only thermal images of the air GAP discharges
are reported here. The percentage of PFOS defluorination and the percentage of PFOS
remaining after treatments with GAP discharge in air and nitrogen gases as a function of
~average plasma gas temperatures are shown in Figure 3. Experiments were performed
in duplicates, %defluorination was measured for both treatments, and the percentage of
remaining PFOS was analyzed for one of the treatments.
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Figure 3. (a) %Defluorination of PFOS as function of ~average plasma gas temperature. X axis
error bars show standard deviation of plasma gas temperature and Y axis error bars show standard
deviation of %defluorination (n = 2). (b) %PFOS remaining after treatments as function of plasma gas
temperature (n = 1). Plasma gas temperatures estimated using Equation (4).

The results show that, during treatments with GAP discharges in air and nitrogen
gases, increased plasma gas temperatures leads to increased PFOS defluorination. Similar
observations can be found with the degradation of PFOS shown in Figure 3b; increased
plasma gas temperatures lead to the increased degradation of PFOS. Short-chain PFAS
formation was not observed (Figure S2) based on LC-QTOF-MS analysis, which investigated
for all the PFAS species listed in methodology, indicating mineralization of PFOS during
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treatment with air and nitrogen discharges. The average %defluorination results for
duplicate treatments (Figure 3a) show that discharges in air are able to defluorinate PFOS
at relatively lower gas temperatures than discharges in nitrogen; this behavior could be due
to the difference in reactive environment in air and nitrogen discharges. A further analysis
of these results with previous studies from the literature is conducted in Section 4.1.

3.2. Role Played by GAP Discharge on PFOS Mineralization: Purely Thermal or Does Plasma
Reactive Chemistry Affect PFOS Mineralization

To understand the role played by GAP discharge in mineralizing PFOS (whether it is
purely thermal or a synergistic effect of plasma thermal and reactive environment), PFOS
degradation in an air GAP discharge treatment is compared with treatments in a pure
thermal environment with temperatures similar to gas temperature of the air discharge. A
thermal environment similar to GAP discharge but without any plasma reactive species
was produced by using air heated to the plasma gas temperature as a feed gas, and without
supplying any electrical energy to the system (Figure S4). The operating parameters of air
discharge treatments are provided in Table 1. For the heated air experiment, the flow rate
of feed gas was 50 SCFH, so that aqueous PFAS will have a higher residence time in the
reactor (details provided in Section 4: Discussion) compared to air discharge treatment.

Table 1. Operating parameters for multiple pass treatment with air GAP discharge.

Feed Gas Feed Gas Flow
Rate (SCFH)

Voltage
(kV)

Current
(mA)

Power
(W)

Air 80 1.6 300 480

The parameters in Table 1 resulted in an average plasma gas temperature of ~300 ◦C in
the air discharge, details of these calculations are the same as that for experiment number 3
in Table S1 (Supplementary Information). In order to have a gas temperature similar to GAP
discharge but without any plasma species, air was heated to this gas temperature (300 ◦C)
with the aid of a joule heater (Figure S4). Thermal images of the reactor during operation
with air GAP discharge and with air heated to 300 ◦C are shown in Figure 4. While the
predicted gas temperature in air discharge was ~300 ◦C, a lower temperature is reported by
thermal imaging; possible reasons could include the loss of heat through the reactor wall to
surrounding air at room temperature. The constant addition of heated air from the joule
heater could have helped the reactor to be at higher temperatures during operation with
heated air compared to air discharge. Also, the overall volume of hot gas is higher with
heated air experiments, as air is at higher temperatures from the feed gas injection ports
onwards, compared to just the discharge zone in the case of air GAP discharge.
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Figure 4. (a) Thermal image of the reactor during operation with air GAP discharge at an estimated 
gas temperature of ~300 °C. (b) Thermal image of the reactor during operation with air heated to 
~300 °C (with the aid of a joule heater) was used as feed gas and no electrical energy was supplied. 

These experiments were performed with multiple passes through the reactor (Figures 
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During the 12 min recirculation treatment (Figure 2), a liquid flow rate of 50 mL/min al-
lows 200 mL of aqueous PFOS to make ~3–4 passes in the system. Hence, in this investi-
gation, aqueous PFOS was passed four times through the reactor during treatment with 
air GAP discharge and heated air; with each pass taking about ~3 min on average, (lower 
than 4 min due to volume loss occurring in treatment; this time is based on the measure-
ment conducted during multiple passes). Samples were collected at the end of each pass 
from the beaker at the plasmatron’s exit and analyzed for %defluorination and the per-
centage of remaining PFOS and other compounds. The results are shown in the following 
Figure 5. 

 

Figure 5. (a) %PFOS remaining and %Defluorination during multiple passes through air GAP dis-
charge at 300 °C and (b) %PFOS remaining and %Defluorination during multiple passes through 
air heated to 300 °C. n = 1 for both plots. 
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at ~300 °C led to defluorination, as shown in Figure 5a, no such defluorination was found 
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both treatments, the incomplete fluorine mass balance (Figure S5) indicates that some 
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Figure 4. (a) Thermal image of the reactor during operation with air GAP discharge at an estimated
gas temperature of ~300 ◦C. (b) Thermal image of the reactor during operation with air heated to
~300 ◦C (with the aid of a joule heater) was used as feed gas and no electrical energy was supplied.
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These experiments were performed with multiple passes through the reactor (Figures
S3 and S4). As plasma is the source of temperature in the GAP treatment system, multiple
passes through the reactor allow a controlled interaction with plasma and helps us to
observe the contribution of each pass or the interaction with plasma on PFOS degradation.
During the 12 min recirculation treatment (Figure 2), a liquid flow rate of 50 mL/min allows
200 mL of aqueous PFOS to make ~3–4 passes in the system. Hence, in this investigation,
aqueous PFOS was passed four times through the reactor during treatment with air GAP
discharge and heated air; with each pass taking about ~3 min on average, (lower than 4
min due to volume loss occurring in treatment; this time is based on the measurement
conducted during multiple passes). Samples were collected at the end of each pass from
the beaker at the plasmatron’s exit and analyzed for %defluorination and the percentage of
remaining PFOS and other compounds. The results are shown in the following Figure 5.
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Figure 5. (a) %PFOS remaining and %Defluorination during multiple passes through air GAP
discharge at 300 ◦C and (b) %PFOS remaining and %Defluorination during multiple passes through
air heated to 300 ◦C. n = 1 for both plots.

The results show that while multiple passes of aqueous PFOS through GAP discharge
at ~300 ◦C led to defluorination, as shown in Figure 5a, no such defluorination was found
during multiple passes through air heated to ~300 ◦C. While PFOS removal is found in
both treatments, the incomplete fluorine mass balance (Figure S5) indicates that some
PFOS could be lost, possibly as aerosols during this mode of operation. In the case of
GAP discharge, defluorination indicates partial mineralization of PFOS; and, in the case
of heated air, a lack of defluorination and short-chain species indicate a lack of PFOS
mineralization. These results show that PFOS defluorination in GAP-based treatments are
not pure thermal processes and plasma reactive chemistry seems to make contributions
towards PFOS degradation. A further analysis of the results with comparisons from the
literature is conducted in Section 4.2.

3.3. Effects of Different Plasma Reactive Chemistries on PFOS Mineralization

In order to see the effect of different plasma reactive environments on PFOS mineral-
ization, aqueous PFOS was treated in air and argon discharge at the operation parameters
listed in Table 2, which resulted in similar plasma gas temperatures (~100 ◦C) in both of
them. Estimations of plasma gas temperatures and thermal images of the reactor during
operation with these parameters are shown in Table S3 and Figure S6, respectively. The
results of treatments with air and argon discharges are provided in Figure 6.
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Table 2. Operating parameters during air and argon GAP discharge treatments at similar gas
temperatures.

Feed Gas Feed Gas Flow
Rate (SCFH)

Voltage
(kV)

Current
(mA)

Power
(W)

Air 50 1.3 100 130
Argon 50 0.75 100 75
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Figure 6. (a) %Defluorination of PFOS during treatments with air and argon discharges as function 
of treatment time, Y axis error bars show standard deviation of %defluorination (n = 2). (b) %PFOS 
Remaining during treatments with air and argon discharges as a function of treatment time (n = 1). 

The results show that while operating with similar gas temperatures, treatments in 
argon discharges resulted in higher PFOS defluorination and PFOS degradation, com-
pared to treatments in air discharges. The monoatomic nature of argon gas allows higher 
ionization in it compared to air (molecular gas), and hence the formation of plasma reac-
tive species are higher during the interaction with water and argon discharges compared 
to air discharges [41,42]. These results show the role of plasma reactive species on PFOS 
mineralization in addition to the effects of gas temperatures. Further discussions with lit-
erature review are provided in Section 4.3. 
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Figure 6. (a) %Defluorination of PFOS during treatments with air and argon discharges as function
of treatment time, Y axis error bars show standard deviation of %defluorination (n = 2). (b) %PFOS
Remaining during treatments with air and argon discharges as a function of treatment time (n = 1).

The results show that while operating with similar gas temperatures, treatments in
argon discharges resulted in higher PFOS defluorination and PFOS degradation, compared
to treatments in air discharges. The monoatomic nature of argon gas allows higher ion-
ization in it compared to air (molecular gas), and hence the formation of plasma reactive
species are higher during the interaction with water and argon discharges compared to
air discharges [41,42]. These results show the role of plasma reactive species on PFOS
mineralization in addition to the effects of gas temperatures. Further discussions with
literature review are provided in Section 4.3.

4. Discussion
4.1. Impact of Average Plasma Gas Temperatures on PFOS Mineralization

PFOS treatments with GAP discharge at different plasma gas temperatures (Section 3.1)
showed that increased gas temperatures lead to increased PFOS defluorination and degra-
dation in both air and nitrogen discharges. Neither gas resulted in short-chain PFAS
formation (Figure S2), and PFOS treatment with air and nitrogen discharges resulted in
F- formation (i.e., mineralization). Higher temperatures could be providing the necessary
thermodynamic compensation required for PFOS mineralization [26]; the application of
relatively higher energy (or higher temperature) NTP discharges could address the disad-
vantage of low mineralization in low-energy NTP-based PFAS treatment [12]. The highest
mineralization achieved during treatments with air discharge was ~50%, and nitrogen dis-
charges were ~60%. Possible reasons for mineralization being limited to these values could
be the limited treatment time of 12 min. This relationship of increase in mineralization
with increase in temperature agrees with the modeling and experimental results for PFAS
treatments in NTP [32] and other PFAS treatment systems [6]. It is also interesting to note
that air discharges are able to mineralize PFOS at relatively lower gas temperatures com-
pared to nitrogen discharges. In a previous GAP-based PFOS treatment, Lewis et al. [19]
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observed higher PFOS destruction during treatments with air GAP discharge compared
to nitrogen GAP discharge; the authors suggested the possible involvement of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) in the degradation mechanism.
A higher generation of OH radicals (ROS) and nitrates (RNS) are observed during air
GAP interaction with water compared to nitrogen GAP interaction with water [41]. PFOS
mineralization at relatively lower temperatures by air discharges might be indicative of
ROS and RNS involvement in GAP-based PFOS degradation mechanisms, but further
investigations are required for identifying the effect of specific plasma species on PFOS
degradation during GAP treatment. Further, these results indicate that solvated (hydrated)
electrons might not be a major plasma reactive species contributing to PFOS degradation
during treatments with air GAP discharge, as electronegative oxygen molecules quickly
react with electrons, reducing their flux in solutions in contact with air discharges [43,44],
compared to nitrogen discharges.

4.2. Role Played by GAP Discharge on PFOS Mineralization

Comparing PFOS defluorination during multiple pass treatments with air GAP dis-
charge and air heated to plasma gas temperatures (Section 3.2) showed that GAP-based
PFOS degradation is not a pure thermal process, as the presence of temperatures similar to
GAP discharge without the presence of plasma species did not lead to PFOS defluorination.
While there was a reduction in PFOS mass during treatments with heated air, a lack of
defluorination and a lack of short-chain PFAS formation (see fluorine mass balance in Fig-
ure S5b) point to the potential loss of PFOS during treatments (possibly via aerosolization)
instead of PFOS degradation. A targeted PFAS analysis for samples from the multiple pass
treatments with air GAP discharge (Figure S5a) shows no formation of short-chain species,
but defluorination during these treatments shows mineralization of PFOS during air GAP
treatments. In this discussion, the possible reasons why temperatures similar to plasma gas
temperature failed to mineralize PFOS are analyzed. During treatment, water droplets are
carried by feed gas (in this case, air) at a flow of rate 50 SCFH or ~23 LPM or 4 × 10−4 m3/s
through the plasmatron, the distance water droplets interact with plasma is about ~35 mm
(Figure 1), and the area of the circular cross-section is about 7.8 × 10−5 m2 giving the air
flow a velocity of 5 m/s or water droplets a residence time of ~7 milliseconds. This fast
interaction could be a reason for the lack of observable PFOS mineralization due to the
thermal environment. Modeling on thermal degradation of PFOS has shown the half-life of
PFOS at 726 ◦C to be 0.2 s [45], and residences times of 2–4 s are required at 1,100 ◦C for
the proper incineration of PFOS [46,47]. During the air GAP discharge treatments with an
80 SCFH flow rate of feed gas (Table 1), the residence time came to ~4.4 milliseconds, which
is much faster than that in the heated air experiments. These results show that the plasma
reactive environment also plays an important role in the degradation of PFOS in addition
to plasma gas temperatures during treatments. About ~40% fluorine is unaccounted for in
the fluorine mass balance for air GAP discharge samples (Figure S5a), and 40–70% fluorine
is unaccounted for in fluorine mass balance of heated air treatment samples (Figure S5b);
this significant loss in fluorine mass might be due to PFOS loss occurring in treatments
with the multiple pass configuration (possibly via aerosolization).

4.3. Effects of Different Plasma Reactive Chemistries on PFOS Mineralization

Treatments with air and argon discharges at similar gas temperatures (Section 3.3)
showed that higher PFOS defluorination and degradation occur during treatments with
argon discharges. This could be attributed to different reactive environments in argon and
air GAP discharges. Discharges in monoatomic gases, such as argon, have higher ionization
compared to discharges in molecular gases, such as air and nitrogen, due to the lack of
vibrational and rotational losses in monoatomic discharges [48,49]. Higher ionization in
argon discharges compared to air discharges allows it to have a higher electron density
and a higher production of ROS such as H2O2 [41,42], and O3 [42] during interaction with
water. The higher PFOS defluorination and degradation during treatments with argon
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discharge relative to air discharge, while both were at the same gas temperatures, shows
the influence of plasma reactive chemistry in PFOS degradation in addition to plasma gas
temperatures. No short-chain PFAS was measured in the samples during treatments with
either air or argon discharge, indicating PFOS mineralization during both treatments (see
Figure S7).

4.4. Discussions Regarding This Study and Recommendations for Future Studies

Fluorine mass balances of samples (Figures S2, S5 and S7) during all these treatments
show a minimal formation of short-chain PFAS species, indicating effective PFOS degra-
dation during treatments with GAP discharge. As previously discussed, such effective
degradation is achieved only in a handful of other plasma discharges such as DC [3,29],
Self-Pulsed Spark [24], and microwave [25]; and, in non-plasma-based technologies such as
sonolysis [23,27], chemical oxidation, advanced reduction processes [2], and supercritical
water oxidation [6]. Another important factor to be considered in a PFAS treatment tech-
nology is its scaling-up potential [22]; while many plasma systems have limited scalability,
GAP discharges have been found to have industrial-level scalability [34]. These characteris-
tics of PFOS mineralization capability and potential to be scaled up makes GAP discharge
an interesting candidate in PFOS mitigation.

The incomplete fluorine mass balance raises the question about the fate of fluorine
that is not accounted for. For heated air treatment, the lack of fluoride and short-chain
species point to a potential lack of PFAS degradation. For treatments with GAP discharge,
the production of F− shows the degradation and mineralization (via defluorination) of
PFOS. Similar incomplete fluorine mass balances (~30%) were reported in some plasma-
based PFAS treatment studies [29,33] as well. During a gas phase product analysis (gas
chromatography) conducted in one of those studies by Tachibana et al. [29], the authors
identified CHF3, C2HF5, and C2F6 being released from their reactor during PFOS treat-
ments; Takeuchi et al. [33] suggest the formation of gaseous carbon fluorides such as
CHF3 and C2F6 for the incomplete fluorine mass balance in their study. The formation of
such gas phase carbon fluorides could be a source of missing fluorine mass in the present
study as well. The experimental system used in this study was not amenable to gaseous
sample collection; analysis of potential gaseous products was not evaluated in this study,
so it is acknowledged that volatile organic fluorine species may have been created and
released. The well-sealed experimental system used by Tachibana et al. allowed their sys-
tem to be amenable to a proper gas phase product analysis. A major area of improvement
where future studies could focus on is optimal reactor designs for implementing gas phase
product analysis.

The performed liquid phase product analysis (fluoride ISE and LC-QTOF-MS) pro-
vides little information into the fate of carbon and sulfonic acid present in the parent
compound. Tachibana et al. [29] investigated the fate of carbon during treatments with
the aid of high-performance liquid chromatography-mass spectrometry (HPLC-MS) and
gas chromatography; the results showed a carbon mass balance consisting predominantly
of carbon dioxide (~34.2%), carbon monoxide (~18.5%), PFCAs (3%), PFOS (~2%), and
the remaining ~40% was unaccounted for. Similar transformations could be happening
to carbon present in PFOS during GAP-based degradations as well. Regarding the fate
of sulfonic acid, previous plasma-based studies [24,29] suggest the formation of sulfate
in the liquid phase as a result of PFOS mineralization, similar transformations could be
happening in GAP-based PFOS degradation as well.

While the estimated plasma gas temperatures in this study provided insights into
the effect of temperature on PFOS mineralization, future studies should also focus on
determining the temperature between GAP discharge and water droplets with the aid of
feasible measurements. This is made challenging by the confinement of discharge into
the plasmatron in certain operating conditions, but such measurements could provide
greater insights into temperatures required for PFOS mineralization. Also, while results
point to the possible involvement of ROS and RNS in air GAP-based PFOS degradation,
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detailed investigations should be made to identify the specific reactive species partaking
in GAP-based PFOS degradation. Future studies could make use of diagnostic tools that
are available for studying plasma reactive species in the liquid phase to identify potential
reactive species partaking in PFOS degradation; UV/Vis spectrophotometry [50] is a cost-
effective and relatively simple diagnostic tool that could potentially be used for this need.
Another area of improvement for future studies is investigating the effect of aqueous PFOS
droplet sizes on treatment efficiency. The amount of PFOS at the surface of a droplet
relative to its volume could be adjusted by changing the size of the droplets, which could
potentially enhance the treatment efficiency.

5. Conclusions

The ubiquitous contamination of the recalcitrant organofluorine compounds called
PFASs and severe health risks associated with them creates an urgency in developing
technologies that can destroy them. Gliding arc plasma (GAP) discharge is a promising
technology that can mineralize PFASs and has industrial-level scaling potential. In this
study, the effect of GAP discharge’s thermal characteristics (gas temperature) and reactive
chemistry on PFOS degradation was investigated, and the results found the following:

• Treatments with increased plasma gas temperatures in air and nitrogen GAP dis-
charges led to increased PFOS mineralization.

• GAP-based PFOS mineralization is not a pure thermal process, as gas temperatures
similar to plasma gas temperatures but without the presence of plasma reactive species
failed to mineralize PFOS.

• Treatments with argon GAP discharges were able to achieve higher PFOS mineral-
ization relative to treatments with air GAP discharges at similar gas temperatures,
indicating the involvement of plasma reactive species in PFOS mineralization.

• GAP discharge in air was able to mineralize PFOS at relatively lower gas temperatures
than GAP discharge in nitrogen gas, indicating the possible involvement of reactive
oxygen and reactive nitrogen species in PFOS mineralization.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/plasma7030036/s1. Figure S1: thermal images of the
reactor during operation in air GAP discharge when the predicted ~average plasma gas temperature
was: (A) ~200 ◦C, (B) ~250 ◦C, (C) ~300 ◦C, and (D) ~350 ◦C; Figure S2: fluorine mass balance of
samples during treatments with GAP discharges in (a) air and (b) nitrogen at different plasma gas
temperatures; Figure S3: a schematic of the reactor in multiple pass mode of operation; Figure S4: a
schematic of the reactor during treatments where air heated to ~300 ◦C was used as a feed gas and
without supplying any energy; Figure S5: fluorine mass balance of samples during multiple pass
treatments with (a) GAP discharges in air and (b) heated air; Figure S6: thermal images of reactor
during operation under (a) argon discharge and (b) air discharge with operation parameters as pro-
vided in Table 2; Figure S7: fluorine mass balance of samples during treatments with GAP discharges
in (a) argon and (b) air; Table S1: an estimation of ~average plasma gas temperatures, accounted for
evaporation during treatments in air GAP discharge; Table S2: an estimation of ~average plasma gas
temperatures, accounted for evaporation during treatments in nitrogen GAP discharge; Table S3: an
estimation of ~average plasma gas temperatures, accounted for evaporation during treatments in
air and argon GAP discharges discussed in Section 3.3 (details of the duplicate experiments are
provided); and Calculation S1: estimating the mass of fluorine in PFOS.
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