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d Laboratoire de Génie Chimique, Université de Toulouse, CNRS, INP, UT, Toulouse F-31062, France

A R T I C L E  I N F O

Keywords:
Non-thermal plasma
Advanced oxidation processes
Fluoranthene
Hydroxyl radicals
Fukui function

A B S T R A C T

Fluoranthene (FLT), a polycyclic aromatic hydrocarbon (PAH) classified as a Priority Hazardous 
Substance, is recognised for its persistence in the environment. This is due to its complex mo
lecular structure and low aqueous solubility, making it particularly challenging to degrade. This 
study investigated a pin-to-water non-thermal plasma (NTP) reactor for the efficient degradation 
of FLT in aqueous environments. The Results showed that NTP eliminated FLT rapidly with 100 % 
degradation in less than 5 min. A linear correlation was observed between the pseudo-first-order 
reaction rate constant and the applied voltage, with energy efficiency reaching up to 110 mg/ 
kWh. The stable species and physicochemical parameters measured in the liquid phase show 
varying changes over time, both in the presence and absence of FLT. For instance, the pH of the 
solution decreased from around 6.6 to 4.5 while the oxidation-reduction potential (ORP) 
increased steadily as the discharge time increased. H₂O₂ concentrations revealed its consumption 
during the first 10 min of plasma exposure, indicating H2O2 contribution to FLT degradation. 
Additionally, LC-ESI-MS/MS analysis identified nine by-products, primarily resulting from 
nitration and hydroxylation reactions. Both LC-ESI-MS/MS analysis and Fukui function indices 
determined through Density Functional Theory calculation provided insights into the reaction 
mechanism. Overall, this study highlights the effectiveness and potential of NTP for the treatment 
of PAH-contaminated waters.

1. Introduction

Fluoranthene (FLT) is a harmful substance to both humans and the environment. It has been listed as a substance of very high 
concern (SVHC) under the EC REACH Regulation (EC/1907/2006) and a priority hazardous substance and ubiquitous persistent, bio 
accumulative and toxic (uPBT) compound under the Water Framework Directive (2008/105/EC amended by 2013/39/EU). The US 
Environmental Protection Agency (US EPA) has also classified FLT as a priority pollutant (Environmental Protection Agency). FLT 
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(C6H10) is a representative polycyclic aromatic hydrocarbon (PAH) with a fused structure consisting of naphthalene and benzene rings 
connected via a five-membered unit. Due to its rigid molecular structure, FLT is highly persistent in the environment, accumulating in 
biota and throughout the food chain (Styszko et al., 2025). It has been detected in various environmental media including surface 
water (Wu et al., 2023; Tovar-Salvador et al., 2025), groundwater (Montgomery, 2007), and wastewater (Tovar-Salvador et al., 2025). 
It has also been detected even in human milk (Galindo et al., 2025). Exposure to FLT has been linked to kidney and liver diseases, as 
well as cancers (Agency for Toxic Substances and Disease Registry (US), 1995; Boström et al., 2002; Zhang et al., 2024). A systematic 
review highlighted that human exposure to PAH-contaminated water sources significantly increases cancer risk among both children 
and adults, with ingestion and dermal absorption being primary exposure pathways (Ziyaei et al., 2024). Additionally, FLT can disrupt 
enzymatic activity and damage cellular structures, impairing the antioxidant capacity of organisms (Sun et al., 2020). Thus, its 
persistence in water bodies further exacerbates its ecological impact, leading to chronic effects on aquatic species’ reproduction and 
growth, disrupting ecosystems and food chains.

Although FLT is not intentionally manufactured, it naturally occurs in fossil fuels such as coal, oil, and bitumen. Consequently, FLT 
enters aquatic environments through various pathways, including point source releases (e.g. wastewater discharges or fuel leaks), 
diffuse sources (e.g. road transport), and atmospheric deposition following rainfall events. A 2024 study revealed that fluoranthene 
was detected in 80 % of water catchments across England, often at concentrations exceeding statutory limits (Annual Average 
Environmental Quality Standard (AA‑EQS): 0.0063 μg/L; Maximum Allowable Concentration (MAC‑EQS): 0.12 μg/L), especially in 
runoff from roads like the motorway M6 in England (Hosea and Salvidge, 2024; EA&DEFRA, 2025). Historical industrial contami
nation, particularly in soils and sediments, has also been identified as a significant source of PAHs, including FLT, in water systems 
(Zhang et al., 2019). According to pollution inventory data from the UK Environment Agency, urban wastewater treatment facilities 
are the largest point source of PAH releases to water, followed by refineries, and iron and steel works (Environment Agency, 2019). 
This highlights the significant contribution of these industries to environmental contamination, particularly in relation to polycyclic 
aromatic hydrocarbons (PAHs).

Given the environmental and health risks posed by FLT and its widespread occurrence and persistence in aquatic environments, 
effective monitoring and remediation strategies for FLT are, therefore, essential. Its detection in the majority of water catchments 
stresses its significance as an environmental pollutant. In this context, advanced oxidation processes (AOPs), which utilise highly 
reactive oxidative species such as hydroxyl radicals (•OH), have gained attention for their potential in wastewater treatment (Tufail 
et al., 2020; Ji et al., 2024). Among AOPs, non-thermal plasma (NTP) distinguishes itself with its flexibility, efficiency, chemical-free 
operation, and capacity to target a broader spectrum of contaminants. NTP generates a variety of reactive oxygen and nitrogen species 
(RONS) that work synergistically to degrade not only pharmaceuticals, dyes, pesticides, and pathogens but also complex PAH mol
ecules (Abdelaziz et al., 2018; Machala et al., 2019; Abbas et al., 2020; Bilea et al., 2024; Iya-Sou et al., 2024, 2025; Wang et al., 2025). 
To be effective, the RONS generated in the plasma must be transferred to the water through the gas/water interface. This transfer is 
critical, as the concentration of RONS in the liquid phase depends on several factors, including the type of plasma reactor, working gas, 
power source, treatment duration, and the volume of treated liquid. Additionally, the production of RONS can lead to pH changes in 
the water, which further enhances the oxidation of pollutants. This combination of chemical and physical processes is a key strength of 
NTP, allowing it to address persistent pollutants like PAHs, whose complex chemical structures make them particularly challenging to 
degrade. Furthermore, since NTP does not require the addition of chemicals to generate RONS, it is considered an environmentally 
friendly technology, especially when powered by renewable energy sources.

Several NTP reactors have been studied for wastewater treatment to degrade organic contaminants such as dyes, phenols, and 
pharmaceuticals, with the most common being corona discharge (Bilea et al., 2024), dielectric barrier discharge (Gao et al., 2013; 
Khourshidi et al., 2024), plasma jet (Hamdan et al., 2018), and gliding arc discharge (Djakaou et al., 2015; Kong et al., 2019). 
However, studies on the degradation of PAHs in water using NTP remains scarce, making direct comparisons with existing studies 
difficult. Thus, our work uniquely targets FLT. By doing so, we expand the scope of NTP research and provide compelling evidence for 
its broader applicability in the remediation of hazardous environmental pollutants, where other technologies, such as incineration or 
bioremediation are limited. Our study employs an NTP reactor configured as an array of high-voltage pins positioned above the water 
surface to maximise interaction of the discharge with FLT, which tends to accumulate at the air-water interface, being a hydrophobic 
compound. This configuration enhances the efficiency of plasma-induced degradation by targeting FLT where it is most concentrated.

The goal of this study was to deepen understanding of FLT degradation via NTP and examine how this AOP influences the kinetics 
and degradation products of this priority hazardous pollutant. Experiments were conducted using plasma generated above the water 
surface at atmospheric pressure in open air, with varying discharge gaps, pulse durations, frequencies, and voltages. Additionally, the 
dynamic changes in FLT degradation by-products were identified through liquid chromatography coupled with electrospray ionisation 
triple-quad mass spectrometry (LC-ESI-MS/MS), alongside a Fukui function index approach to predict the underlying degradation 
mechanisms. This study provides valuable insights into the degradation of FLT by NTP and demonstrates the high reactivity and ef
ficiency of this chemical-free AOP, positioning it as a powerful tool in environmental remediation and waste management.

2. Experimental section

2.1. Chemicals

All chemicals used in this study were of reagent grade, and solvents were of HPLC grade. Fluoranthene (purity≥98 %) and hydrogen 
peroxide (30 %V) were sourced from Sigma-Aldrich, and HPLC-grade methanol and acetonitrile were obtained from Fisher Scientific. 
Deionised water (DW) was used throughout the study to eliminate potential interference from ions commonly present in tap water, 
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ensuring a more accurate understanding of plasma discharge effects and the potential degradation mechanisms of the target pollutant. 
Aqueous FLT solutions were prepared from a stock solution of FLT dissolved in methanol at a concentration of 1 g/L. The appropriate 
volume of the methanol solution was transferred to the reactor and allowed to completely evaporate before adding the required 
volume of deionised water and thoroughly mixing the solution. Due to its low solubility in water, which is reported to range from 200 
to 265 μg/L (EPA, 1980; PubChem, 2023), FLT was prepared in aqueous solutions at concentrations not higher than 0.2 mg/L.

2.2. Experimental procedure

The NTP reactor featured an array of seven tungsten multi-pin high-voltage (HV) electrodes mounted on three copper bars posi
tioned across the surface of the circular reactor (Fig. 1). Each electrode has a diameter of 1 mm, a length of 100 mm, and a curvature 
radius of 100 µm. The electrodes were evenly spaced with a fixed inter-tip distance of 28 mm across the copper bar and connected to a 
pulsed power supply via the copper bars, representing the high voltage electrodes. The pins were cleaned prior to experiments, and 
their curvature radius and condition are examined using an optical microscope. Pins showing significant etching were not reused. The 
ground electrode (cathode) was a copper ribbon (2 cm width), which surrounded the outside diameter of the reactor. The ribbon was 
sufficiently wide to cover the entire height of the liquid to be treated. The reactor was a cylindrical Pyrex® glass dish of 90 mm (OD) 
and 88 mm (ID). The overall dish height was 55 mm, while the liquid height was approximately 17 mm. A micro-control system, 
holding the HV electrodes, allowed precise adjustment of the gap distance between the electrode tip and the liquid surface. The 
streamers generated by the seven HV electrode tips covered the majority of the liquid surface. The placement of the cathode was made 
in a way to align the electric fields toward the plasma-treated liquid, enhancing the transport and diffusion of plasma species from the 
gas phase to the liquid phase.

Ambient air at room temperature with a relative humidity (RH) of 52.5 ± 0.5 % was used as the working gas and the operating 
parameters examined in this study included electrode tip-to-water surface gap distances, pulse duration, voltage, and pulse frequency. 
The solution temperature was about 23 ◦C before treatment and its value did not change by more than 2 ◦C during treatment. The 
volume of the solution was 100 mL and FLT concentration was 0.2 mg/L. A magnetic stirrer was set to a speed of 150 rpm was used to 
ensure homogeneous mixing of the solution. This rotational speed of stirrer was carefully chosen so the formation of vortices in the 
liquid were avoided, and a consistent electrode tip-to-water surface gap was maintained.

The power supply device consisted of an appropriate push-pull solid-state circuit high voltage pulse PVX 4110 at the output of a DC 

Fig. 1. Experimental set up of the non-thermal plasma reactor.
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high-voltage generator (Technix HV SR10-R-300). This system provides pulses of voltages from 0 to 10 kV, frequencies up to 10 kHz, 
and pulse widths in the range 500 ns to 100 ms. Probes were used to monitor the applied voltage (Tektronix P6015A with a maximum 
voltage rating of 40 kV pk PULSE) and current (Pearson current monitor model 4100, maximum peak current 500 A, high frequency 
35 MHz), linked to a digital oscilloscope (WaveSurfer 10, 1 GHz and 10GS/s). The discharge current was obtained by subtracting the 
displacement current (capacitive current), previously measured without discharge.

The characterisation of the short-lived primary species in the gas phase near the gas/liquid interface was performed using an Acton 
SP 2750 optical emission spectrometer (Teledyne Princeton Instruments, USA) with a focal wavelength of 0.75 m. The latter is 
equipped by three diffraction gratings of values 2400, 1800, and 600 tr/mm blazed respectively at 250, 500, and 500 nm. In this work, 
only the first two gratings were used to obtain an emission spectrum from 200 to 800 nm. The photons emitted by the discharge were 
collected using a 600 μm diameter optical fibre connected to the spectrometer. To prevent the second-order UV spectra from being 
superimposed on the visible spectra, a UV blocking filter was placed in front of the fibre. Data acquisition and processing were per
formed using WinSpec32 processing software.

2.3. Analytical methods

The detection and quantification of nitrates (NO3
- ), nitrites (NO2

- ) and hydrogen peroxide (H2O2) in plasma-treated water, both with 
and without fluoranthene (FLT), were conducted via multiphotometric analysis. A digital absorption spectrophotometer (UVline 
9000 C, Aqualabo), equipped with specific reagents for target analyses, was used. The instrument was fitted with light-emitting diodes 
(LEDs), with measurement wavelengths set to 553, 530, and 533 nm, respectively, and a silicone detector. Electrical conductivity and 
pH measurements were made using a SevenGo Duo SG 25 multiparameter probe (Mettler Toledo).

The concentration of FLT was quantified using an HPLC system (Agilent 1260 Series, Germany), which was equipped with a binary 
pump and a fluorescence detector. Prior to analysis, excitation and emission wavelengths appropriate for FLT were optimised at 285 
and 466 nm, respectively. FLT was analysed on a Supelco Ascentis Express C18 column with an isocratic mobile phase composed of 
85 % acetonitrile and 15 % water, at a flow rate of 0.4 mL/min. The sample injection volume was 5 µL, and FLT’s retention time was 
approximately 2.2 min. Data acquisition and analysis were performed using Agilent MassHunter software. Each dataset in the present 
study was replicated in at least three independent experiments. The reported data represent the means ± standard deviation.

The degradation efficiency of FLT and energy yield (mg/kWh) were calculated using Eqs. (1) and (2), respectively. Assuming 
pseudo-first-order reaction kinetics, the apparent FLT degradation kinetic constant (k) was evaluated using Eq. (3). 

D (%) =

(

1 −
Ct

C0

)

× 100 (1) 

Y =
C0 × V × D

100
P × t

(2) 

− ln
(

C
C0

)

= k × t (3) 

where: D is the degradation efficiency (%), C0 and Ct are FLT concentrations (mg/L) at treatment times 0 and t, respectively, Y is energy 
yield (mg/kWh), V is solution volume (L), P is the average power dissipated in the discharge (kW), t is plasma treatment time (h in Eq. 
(2) and min in Eq. (3)), and k is the apparent degradation kinetic constant (min− 1).

2.4. Identification of reaction products and mechanism

A triple quadrupole mass spectrometer (Ultivo QQQ, Agilent, Germany) was employed to analyse the reaction products formed 
during the treatment process over time. Samples were introduced using direct-injection electrospray ionisation (ESI) in negative mode, 
with a fragmentor voltage set to 135 V. Nitrogen served as the sheath gas, flowing at 11 L/min with a temperature of 250◦C. Mass 
spectra were acquired within the m/z range of 50–500. Samples collected at different reaction times were analysed to track the change 
of the products’ abundance versus time. Data were processed using Mass Hunter Quantitative Analysis 10.2 to calculate peak areas for 
each significant m/z [M-H] across the various samples. The chemical structures of the degradation products were further confirmed 
through collision-induced dissociation (CID) with nitrogen as the collision gas.

To provide insights into the reaction mechanism, mass spectrometry data were complemented by computational chemistry cal
culations performed with Gaussian 16 W and Multiwfn packages. Gaussian View 6.1 was used as interface. Molecular geometries were 
optimised using hybrid Density Functional Theory (DFT) with the B3LYP functional and the 6–31 G basis set. Electron density and 
electron orbits including HOMO and LUMO were also obtained utilising Gaussian software. Active sites were identified based on Fukui 
functions, which were calculated from Mulliken atomic charges derived from Gaussian analysis (Fei, 2012; Lu and Chen, 2012, 2020). 
The susceptibility of FLT to radical attack was assessed using the radical Fukui function index (f0) as defined by Eq. (4). A higher value 
of f0 at a specific site indicates an increased reactivity of that site toward radical species (Farooq et al., 2023). The Fukui indices, f- and 
f+, also provide insight into sites vulnerable to electrophilic and nucleophilic attacks, respectively. The Fukui indices are calculated as 
follows: 
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f0 =
f+ + f −

2
(4) 

f+ = ρ(N = N0 +1) − ρ(N = N0) (5) 

f − = ρ(N = N0) − ρ(N = N0 − 1) (6) 

Where: f0, f+, and f- represent the Fukui functions for radical, nucleophilic (where the total number of electrons in a molecule increases 
by one), and electrophilic (where the total number of electrons decreases by one) reactions, respectively. In these equations, 
ρ(N = N0), ρ(N = N0+1), and ρ(N = N0-1) denote the atomic charges in the molecule (Mulliken charges are used in this study) with 
electron counts of N0, N0+ 1, and N0-1, respectively; N0 is the total number of electrons in the original molecule before adding an 
electron (N0+1) or removing an electron (N0-1).

3. Experimental results and discussion

This section of the results first explores the effect of key operating parameters including the gap distance between the electrode tips 
and the water surface, pulse frequency, and pulse width on the elimination of FLT. Next, the influence of applied pulse voltage on FLT 
degradation and energy efficiency is examined. The results section also addresses the by-products generated during FLT degradation 
and proposes a mechanism for FLT breakdown in the NTP reactor.

3.1. Effect of electrode tip-to-water surface gap, pulse frequency, and pulse width on FLT degradation

The degradation of FLT was examined under various conditions, including electrode tip-to-water surface gap distances, pulse 
frequencies, and pulse widths, with results shown in Fig. 2. FLT removal occurred rapidly across all tested parameters, with more than 
80 % degradation typically achieved within 5 min of exposure to the plasma.

The effect of the electrode tip-to-water surface gap on FLT degradation, for a fixed input voltage of 10 kV, frequency of 10 kHz, and 
pulse width of 1µs, shows that the gap distance and degradation efficiency exhibit an inverse relationship; when one increases, the 
other decreases. For example, at a reaction time of 10 min, the degradation efficiency, D, increased from 85 % to 100 % as the gap was 
reduced from 10 mm to 4 mm. This trend can be attributed to the inverse relationship between the gap distance and pulse power, as 
shown in Fig. 2a and Table S1. As the gap increases, the electric field strength decreases, since E = V/d, making the field less effective 
at ionising the gas. This results in fewer micro-discharges, which diminishes the overall plasma activity and reduces the generation of 
reactive species responsible for degradation. Furthermore, the DBD plasma system can be simulated as a capacitor, meaning that 
increasing the gap lowers the capacitance, thereby reducing the charge stored and released per pulse. This ultimately leads to lower 
energy and power being dissipated in the system. These results can be attributed to more intense streamer branching when the ground 
electrode is closer to the high-voltage electrode (i.e. smaller gap). This configuration also modifies the gas/liquid surface discharge 
current and increases the shock wave velocity, both of which contribute to improved degradation efficiency (Locke et al., 2006; 
Dickenson et al., 2021; Furusato et al., 2022; Iya-Sou et al., 2025). Although the smallest gap of 4 mm resulted in the highest 
degradation efficiency, it was challenging to maintain a stable plasma under this condition. Therefore, a 6 mm gap, offering a balance 
between performance (96 % degradation at a reaction time of 10 min) and plasma stability, was selected for the remainder of the 
experiments.

The results observed for the effect of pulse width (at 10 kV, 10 kHz, 6 mm) and frequency (at 10 kV, 1 µs, 6 mm) on FLT elimination 
(Fig. 2b and c) are antagonistic: good efficiency is observed for high frequency values (10 kHz), in contrast to the effect of pulse width, 
where good efficiency was obtained for lower pulse width (0.5 and 1 µs). This variation in frequency correlates with the pulse power 
injected into the reactor, as detailed in Table S1. For a constant pulse width, the plasma reaction time, which is proportional to the 
frequency (the phase following discharge generation during the pulse duration), effectively prolongs the excitation, dissociation and 

Fig. 2. Effect of power supply parameters on fluoranthene degradation (a) electrode tip-to-water surface gap (b) pulse frequency, and (c) pulse 
width (Error bars (<5 %) are too small to show on the graph; Voltage =10 kV, C0 =0.2 mg/L; V =100 mL).
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ionisation processes of the main air molecules to form highly reactive species such as primary radicals (•O, •N, •OH…), metastable 
species (N2(A3Ʃ+u)) and ions (N+, O+, N2

+, O-, etc.) and relatively stable molecules such as H2O2 (Shao et al., 2018). According to 
Table S1, as the frequency was raised from 1 to 10 kHz, the power increased by a factor of 15 while the degradation efficiency at a 
reaction time of 10 min increased from 84 % to 96 %, respectively. Other studies have also reported increased degradation efficiencies 
as the pulse frequency increased (Zhan et al., 2018; Bilea et al., 2024).

As shown in Table S1, pulse power varies with both the electrode tip-to-water surface distances, frequency and the applied voltage. 
This variation in input pulse power is consistent with the results observed in Fig. 2b and c. However, the effect of pulse width on FLT 
removal cannot be fully explained by pulse power alone. At a constant frequency, pulse width influences the electric field through the 
Joule effect which in turn affects the types of species generated by the discharge. Longer pulse widths allow current to flow for 
extended durations, resulting in greater thermal energy deposition in the plasma. This increases Joule heating, reduces energy effi
ciency for chemical reactions, and raises the risk of arc formation and uncontrolled discharges leading to additional energy losses. In 
contrast, short pulse widths deliver high peak power over brief periods, creating energetic electrons while keeping the overall gas 
temperature relatively low. This minimises Joule heating and energy loss to heat, thereby enhancing the generation of reactive species 
such as radicals, which drive the degradation process. Previous studies on plasma-liquid interactions have also demonstrated that at 
lower discharge temperatures, highly reactive oxygen species are favored while at higher temperatures, nitrogen species dominate due 
to the higher bond dissociation energy of N₂ compared to oxygen (Machala et al., 2019; Tachibana and Nakamura, 2019).

3.2. Effect of applied voltage on FLT degradation and energy yield

Fig. 3 illustrates the influence of applied voltage, ranging from 6 to 10 kV, on FLT degradation, the reaction rate constant for FLT 
elimination in solution, and on energy efficiency. Fig. 3a shows a significant improvement in FLT degradation efficiency as both 
applied voltage and plasma treatment time increase. For instance, after 5 min of plasma treatment, FLT degradation efficiency rises 
from 25 % to 95 % when the applied voltage increases from 6 to 10 kV. In comparison with other AOPs, only 80 % of FLT were 
removed after 2 h photocatalysis (Bai et al., 2017) while a better degradation efficiency than photocatalysis of 95 % was demonstrated 
using γ-rays irradiation at a dose rate of 60 Gy/min of FLT solution for 13 min (time was calculated from the data in the reference) 
(Popov and Getoff, 2005). Thus, electrical discharge plasma above the liquid surface is highly effective in degrading FLT as other water 
contaminants such as pharmaceuticals, pesticides, and pathogenic microorganisms, through the generation of highly oxidative species 
including hydroxyl radicals and nitrogen-based compounds (Murugesan et al., 2020). These reactive species diffuse from the gas-liquid 
interface into the water, initiating chemical reactions with the contaminants. Due to their limited penetration depth, the reactive 
species generated by NTP primarily act at the water surface. As FLT is a hydrophobic contaminant that tends to accumulate at the 
air-water interface, it becomes highly susceptible to radical-induced degradation, which could explain the high degradation efficiency 
observed in our study.

To clearly highlight the influence of voltage, Fig. 3b presents the relationship between the pseudo-first-order reaction rate constant 
(k) and the applied voltage. The rate constant increases linearly with voltage, with a proportionality coefficient of 0.133 min− 1⋅kV− 1. 
This means that for every 1 kV increase, the rate constant increases by 0.133 min− 1, representing a substantial change. For example, 
when the voltage increases from 6 to 10 kV, the rate constant nearly increases sevenfold. Additionally, Fig. 3b indicates that voltages 
must exceed approximately 5.6 kV before any significant FLT degradation occurs, aligning with the observation that plasma ignition 
begins at around this threshold. It is also important to emphasise that, under the specific operating conditions employed in this study 
(applied voltage of 10 kV, a pulse repetition frequency of 10 kHz, a pulse width of 1 µs, and an electrode-to-water surface gap of 
6 mm), the plasma discharge exhibited consistent stability throughout the entire treatment process. Notably, the discharge consistently 
operated within the streamer regime, maintaining a stable current profile for each pulse. This stability was observed to be independent 
of the treatment duration, indicating that the discharge characteristics remained robust and unaffected over time under these con
ditions. Such reproducibility is essential for ensuring the reliability of plasma treatments in practical applications.

Higher applied voltages result in greater energy input and an accelerated ion wind, which enhances turbulence in the water and 

Fig. 3. Effect of applied voltage on (a) FLT degradation, (b) reaction rate constant, k, and (c) energy yield, Y (frequency = 10 kHz, gap = 6 mm, 
pulse width = 1 µs, C0 = 0.2 mg/L; V = 100 mL).
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improves mass transfer of reactive species in the liquid phase. With higher energy inputs, more reactive species (such as •OH, O3, 
ONOO-) are generated, facilitating the oxidation of FLT molecules in the liquid phase. This is due to an increased production of en
ergetic electrons and enhanced excitation, ionisation, and dissociation reactions during plasma discharge (Bruggeman et al., 2016).

Fig. 3c presents the energy efficiency, showing that yield (Y), defined as the ratio of FLT mass eliminated per unit of energy 
consumed, increases as the applied voltage decreases. The figure also reveals that yield generally decreases as reaction time increases, 
suggesting that the plasma not only degrades the parent FLT molecule but also partially decomposes the by-products generated from 
FLT breakdown. Similar trends have been observed in other plasma-based organic molecule degradation studies (Gao et al., 2013; Wu 
et al., 2019). Yields ranged from an average of 93 mg/kWh (maximum 110 mg/kWh) at 6 kV to 20 mg/kWh at 10 kV were calculated 
in this study, indicating FLT’s strong susceptibility to plasma degradation. In contrast, a study by Gao et al. (2013) reported signifi
cantly lower energy yields, ranging from 0.1 to 1 mg/kWh, for the degradation of other organic compounds in water using plasma 
systems. This discrepancy may be attributed to the presence of a dielectric barrier around the high-voltage electrode they used, which 
can limit discharge efficiency. The enhanced energy efficiency observed in our study is likely due to a more effective electrode 
configuration and the nature of FLT itself. As a hydrophobic compound, FLT tends to accumulate near the gas-liquid interface, resulting 
in increased exposure to reactive plasma species. Supporting this, Saleem et al. (2022) reported substantially higher energy yields, on 
the order of thousands of mg/kWh, for the degradation of hydrophobic per- and polyfluoroalkyl substances (PFAS), achieved by 
ensuring a dense spread of discharges across the entire liquid surface in their radial plasma reactor. These findings highlight the 
potential of NTP as a promising technology for the abatement of PAHs, an area where research remains relatively limited. However, to 
ensure practical applicability, careful evaluation is needed regarding its integration into real-world wastewater treatment plants. In 
actual wastewater streams, suspended solids (TSS) are commonly present, and pollutants such as FLT may adsorb onto these particles. 
The pin-to-water surface reactor configuration used in this study demonstrates notable potential for treating both dissolved con
taminants and those associated with suspended matter. Reactive plasma-generated species interact with these particles, promoting the 
oxidation and degradation of surface-bound compounds such as FLT. In addition to contaminant breakdown, the process may also 
induce particle aggregation, facilitating the removal of TSS through improved solid-liquid separation. Evidence from the literature 
further suggests that NTP can support TSS dissolution, pointing to its potential for effective particulate destruction (Kim et al., 2020). 
Moreover, NTP could serve as a pre-treatment step, transforming biologically recalcitrant or inhibitory compounds into more 
biodegradable compounds. This would enhance subsequent biological treatment performance, enabling efficient contaminant removal 
while reducing overall treatment costs and carbon footprint (Nippatlapalli and Locke, 2022). Alternatively, NTP could be used as a 
post-treatment or polishing step after biological treatment, especially when effluent is discharged into sensitive environments. For 
instance, Xiong et al. (2019) demonstrated that coupling NTP with biodegradation for treating 1,4-dioxane resulted in degradation 
rates 3–5 orders of magnitude higher than previous studies, significantly lowering energy consumption and treatment time. Their work 
showed 25 % mineralisation via NTP, with the remaining 75 % transformed into intermediates that were readily biodegraded, 
illustrating the synergistic benefits of integrated treatment.

The decision to deploy NTP as a pre- or post-treatment step should be based on treatment objectives and wastewater characteristics, 

Fig. 4. UV and visible emission spectra (200–800 nm) of pulsed discharge above deionised water surface.
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whether industrial or domestic. It is also important to consider that high TSS levels may hinder plasma generation and reduce the 
formation of reactive species, thus affecting treatment performance. For industrial applications targeting low concentrations of 
persistent pollutants (such as 0.2 mg/L FLT), optimising parameters such as electrode configuration, mixing, and power input becomes 
critical to ensure high energy efficiency. As no single treatment process is likely to be sufficient for eliminating recalcitrant con
taminants, integrating NTP with existing biological or physical treatment technologies appears to be the most viable strategy. Such 
hybrid systems offer the potential for complete pollutant removal and improved cost-effectiveness, particularly when treating complex 
wastewater matrices. Ultimately, the integration of NTP, whether as a pre-treatment, post-treatment, or both, should be guided by 
careful assessment of treatment performance, energy efficiency, and economic viability.

3.3. Reactive species

To aid in the discussion of the FLT degradation mechanism by NTP, an assessment was made of the key reactive species likely 
formed in air-based plasma. This included optical emission characterisation of the short-lived primary species in the gas phase near the 
gas/liquid interface, as well as the analysis of stable species and physico-chemical parameters in the liquid phase, both in the presence 
and absence of the pollutant (FLT).

The UV and visible emission spectra (200–800 nm) obtained are displayed in Fig. 4. As illustrated in the figure, there is a pre
dominance of nitrogen and oxygen species, characteristic of a discharge in humid ambient air, as is the case in our experiments. The 
characteristic bands of Second Positive System (SPS) N2 (C3Πu-B3Πg) between 323 and 415 nm with a central peak at 337.1 nm is 
linked to the dissociation by electron impact of the N2 molecule. We also observe the characteristic NO band between 250 and 300 nm, 
which is the result of the reaction between N2(C3Πu -B3Πg) and oxygen. The peaks obtained at 316, 337 and 357 nm are attributed to 
N2*(C3Πu -B3Πg) which is well known for its reactivity in the nitration of compounds (Locke et al., 2025). Furthermore, the UV spectra 
demonstrate a band at 309 nm, attributed to the OH(A-X) emission spectrum, emitted by the discharge of corona sparks pulsed in air 
within the 306 and 310 nm range, and revealing the presence of the First Negative System of N2

+ (391 nm). In the visible range 
(400–800 nm), N2 bands were observed at 415 nm, Hβ bands at 486 nm and a Gauss band at 656 nm (Hα). Additionally, the oxygen 
triplet line at 777 nm was also detected (Kooshki et al., 2024; Iya-Sou et al., 2025).

In summary, the electrons excite, dissociate and ionise air molecules, generating high concentrations of primary species (e.g. •OH, 
O, N, etc.) along each discharge filament from the high-voltage electrode tip to the water. These primary species then interact with 
surrounding air to form, through a series of chemical reactions, more stable secondary species (e.g. O3, H2O2, ONOO-, NO3, NO2, etc.) 
(Bruggeman et al., 2016; Shen et al., 2019). The reactive oxygen and nitrogen species (RONS) of interest are subsequently generated in 
the liquid phase (Bruggeman et al., 2016) via interactions between the primary and secondary species at the liquid surface leading to 
dissolved species in solution such as hydrogen peroxide, ozone, and nitrates.

The stable species and physico-chemical parameters measured in the liquid phase, both in the presence and absence of FLT, for 
plasma contact times up to 20 min under best conditions (10 kV, 6 mm gap, 10 kHz, 1 µs) are shown in Fig. 5. As illustrated, all 

Fig. 5. Physicochemical properties of water versus time in the presence and absence of FLT. (a) H2O2, (b) NO2
- , (c) NO3

- , (d) pH, (e) conductivity, 
and (f) ORP (10 kV, 6 mm gap, 10 kHz, 1 µs, C0 = 0.2 mg/L, V = 100 mL).
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measured parameters changed during plasma exposure. The solution pH decreased from approximately 6.6 to 4.5, and conductivity, 
nitrite, nitrate, hydrogen peroxide, and oxidation-reduction potential (ORP) all steadily increased with longer discharge times, which 
is typical for air-plasma systems. Except for nitrite, the presence of FLT led to varying changes in these parameters compared to when 

Fig. 6. (a) DFT calculation: optimised FLT molecule structure, HOMO orbitals, and Fukui functions; (b) Degradation pathway of FLT by air-NTP (m/ 
z values are for [M-H]).
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FLT was absent, particularly for ORP and hydrogen peroxide. ORP consistently increased in pure water exposed to plasma, indicating 
that oxidative species diffused into bulk water, increasing its tendency to form an oxidising medium. The ORP change in the absence of 
FLT was approximately 35 %, whereas in the presence of FLT, the change was only about 7 %. This lower change in ORP suggests that 
oxidative species are consumed by reactions with FLT.

Interestingly, the plot representing H2O2 concentrations reveals the consumption of hydrogen peroxide during the first 10 min of 
plasma exposure (the curve of H2O2/FLT is below the curve H2O2/water – Fig. 5), which could be indicative of the reactivity of these 
species toward the pollutant. With regard to nitrates, saturation is observed after 10 min of plasma treatment of water without FLT, but 
in the presence of FLT, saturation does not occur, at least within the time range used in this study. This can be attributed to the 
decomposition of peroxonitrite to •OH and NO2

• radicals, as described by the following reaction: 

ONOOH(aq) → NO2
•
(aq) +

•OH (aq)                                                                                                                                                (7)

The redox potential of the ONOO-/NO2
• couple is closely aligned with that of the •OH/H2O couple (E◦ (Ox/Red),V/SHE 2.44 vs. E◦

(Ox/Red),V/SHE 2.85), making it a strong candidate for nitration reactions in the liquid phase (Brisset and Hnatiuc, 2012).

3.4. FLT degradation mechanism

The degradation products of FLT induced by NTP were determined using the Ultivo triple quadrupole mass spectrometer. A 
summary of the detected (DPs) and their corresponding CID fragments is provided in Table S2. Based on the identified compounds and 
the Fukui function indices, a proposed mechanism for FLT degradation by air-NTP is outlined (Figs. 6, 7).

Considering the products identified in Table S2, FLT degradation by air-NTP is suggested to occur through two distinct mecha
nisms, as illustrated in Fig. 6b: one involving reactive oxygen species (•OH and O3), and the other involving reactive nitrogen species 
(•NO and •NO2). It is anticipated that radical reactions will primarily occur at the atom with the highest Fukui function (f0) value, while 
O3 will attack the site of the highest occupied molecular orbital (HOMO) (von Sonntag and von Gunten, 2012; Lee et al., 2015). The 
structure of the FLT molecule suggests that reactive carbon sites are either at the edges, terminating in an attached hydrogen, or on the 
carbon atoms shared between neighbouring rings. Due to the molecule’s symmetry, there are five distinct edge carbon sites and five 
shared carbon sites that can participate in these different reactions (Fig. 6a).

The probable site of radical attack on the FLT molecule was identified based on the highest Fukui function (f0) value, indicating that 
C9 is the most likely site for radical attack. Thus, a possible mechanism involves •OH addition to the shared reactive site C9, followed 
by oxygen reacting with the adduct via either HO2 elimination or direct O2 addition (Xing et al., 2020). In this mechanism, the 
hydrogen atom on the hydroxyl group is abstracted by O2, which is followed by the O atom of the OH group reacting with a carbon 
atom at the ortho position of the aromatic ring, resulting in the formation of an aromatic ether (P1). Additionally, •OH could attack 
C11 (or C15) leading to hydroxylation of FLT (P2), and further oxidation, involving electron transfer and subsequent disproportion, 

Fig. 7. Effect of reaction time on: (a) FLT concentration ratio, and abundance of products with m/z values of: (b) 217 P1 + P2 + P3, (c) 233 P4, (d) 
246 P5, and (e) 262 P6.
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could lead to the formation of an aromatic ketone (P3). Thus, radical attacks can take place preferentially at carbons either shared 
between neighbouring benzene rings or at the edges of the rings. A dynamic equilibrium exists between P2 and P3, two fundamentally 
equivalent structures, facilitating proton transfer to unsaturated ketones and allylic alcohols (Di Cosimo et al., 2005).

The HOMO-LUMO energy gap was used to assess the relative stability of products P1, P2 and P3. A larger gap between the highest 
occupied molecular orbital (HOMO) and the least occupied molecular orbital (LUMO) typically indicates lower chemical reactivity and 
higher kinetic stability. This is because it is energetically harder to excite an electron from the HOMO to the LUMO. Consequently, 
compounds with a larger HOMO-LUMO energy gap are generally more stable. The energy gaps for P1, P2, and P3 were 0.08947, 
0.14448, and 0.13484 a.u., respectively (Fig. S1), suggesting that P2 is more stable than P3, and P1 is the least stable. These values of 
energy gaps were calculated using Gaussian from the HOMO and LUMO values of the optimised molecular structures of P1, P2, and P3.

An alternative attack mechanism involves an ozone-olefin reaction pathway. This pathway involves the formation of an ozonide 
and its breakdown, leading to the opening of the ring and the elimination of water to produce product (P4) (von Sonntag and von 
Gunten, 2012). According to the HOMO cloud (Fig. 6a), C10 (or C16) is likely the site of ozone attack, which is further supported by the 
Fukui function f- map (Fig. 6a), where the green isosurface colour indicates regions of positive f-, suggesting favourable reactive sites 
for electrophilic attack.

Products P1-P3 all show m/z values of 217 [M-H]. As depicted in Fig. 7, the abundance signal for m/z 217 initially rises rapidly, 
reaching a peak within about 10 min, before plateauing. The slowdown in the production rate of m/z 217 may be due to competing 
reactions that lead to the formation of other products. In contrast, the kinetics for P4 (m/z 233) display an initial lag of approximately 
2 min before P4 was detected, followed by a gradual increase in the abundance signal. This increase continues at a slower rate for 
about 20 min, after which the compound begins to degrade, as indicated by a decline in abundance between 20 and 30 min.

In addition to reactive oxygen species (ROS), reactive nitrogen species (RNS) reactions are also expected due to the use of air as the 
plasma gas. Nitric oxide (NO•) and nitrogen dioxide (NO2

•) radicals in the gas phase, along with liquid-phase peroxynitrite ions 
(ONOO-), are typically the dominant species in RNS reactions (Lukes et al., 2014; Bruggeman et al., 2016; Bruno et al., 2020). Radical 
reactions initiated by NO• and NO2

• can lead to the addition of their respective groups to the FLT molecule through one-electron 
oxidation reaction. However, FLT-NO (i.e. m/z 230) was not detected in any of the samples, suggesting that NO radical attack is 
not a significant pathway. In contrast, FLT-NO2 (P5 m/z 246) was detected in significant abundance as shown in Fig. 7. The formation 
of P5 exhibited a lag of about 5 min before detection, after which its abundance increased, peaking before declining after 20 min.

A non-radical mechanism driven by peroxynitrous acid/peroxynitrite (ONOOH ⇔ ONOO- + H+, pka of 6.8 (Radi, 2013)), also 
contributes to FLT hydroxylation and nitration through the reactions of secondary •OH and NO2

•. These species form at pH < 6.8 by the 
H+-catalysed decomposition of peroxynitrite (O=NOOH ⇔ •OH + NO2

•) (Koppenol et al., 1992; Lukes et al., 2014). Both •OH and NO2
•

were found to react with FLT, producing compound P6, which was detected after a 2-min lag and reached a maximum signal at 20 min, 
after which it began to degrade. Other possible intermediates were also detected, and their structures are listed in Table S2 (i.e. OI1, 
OI2, OI3). Further oxidation of the intermediates will lead to ring opening and eventual complete degradation to CO2, H2O, and ni
trates. Nitrates result primarily from RNS attack rather than from the FLT structure itself.

Despite the effectiveness of NTP in degrading FLT demonstrated in this study, several limitations should be acknowledged. The 
primary limitation is that experiments were conducted under controlled laboratory conditions using synthetic FLT-contaminated 
water, and the NTP system’s performance may differ in real environmental matrices where factors like co-contaminants, natural 
organic matter, and variations in pH or conductivity could impact plasma chemistry and treatment efficiency. Although degradation 
by-products were identified in this study, their full toxicological profiles and environmental persistence were not investigated, which 
presents a gap in assessing the complete safety and sustainability of the process. Moreover, the energy efficiency, while promising (up 
to 110 mg/kWh), still requires optimisation for scale-up applications. Thus, we recommend that future work should address these 
limitations using actual contaminated water matrices and conducting ecotoxicity assessments. It may be that hybrid systems that 
integrate NTP with other treatment technologies such as biological or adsorption-based post-treatments will be required. Investigating 
long-term reactor operation stability and the feasibility of continuous flow NTP systems for real-world deployment should also be 
examined. These efforts will be essential to advance NTP as a robust, scalable technology for PAH remediation in aquatic 
environments.

4. Conclusions

The experimental results presented in this article show that the degradation of FLT was rapid with a pseudo-first-order reaction rate 
constant proportional to the applied voltage. For most conditions studied, 80 % elimination of FLT was achieved in 5 min or less. As a 
result, the energy yield was high reaching a level of 110 mg/kWh and the degradation reached 100 % in less than 5 min. Best practical 
conditions ensuring both high degradation removals and plasma stability were 10 kV, 10 kHz, 1 µs, and 6 mm gap.

The stable species and physicochemical parameters measured in the liquid phase show varying changes over time, both in the 
presence and absence of FLT. For instance, the pH of the solution decreased from around 6.6–4.5; in contrast, the oxidation-reduction 
potential (ORP) consistently increased in pure water exposed to plasma, indicating that oxidative species diffused into bulk water, 
increasing its tendency to form an oxidising medium. The ORP change in the absence of FLT was approximately 35 %, whereas in the 
presence of FLT, the change was only about 7 %. This lower change of ORP in the presence of FLT suggests that oxidative species are 
consumed by FLT reactions. The change of H2O2 concentrations in the absence and presence of FLT revealed its contribution to FLT 
degradation, particularly, during the first 10 min of plasma exposure.

Analysis of FLT degradation products using LC-ESI-MS/MS identified nine compounds, primarily resulting from FLT hydroxylation 
and nitration. Fukui function indices for radical and electrophilic reactions were employed to elucidate a plausible mechanism for the 
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degradation of FLT. This approach, which models potential attack sites, could enable the design of controlled oxidation reactions and 
direct the production of specific species in the plasma phase by selecting appropriate plasma gases and powers.

Overall, the chemistry of FLT degradation by air-NTP is highly complex, involving a wide range of reactive species and competing 
reactions. This study highlights the potential of NTP for the effective degradation of PAHs. Additionally, the findings from this study 
suggest a promising strategy for optimising plasma reactors in the degradation of chemically stable and atypical molecules, such as 
PAHs, offering significant potential for improved applications in environmental and industrial settings. However, challenges such as 
scalability using real contaminated waters, energy consumption, and potential secondary by-products need to be addressed for 
widespread implementation. Continued research and technological advancements could help overcome these limitations and improve 
the practical applicability of NTP for large-scale water treatment.
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