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Abstract

Surface dielectric barrier discharges (SDBD) operating in atmospheric air are ef-
ficient sources of reactive oxygen and nitrogen species (RONS), making them promis-
ing candidates for food decontamination applications. However, their chemical output
strongly depends on operating conditions and environmental humidity that can af-
fect treatment efficacy and reproducibility. In this work, we characterize the transition
between ozone-dominant (O3 mode) and nitrogen-oxides-dominant (NOx mode) op-
erating regimes by combining electrical diagnostics, ICCD imaging, optical emission
spectroscopy, and time-resolved absorption measurements of O; and NO,. We demon-
strate that an increase in the applied voltage and the dielectric temperature accelerates
the shift from net ozone production to rapid Oz destruction driven by NOx catalytic
cycles, while water vapor further suppresses ozone formation through enhanced OH-
and H-driven reactions. Spatiotemporal ICCD measurements reveal that humidity si-
multaneously modifies streamer morphology and enhances overall plasma intensity.
These findings establish quantitative operating windows to control RONS production
for applications requiring either oxidative (Os-rich) or nitrosative (NOx-rich) biocidal
environments, providing essential knowledge for optimizing plasma-based food safety
technologies.
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1 Introduction

Atmospheric-pressure air plasmas generated by surface dielectric barrier discharges (SDBD) are widely used
for diverse applications including air purification, water treatment, surface decontamination, and agricul-
tural product decontamination [MTB™ 21, AIS18, Niel2, ZZYC24]. Their effectiveness is based on the in situ
generation of reactive oxygen and nitrogen species (RONS)—including for example ozone (O3), atomic oxy-
gen (O), hydroxyl radicals (OH), nitric oxide (NO), and nitrogen dioxide (NO,)—whose synergistic action
enables oxidation and inactivation of organic contaminants, pathogens, and antibiotic-resistant microorgan-
isms [BB13, XB25]. In the context of sustainable agriculture, plasma-based technologies seem promising to
address emerging food safety challenges associated with water reuse practices [PKBS23, KBS25, AAI*24].

The agrifood sector faces mounting pressure to adopt water-efficient irrigation strategies, including the
reuse of treated municipal wastewater (REUSE concept) to address global water scarcity [FMOP13]. However,
reclaimed irrigation water, despite conventional treatment, can contain antibiotic-resistant bacteria (ARB) and
antibiotic resistance genes (ARGs) that contaminate fresh products during cultivation [CAB™17]. This con-
tamination pathway involves serious public health risks, as consumption of contaminated fruits and vegeta-
bles facilitates ARB/ARG transmission to humans, contributing to the global antimicrobial resistance crisis
[RALT21, BBJ*18]. Cold atmospheric pressure plasmas offer a chemical-free, environmentally sustainable
alternative to conventional sanitizers for post-harvest decontamination, with potential to address contamina-
tion at both cellular (bacterial inactivation) and genetic (ARG degradation) levels [BZB* 18, MEE " 25, LKJ* 21,
LAAF25].

A critical yet often neglected aspect of SDBD operation is that RONS composition is not static but can
undergo regime transitions during extended treatments. Two dominant chemical regimes have been doc-
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umented. An ozone-dominant mode (O3 mode), characterized by high ozone concentrations with minimal
nitrogen oxides, and a nitrogen-oxides-dominant mode (NOx mode), in which ozone is depleted to trace
levels while NOx accumulates to hundreds of ppm [SMvD ™24, PCJ18, HGQ"21, AuR"20]. These regimes
exhibit fundamentally different biocidal chemistries which may exhibit differential efficacy against specific
pathogens and ARGs [AIOS19, KLH"23, SSG™12, SSBT19, ZZW 123, LVMH 24, BHP"24]. Understanding
and controlling these regime transitions is therefore essential for optimizing plasma treatments targeting
ARB contamination in REUSE agricultural contexts [LKJ 21, CMMT22].

The composition of RONS generated by SDBD depends sensitively on the electrical parameters of the
discharge (voltage, pulse duration, frequency), the thermal state of the dielectric, and the ambient gas com-
position [KLH" 23, LAC24, CH23]. Elevated voltages and temperatures have been shown to accelerate ozone
destruction and promote NOx formation, while water vapor significantly alters both discharge dynamics and
downstream chemistry [PCJ18, RWIT 15, Jod13]. However, critical knowledge gaps remain that prevent ratio-
nal optimization of plasma-based food decontamination systems. The thresholds of voltage and temperature
required to trigger transitions between Os-rich and NOx-rich regimes remain poorly defined for industri-
ally relevant durations, such as the exposure times (30-60 minutes) needed for high (>3-5 log) reductions in
microbial load [Niel2]. Most research teams employ short pulses or brief exposures, yielding mechanistic
insight into the plasma discharge [AuR™"20, CPR"22]. Nevertheless, this approach fails to provide guidance
for process control at a larger scale.

A key challenge in the development of plasma-based food decontamination processes is the compre-
hension of the complex relationship between discharge characteristics and the actual production of bio-
cidal molecules (O3, NOx, H,0;, OH). For example, variations in product moisture can profoundly shift
the humidity dependence of RONS output, further altering required power, treatment times, and efficacy
[OBKA23, YMV " 24]. Although the effects of humidity on discharge composition and spatiotemporal proper-
ties are well-documented, the mechanisms by which these parameters govern chemical regimes throughout
extended treatment durations have yet to be fully characterized.

This study employs a multiparameter approach to obtain a systematic characterization of an air SDBD op-
erated under controlled humidity (45-80%), applied voltage (4.5-7.0 kV), and dielectric temperature conditions
relevant to agri-food decontamination scenarios. ICCD imaging, optical emission spectroscopy, and absorp-
tion measurements of O3 and NO, are used to track the chemical evolution of the discharge. The principal
objectives of this study are threefold:

« First, to identify the voltage and temperature thresholds mediating the transition between Os-rich and
NOx-rich plasma regimes in SDBD at durations compatible with industrial food safety processes.

« Second, to investigate the underlying physical and chemical mechanisms that dictate these transitional
phenomena.

« Third, to establish operational windows and practical guidelines that enable reproducible, application-
specific control of plasma reactivity (O3 vs NOx), thereby contributing to the design of advanced plasma-
based decontamination systems for diverse food product matrices.

2 Materials and methods

2.1 Experimental setup

The experimental setup consisted of a custom-made cylindrical borosilicate glass chamber with an internal
diameter of 250 mm, an internal height of 160 mm, and a total internal volume of approximately 8 L, operated at
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atmospheric pressure (figure 1). The chamber is equipped with multiple ports to enable optical measurements
via spectroscopy, the connection of gas monitoring equipment, and the introduction of water vapor.

Relative humidity (RH) within the chamber is regulated using a concentric pneumatic nebulizer (SeaSpray
ARG-1-USS2, Glass Expansion) operating through two independent inlets. Distilled water is supplied through
the first inlet via a tube of 0.889 mm inner diameter driven by a peristaltic pump (Spetec Perimax 12/16)
operating at a constant head rotation speed of 1 RPM. Synthetic air is injected through the second inlet at
800 mL.min~!, regulated by a mass flow controller (Bronkhorst FG-201CV); this pressurized air flow serves
as the atomizing gas that drives the nebulization of the distilled water at a flow rate of 100 yL.min~" into the
chamber. A digital hygrometer (KIMO HD 110) was used to verify the RH inside the chamber before ignition
and after treatment. Once the target relative humidity level is reached, the nebulizer and the air flow are
stopped prior to ignition of the discharge. No gas flow is applied during plasma treatment or concentration
measurements, so that the chamber operates as a closed volume throughout the treatment. The stability of the
relative humidity during treatment was verified experimentally: after 90 min of plasma operation, the relative
humidity remained above 70% in all humid condition experiments (n > 3), confirming that no significant gas
exchange occurred during the measurement period.

Gas bottle Mass flow controller
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Synthetic air 800 ml/min ve
Distilled water H Peristaltic pump Nebulizer
I SeaSpray ARG-1-USS2 III
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Figure 1: Schematic view of the experimental setup. The custom-made cylindrical borosilicate glass chamber (internal diameter
250 mm, internal height 160 mm, volume = 8 L) is equipped with multiple ports for optical diagnostics, gas monitoring, and humidity
control. The SDBD source is positioned 100 mm above the chamber base. The low-pressure mercury lamp and the collection fiber are
mounted at diametrically opposite ports, defining a 0.25 m in situ absorption path across the active plasma region. The commercial
ozone monitor is connected via a dedicated side-wall sampling port.

The plasma source is a surface dielectric barrier discharge (SDBD) positioned 10 cm above the chamber
base. The SDBD configuration consisted of two stainless steel electrodes (grade 316L, thickness 500 pm)
separated by an alumina (Al203) ceramic dielectric disc (figure 1). Both electrodes are held firmly against
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the ceramic disc by a poly(methyl methacrylate) (PMMA) support structure. The surface temperature of the
ceramic was measured at the beginning (T°s74r7) and at the end (T° g p) of the experiment with an infrared
thermometer (AMPROBE IR-710-EUR). The temperature values reported in this work therefore represent
boundary conditions (initial and final states) rather than a continuous temporal profile.

The grounded electrode is a circular disc of 90 mm diameter (surface area of 64 cm?), pressed against
the top face of the alumina disc, and connected to the ground via a lateral tab with a @10 mm connection
hole. The high-voltage electrode is pressed against the bottom face of the disc, facing downward toward
the chamber base where samples to be treated would be positioned. It features a comb-like design inscribed
within a circular boundary of 80 mm diameter, consisting of seven parallel bars of 5 mm width separated by 5
mm gaps. The bars vary in length according to their position within the circular boundary: 45 mm (outermost
bars, top and bottom), 63 mm, 72 mm, and 75 mm (central bar), giving an active surface area of 29 cm?. The
electrode is connected to the high-voltage supply via a lateral tab of 5 mm width with a @10 mm connection
hole. Prior to each experimental session, the high-voltage electrode was polished with fine-grit abrasive paper
to remove any surface oxide layer and ensure reproducible discharge characteristics.

Electrodes are connected to a pulse generator (Nanogen1, RLC Electronic) enabling frequency adjustment
from 1 Hz to 100 kHz, pulse durations from 150 ns to 50 us, and duty cycles from 1% to 30%. Throughout all
experiments, several parameters were held constant: the pulse frequency was set at 20 kHz (period of 50 us),
the pulse duration was maintained at 2.5 us (5% duty cycle) and ambient air was used as the plasma-forming
gas.

The variable parameters investigated in this study are the applied voltage, which ranged from 4.5 to
7.0 kV in 500 V increments, and the relative humidity, which was tested under two conditions: 45% (ambient)
and 80% (humid).

Each measurement presented in this paper has been repeated three times and the error bars correspond
to the standard deviation of the measurements.

2.2 Power measurements

Figure 2 presents typical voltage (A) and current (B) waveforms recorded by means of a high voltage probe
(Tektronix P6015A) and a current probe (Pearson 6585) connected to an oscilloscope (Rohde & Schwarz
RTE1204). In DBD systems, the measured current signal contains both a displacement (capacitive) contri-
bution and a conduction (microdischarge) contribution. Throughout this work, we refer to this signal as the
"measured current" to avoid ambiguity.

The average power was calculated from the instantaneous product of the measured voltage U(t) and
current i(t) over one pulse period and multiplied by the pulse repetition frequency (f = 20 kHz).

T
Average power p(W) = f/o U(t) = i(t)dt
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Figure 2: Typical voltage and current waveforms delivered by the pulsed power supply. (A) Voltage and (B) current delivered by the
Nanogen1 pulse generator at U = 6.5 kV, f = 20 kHz and DC = 5%.

2.3 Optical emission spectrocopy

Optical emission spectroscopy was performed to identify reactive species present in the plasma. An optical
fiber (OceanOptics QP6000-2-SR, 600 um diameter, 200-1100 nm spectral range) was positioned beneath the
glass chamber, perpendicular to the ceramic disc and directly facing the high-voltage electrode. This con-
figuration enabled collection of light emitted by the plasma filaments formed along the electrode lines. The
collected light was transmitted to a SpectraPro PI-HRS-750 spectrometer equipped with a 300 grooves/mm
diffraction grating. Dispersed light was detected by an emICCD camera (PI-MAX4:1024EMB-UV, Princeton
Instruments). All spectral acquisitions were controlled using LightField software.

2.4 Optical absorption spectroscopy

Principle — Optical absorption spectroscopy was employed to quantify concentrations of ozone (Os) and ni-
trogen dioxide (NO;) produced by the plasma. This technique relies on the Beer-Lambert law, which describes
how light is attenuated when passing through an absorbing medium [SBF'22]. When radiation crosses the
chamber, molecules selectively absorb photons at characteristic wavelengths, reducing the transmitted inten-
sity (/1) compared to the reference intensity (/p) measured without plasma. The concentration of each target
species can be calculated using the following equation [MINA15]:

In(11 /1) y 10%.R.T
o.l Ny.P

C(ppm) = —

Where C' is the concentration of the target species (ppm), Iy is the transmitted intensity without the
plasma (reference), I; is the transmitted intensity with the plasma, o is the wavelength-dependent absorption
cross-section (m2.molecule™!), [ is the optical path length through the chamber (0.25 m), N4 is Avogadro’s
constant (6.022 x 1023 molecules.mol '), R is the ideal gas constant (8.206 x 1075 m?.atm.mol~*.K~1), T is
the gas temperature (K), and P is the pressure (atm).

Figure 3A compares the absorption spectrum of O3 (green line) and NO, (blue line) with the emission
spectrum of our low-pressure mercury lamp (black line, model Philips TUV T5 6W). The 253.65 nm mercury
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line coincides with strong Oz absorption in the Hartley band, with a reported cross-section of 0 = 1.135 X
102! m2.molecule ! at 295 K (figure 3B) whereas the 404.65 nm mercury line coincides with high NO,
absorption, with a cross section of o = 5.694 x 10723 m2.molecule ! (figure 3C). These data from "The MPI-
Mainz UV/VIS Spectral Atlas of Gaseous Molecules of Atmospheric Interest” correspond to measurements
performed at 295 K, which is consistent with our experimental conditions at room temperature [KRMSS13].
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Figure 3: Spectroscopic data supporting wavelength selection for O3 and NO, absorption measurements. (A) Overlaid spectra
showing ozone O; (green line) and nitrogen dioxide NO, (blue line) absorption cross-section versus emission spectrum of mercury
lamp (black line). (B) Table of literature values for O3 absorption cross-section at 253.65 nm and 295 K. (C) Table of literature values
for NO, absorption cross-section at 404.65 nm and 295 K. Cross-section data compiled from "The MPI-Mainz UV/VIS Spectral Atlas
of Gaseous Molecules of Atmospheric Interest” [KRMSS13].

In this work, ozone and nitrogen dioxide concentrations were quantified using two complementary ap-
proaches. A commercial UV ozone monitor was employed for rapid screening over a wide range of operating
conditions (figures 4 and 5), while a custom-built optical absorption setup was used for in situ, time-resolved
measurements of both O3 and NO; under selected conditions (figure 6).

Custom-built absorption spectroscopy setup — A custom-built optical absorption spectroscopy setup
was designed to perform in situ measurements of ozone (Os) and nitrogen dioxide (NO,) inside the treatment
chamber (figure 1). The low-pressure mercury lamp was mounted at one port of the glass chamber, and
the collection fiber was positioned at the opposite port, defining an optical path of 1 = 0.25 m across the
active plasma region below the SDBD electrode. The transmitted light was collected and transmitted to the
PI-HRS-750 spectrometer through a collimating lens and an iris diaphragm. Spectra were acquired every
minute over a total duration of 100 min, with the plasma switched on at t = 10 min to establish a stable
baseline before ignition. The 253.65 nm and 404.65 nm mercury lines were recorded simultaneously, and
O3 and NO; concentrations were obtained by integrating the corresponding absorbance signals using the
appropriate absorption cross-sections.

The measurement uncertainty on O3 and NO, concentrations is represented throughout this work by
the standard deviation of three independent repeated measurements, shown as error bars on all figures. This
approach captures the combined experimental variability arising from the Beer-Lambert parameters, lamp
stability, and any other sources of instrumental noise.

Commercial UV ozone monitor — For most experiments, O3 concentration was measured using a com-
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mercial UV absorption analyzer (2B Technologies, Model 106-M) connected to the chamber via a dedicated
sampling port located on the side wall of the chamber. The instrument operates based on the Beer-Lambert
law at 253.65 nm and provides direct concentration readings using its internal calibration and processing algo-
rithm. It covers a measurement range of 0-1000 ppm, with a resolution of 0.01 ppm, an accuracy of £0.01 ppm,
and a detection limit of 0.02 ppm. Data were recorded at a sampling rate of 0.5 Hz. This monitor was used to
record the long-term ozone evolution shown in figures 4 and 5, where a wide range of operating conditions
(voltage, treatment time, relative humidity) were screened. It should be noted that the commercial O3 mon-
itor samples gas via a dedicated port with a response time of approximately 2 s, whereas the custom-built
absorption setup measures O3 and NO; in situ across the full chamber diameter. The O3 concentrations mea-
sured with the commercial monitor tended to be higher than those obtained with the custom-built absorption
setup, most likely because of differences in sampling geometry, calibration, and temporal averaging between
the two methods. The two approaches should therefore be considered complementary rather than strictly
interchangeable. Although both methods probe the same closed volume, this difference in sampling mode
may slightly smooth very fast O; transients in the monitor readout. This limitation is not critical here, since
figures 4 and 5 focus on minute-scale chemical transitions. In summary, ozone concentrations reported in this
work were obtained either from the commercial 0zone monitor (figures 4 and 5) or from the in situ absorption
setup (figure 6), while NO, concentrations were always derived from the in situ absorption measurements.

The spatial homogeneity of reactive species distribution within the chamber was verified using a starch-
KI agar indicator exposed in a Petri dish (diameter 20 cm) placed at the bottom of the chamber, covering the full
cross-section (results not shown). The uniform coloration observed across the entire surface confirmed that
reactive oxygen species, and by extension the ozone produced by the SDBD, were homogeneously distributed
throughout the chamber volume under the same closed-volume conditions as those used during plasma treat-
ment. Concentration values reported in this work therefore represent spatially averaged quantities over the
chamber volume.

2.5 Cameraimaging

Spatial and temporal imaging of the plasma discharge was performed using an intensified charge-coupled
device (ICCD) camera (PI-MAX-2K-RB, Princeton Instruments) with a resolution of 1024 x 1024 pixels. Time-
resolved ICCD acquisitions were performed using sequential 3 ns gate windows, with no temporal overlap
between consecutive frames. The timing uncertainty associated with the TTL trigger and cable delays is
estimated to be below 1 ns, which is negligible compared to the temporal features discussed (gate width: 3 ns,
discharge duration: ~ 45 ns).

Two discharge events were captured: the rising edge (0-0.15 us) and the falling edge (2.5-2.65 us) of
the voltage pulse. Camera acquisition was synchronized using an internal 5 V TTL trigger signal from
the pulsed power supply, ensuring a common time reference between optical and electrical measurements
[MSC™25, JMDNN™24]. The origin t = 0 ns is defined as the first acquisition gate in which plasma emission
is detected. For each gate, the spatially integrated emission intensity was computed as the pixel-sum over the
full 1024 x 1024 image array. Between the two discharge events (0.15-2.5 us), both the measured current and
the spatially integrated optical emission return to zero, confirming temporal consistency and the absence of
residual emission between pulses.
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3 Results and discussion

3.1 Influence of operating parameters on O; kinetic

Influence of voltage applied — Figure 4 presents the long-term evolution of ozone concentration and av-
erage power over 90 min of SDBD operation. Under dry conditions (RH 45%), ozone concentration increases
monotonically at low applied voltages (4.5 kV), whereas at 5.0 kV and above the ozone signal reaches a max-
imum before declining, indicating a progressive shift from net ozone production to net ozone destruction
(figure 4A). The transition occurs earlier as the applied voltage increases, demonstrating that the long-term
chemical output of the reactor is strongly governed by the electrical input. This behaviour is consistent with
the known competition between ozone-generating reactions and ozone-consuming pathways in atmospheric-
pressure air plasmas, where the efficiency of ozone synthesis decreases when temperature and energy depo-
sition become excessive [ZLIC16, DHZC20].

The observed time constants for ozone accumulation and depletion, typically between 10 and 40 min
depending on applied voltage, are much longer than intrinsic plasma-chemical reaction timescales, which
usually range from milliseconds to seconds at atmospheric pressure. As described in Section 2.1, no gas flow
is applied during treatment and the chamber operates as a closed volume of approximately 8 L. These macro-
scopic time constants therefore reflect the balance between the volumetric production rate of ozone by the
plasma and its chemical loss within the closed chamber, rather than intrinsic plasma kinetics. They also
explain why the observed dynamics differ from the few-second transients reported in flow-through configu-
rations measured close to the discharge source [ZYNT21].
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Figure 4: Long-term evolution of ozone concentration and average power during 90 min of SDBD operation. (A) Temporal evolution
of ozone concentration for applied voltages ranging from 4.5 to 7.0 kV under dry conditions (RH 45%). (B) Temporal evolution of
the average power under the same operating conditions. All experiments were performed at a fixed frequency of 20 kHz and a duty
cycle of 5%. Ozone concentration and average power values correspond to the mean of three independent measurements, and error
bars represent the standard deviation.

The average power data provide complementary information. For applied voltages up to 5.5 kV, the power
remains nearly stable throughout the treatment, indicating that the electrical coupling between the generator
and the discharge does not change significantly over time. In contrast, for voltages of 6.0 kV and above, the
power increases progressively during treatment, with the strongest rise observed at 7.0 kV (figure 4B). This
electrical evolution correlates with dielectric heating: the alumina surface temperature after 90 min rises from
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38°C at 4.5 kV to 84°C at 7.0 kV. Importantly, this power increase develops over tens of minutes, after the ozone
signal has already begun to shift toward depletion, confirming that the transition is not an artifact of variable
power input but reflects genuine plasma-chemical dynamics driven by progressive NOx accumulation and
thermal effects [SSBT 19, CD02, AIST16, PRL17, ALG17].

Influence of initial ceramic temperature — To isolate the role of the initial thermal state of the di-
electric from the long-term effects of power deposition, ozone production was measured at fixed voltage
(U = 5.5 kV) and humidity (RH 45%) for different initial ceramic temperatures (figure 5A). Pre-heating the
ceramic from 25°C to 64°C, 67°C, or 85°C prior to plasma ignition resulted in a strong suppression of ozone
production: whereas ozone accumulated progressively to high levels at 25°C, the pre-heated conditions yielded
much lower ozone concentrations and shorter saturation times. This shows that the thermal state of the di-
electric at ignition already biases the discharge chemistry toward weaker ozone production, before any long-
term heating develops. The initial ceramic temperature therefore acts as an independent control parameter
that pre-conditions the discharge chemistry, in agreement with the strong temperature sensitivity of ozone
stability reported in the literature [PCJ18, SSG* 12, Jod13].

It should be noted that the ceramic temperature evolves continuously during plasma operation, as re-
flected by the difference between T°s74rr and T° gy p. The reported initial temperatures define the thermal
state of the dielectric at ignition, whereas the actual temperature during treatment follows a transient profile
that could not be resolved with the available instrumentation because of electromagnetic interference on the
thermocouple electronics. This limitation should be kept in mind when interpreting the temperature effects.
In addition, ICCD imaging and optical emission spectroscopy were not performed for the temperature series,
since the ceramic temperature cannot be held constant during plasma operation with the present setup. Spa-
tiotemporal diagnostics were therefore restricted to the reference condition (6.5 kV, O3 mode), which provides
the most stable and reproducible operating state.
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Figure 5: Ozone concentration over 30 min as a function of the initial ceramic temperature and relative humidity at fixed voltage.
(A) Temporal evolution of ozone concentration over 30 min for different initial ceramic temperatures (T°sTarT) at fixed operating
conditions (U = 5.5 kV, f = 20 kHz, DC = 5%, RH = 45%). (B) Temporal evolution of ozone concentration over 30 min for different
relative humidity values at fixed operating conditions (U = 5.5 kV, f = 20 kHz, DC = 5%, T°sTArT = 25°C). Ozone concentration values
correspond to the mean of three independent measurements, and error bars represent the standard deviation.

Influence of relative humidity — The effect of relative humidity on ozone production is shown in figure
5-B at fixed voltage (U = 5.5 kV) and initial ceramic temperature (T°s7arT = 25°C). Increasing RH reduces
ozone yield, consistent with the role of water vapor in promoting ozone loss through OH- and H-driven
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reaction pathways and in modifying the discharge conditions. These results reinforce the interpretation that
ozone dynamics in this SDBD are governed by the combined effects of voltage, dielectric temperature, and
ambient humidity, with the relative importance of each factor depending on the timescale considered.

3.2 From O; mode to NOx mode

Evidence of the transition from O3 mode to NOx mode — Figure 6 shows the simultaneous time evolution
of the mercury-line intensities used to probe O3 and NO,, together with the corresponding concentrations,
under dry (RH 45%) and humid (RH 80%) conditions. In both cases, the 253.65 nm signal first decreases
sharply after plasma ignition, reflecting rapid ozone formation and absorption, before recovering as ozone
is progressively consumed. At the same time, the 404.65 nm signal remains nearly unchanged during the
initial Os-dominant stage, then decreases once NO; begins to accumulate. Under dry conditions (RH 45%),
the transition from O3 mode to NOx mode occurs between 40 and 47 min, with a peak ozone concentration of
about 530 ppm followed by a gradual decline to near zero, while NO; increases to about 1030 ppm by the end
of the experiment. Under humid conditions (RH 80%), the same transition occurs later, between 50 and 54 min,
and the maximum ozone concentration is reduced to about 380 ppm, whereas NO, reaches about 1110 ppm.
These trends indicate that increasing humidity lowers the ozone yield, delays the onset of the NOx-dominant
regime, and increases the final NO, accumulation.

Taken together, these results show that the temporal evolution of O3 and NO; is not merely a shift in
signal intensity, but reflects a real reorganization of the plasma chemistry from an Os-dominant regime to a
NOx-dominant regime. In both dry and humid conditions, ozone first rises during the initial stage of oper-
ation, whereas NO, remains negligible, confirming the establishment of an Os-rich regime. The subsequent
decrease in Os, together with the progressive increase in NO,, marks the transition toward the NOx-dominant
regime. These trends indicate that water vapor modifies the discharge chemistry and shifts the balance be-
tween ozone formation and ozone loss. The next section therefore examines the mechanisms governing this
transition, including ozone thermal decomposition, catalytic ozone destruction by nitrogen oxides, and the
role of humidity in promoting these pathways.

Mechanisms governing the transition of O; mode to NOx mode — The generation of ozone in at-
mospheric pressure air plasmas proceeds via a two-step mechanism (reactions 1, 2) [KEH88, EK91]. Elevated
temperatures reduce the rate constant for the three-body ozone formation reaction (reaction 2) while expo-
nentially increasing the thermal decomposition rate (reaction 3) according to Arrhenius kinetics [BA57, YT79,
ABC™04]. In parallel, higher gas temperatures modify the electron energy distribution function, decreasing
the efficiency of O, dissociation by energetic electrons [HP05]. Consequently, the balance between ozone
formation and destruction shifts rapidly toward net loss as temperature rises. This finding is consistent with
prior reports highlighting the necessity of active cooling in industrial ozone generators [EK91, FC97, LSS*03].

e +03 —0+0+e" (1)
O+0:+ M — O3+ M (2)
Os+M —0+02+M (3)

with M a third particle.
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Figure 6: Simultaneous absorption measurements at 253.65 nm (O3) and 404.65 nm (NO;) and corresponding quantitative concen-
trations under dry (RH 45%, left panels) and humid (RH 80%, right panels) conditions. (A, C) Temporal evolution of the wavelength
intensity of the 253.65 nm (black, absorbed by O3) and 404.65 nm (red, absorbed by NO,, multiplied by 1.7 for clarity) mercury lines
over 100 min. The plasma is switched on at t = 10 min. (B, D) Simultaneous temporal evolution of O; (black) and NO; (red) con-
centrations derived from the absorption measurements in (A) and (C), respectively. Key time points are indicated by vertical dashed
lines: O3 maximum (t = 10 min after ignition), onset of NOx-dominant regime (t = 40 min at RH 45%; t = 50 min at RH 80%), and end
of Os-dominant regime (t = 47 min at RH 45%; t = 54 min at RH 80%). Annotated values indicate peak O3 concentration (530 ppm at
RH 45%; 380 ppm at RH 80%) and NO, plateau concentration (1030 ppm at RH 45%; 1110 ppm at RH 80%). Conditions: U = 6.5 kV,
f =20 kHz, DC = 5%. All values represent the mean of three independent measurements; error bars indicate standard deviation.
Measurements were acquired every minute over 100 min.

In addition to thermal decomposition, a key additional mechanism is catalytic ozone destruction by ni-
trogen oxides (NOx), commonly known as discharge poisoning in corona and DBD systems [KEH88, Pek11,
Pek10, HRBC14]. In air plasma, atomic nitrogen is generated via electron-impact dissociation of N, (reaction
4) and through quenching of electronically excited nitrogen molecules (reaction 5) [DK03, Kom25]. Atomic
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nitrogen rapidly oxidizes to form nitric oxide (reactions 6, 7), which is subsequently converted to nitrogen
dioxide (reactions 8, 9) [ABC"04, ABCT97]. Once NO, accumulates to sufficient levels, it can further react
with atomic oxygen and ozone to form higher nitrogen oxides (NOs (reaction 11), N,Os (reaction 12)), creating
a complex chemical network that competes with ozone formation [JELS17].

e 4+ Ny — N+ N+e (4)
N;+0— NO+N (5)

N+ 0Oy — NO+O (6)

N+ 03 — NO + O, (7)
NO + O3 — NO2 + O9 3)
NO+O+M — NOy+ M (9)
NO3 +0 — NO + O, (10)
NO;+O+M — NOs+ M (11)
NOy + NO3 + M — NyOs + M (12)
NoOs + M — NOo + NO3 + M (13)

The reaction between NO and ozone (reaction 8) proceeds extremely rapidly on millisecond-to-second
timescales [ABC"97, SGC™12]. Critically, NO, can regenerate NO via reaction with atomic oxygen (reaction
10), creating a catalytic cycle that continuously consumes ozone. Under our experimental conditions, at low
voltages, NOx concentrations remain too low to compete significantly with ozone formation; effective ozone
scavenging by NO is expected only once NO reaches levels sufficient to make reaction 8 competitive with
ozone production, consistent with the fast NO-O3 chemistry documented in the literature [PCJ18]. However,
as voltage and temperature increase, enhanced energy deposition accelerates the cumulative build-up of NOx
and shifts the plasma chemistry toward a NOx-dominant regime. Whether this transition exhibits true irre-
versibility upon return to lower voltage or temperature remains an open question and should be addressed in
future work [SSGT12].

Relative humidity further modulates the chemical balance between production and destruction of ozone.
At fixed voltage (5.5 kV), increasing RH from 10% to 90% reduced final ozone concentration by almost 50%
(figure 5-B). Water vapor affects plasma chemistry through multiple concurrent mechanisms. Water vapor is
readily dissociated by electron impact and reactions with excited species, producing hydroxyl radicals (OH)
and hydrogen atoms (reaction 14). These species directly destroy ozone via reactions 15 and 16, both of which
proceed rapidly at room temperature [ABC ' 04, DK03]. OH radicals also consume atomic oxygen (reaction 17),
the immediate precursor to ozone, thereby reducing ozone formation rates [EK91]. Electron-impact dissocia-
tion of H,O divert energetic electrons from O, dissociation, reducing the mean electron energy and decreasing
atomic oxygen production [Sta06, MG22]. Water molecules quench electronically excited oxygen species that
contribute to alternative ozone formation pathways [BHP14]. Collectively, these processes account for the
strong humidity dependence observed in O; yield. However, the effect of humidity on NO, cannot be reduced
to a simple acceleration of the O3-to-NOx transition. Although the transition occurs at a later time under
humid conditions, the modified radical chemistry and altered nitrogen-oxide reaction network can still lead
to a higher final NO, accumulation [ZLS™25].

e +H0 — OH+H+e” (14)
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OH + O3 — HOs + 09 (15)
H+ 03 — OH + O, (16)
OH+0 —s H+ 0, (17)

Based on the combined O3 and NO, measurements, an applied voltage of 6.5 kV was selected as the refer-
ence operating condition for subsequent experiments. This choice is justified by three criteria: (i) it produces
a clear and reproducible O35 — NOx transition within 30-45 min; (ii) it maintains the ceramic temperature
within 60-80°C, avoiding excessive thermal stress on the dielectric; and (iii) it enables operation in either a
sustained O3 or NOx mode depending on the initial thermal state of the ceramic.

The strong coupling between plasma electrical parameters, thermal conditions and surrounding gas com-
position highlighted by these results calls for spatiotemporal characterization of the discharge itself [SSGT 12].
Absorption spectroscopy alone provides only integrated, time-averaged information on the chemical species
produced. The following section therefore presents ICCD imaging and optical emission spectra of the SDBD
operated at 6.5 kV under dry and humid conditions in O3 mode, to elucidate how humidity affects discharge
dynamics and morphology.

3.3 Spatio-temporal evolution

Figure 7A shows the synchronized evolution of measured current and spatially integrated optical emission
under dry (RH 45%, red) and humid (RH 80%, black) conditions. The measured current waveform exhibits
two distinct peaks, at the rising and falling edges of the voltage pulse, typical of capacitive DBD behaviour
[MRD™"98]. Correspondingly, plasma emission occurring at both edges confirms that light emission and mea-
sured current peaks are temporally correlated. The measured current waveforms recorded under RH 45%
and RH 80% show a similar temporal evolution, with different amplitudes. As a consequence, the differ-
ences in spatially integrated optical emission intensity between the two conditions may reflect a combination
of higher deposited power and humidity-dependent changes in plasma chemistry and discharge morphology,
which cannot be fully disentangled without simultaneous power-resolved optical diagnostics. Focusing on the
morphological aspect, during the voltage rise, the first discharge event is more intense at RH 80%, whereas the
second event is stronger at RH 45%. This inversion is consistent with previous reports showing that humidity
modifies streamer initiation and propagation by altering the local breakdown field, space-charge dynamics,
and charge accumulation on the dielectric surface [AIS18, KOO13, NTE20].

To examine the discharge dynamics in greater detail, figures 7B and 7C show high-resolution zooms of
the rising edge (0-0.15 us) and falling edge (2.5-2.65 us), respectively. The dashed lines mark the time points
selected for ICCD imaging in figure 8, where the discharge morphology is visualized under dry (8A) and
humid (8B) conditions at identical intensity scaling. At t = 0 ns, the discharge initiates at the tips of the high-
voltage electrode lines, regardless of RH, consistent with studies on comb-shaped electrodes showing that
streamers preferentially initiate at electrode edges and propagate perpendicularly [NTE20, JLW ' 13]. Subse-
quent streamer interactions are governed by geometric field enhancement and mutual electrostatic coupling.
Att =12 ns, under RH 45%, the plasma propagates along the outer contours of the electrode, while at RH 80%,
the propagation extends simultaneously along the inner edges, indicating that water vapor facilitates surface
charge spreading [FC97]. Att = 21 ns, the discharge reaches its maximum intensity in both cases, with visibly
higher brightness at RH 80%. Beyond t = 30 ns, streamers spread over the dielectric surface and emission
gradually decays until extinction at 45 ns.
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Figure 7: (A) Full 3 us window showing synchronized evolution of measured current (green trace, right axis) and spatially integrated
optical emission intensity under dry (RH 45%, red trace) and humid (RH 80%, black trace) conditions. High-resolution temporal
zooms of (B) the rising edge discharge (0-0.15 us) and (C) the falling edge discharge (2.5-2.65 us). Conditions: U = 6.5 kV, f = 20 kHz,
DC = 5%, O3 mode. Note that the measured current includes both displacement and conduction contributions.

t=0ns t=12ns t=21ns t=30ns t=45ns

A) RH 45%

B) RH 80%

Figure 8: ICCD images captured at selected time steps (t = 0, 12, 21, 30, 45 ns) during the rising edge discharge in (A) dry conditions
(RH 45%) and (B) humid condition (RH 80%). Conditions: U = 6.5 kV, f = 20 kHz, DC = 5%, gate width = 3 ns, accumulation = 15000
frames, intensifier gain = 200, O3 mode. The intensity scale is the same for each image.

Figure 9 shows high-resolution ICCD imaging focused on electrode bars 1 and 2, allowing the streamer
dynamics in adjacent and isolated configurations to be tracked separately. Streamers propagating from the
outer edge of an isolated line extend freely outward, resulting in longer, brighter, and more spatially extensive
plasma filaments [JLW*13]. In contrast, streamers propagating toward each other between adjacent bars
(1 — 2 and 2 — 1), interact via space-charge and field shielding mechanisms, leading to mutual quenching
and early extinction [PJST22, KKRK21]. At early times (t = 15 ns), streamers trace the electrode contours under
both humidity conditions. By t = 24-36 ns, perpendicular propagation toward the dielectric dominates. The
clearest distinction emerges under humid conditions, where streamers become more luminous, broader, and
propagate further. The broader and more intense discharge observed under humid conditions may result from
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two distinct mechanisms: (i) surface charge memory effects—adsorbed water increases surface conductivity,
modifying the effective breakdown conditions and charge redistribution between successive pulses-—and (ii)
additional ionization pathways in the gas phase (e.g., HoO" + Ny — N5~ + H»0). Disentangling these
contributions would require dedicated electrical diagnostics or EEDF modelling, which is beyond the scope
of the present study.

t=6ns t=15ns t=24ns t=36ns t=45ns

Figure 9: High-resolution ICCD imaging focused on electrode lines 1 and 2 at selected time points (t = 6, 15, 24, 36, 45 ns) during
the rising edge in (A) dry conditions (RH 45%) and (B) humid condition (RH 80%). Conditions: U = 6.5 kV, f = 20 kHz, DC = 5%, gate
width = 3 ns, accumulation = 15000 frames, intensifier gain = 200, O3 mode. The intensity scale is the same for each image.

3.4 Optical emission spectrum

Figure 10 shows the optical emission spectra of the SDBD plasma operated in O3 mode at 6.5 kV under two
relative humidity conditions: RH 45% (dry, black) and RH 80% (humid, red). The spectra cover the 200-500 nm
range and exhibit the characteristic features of atmospheric-pressure air plasmas.

The most intense emission structures correspond to the second positive system of molecular nitrogen,
N, (C3II — B3II), observed between 295 and 500 nm. This system is a well-known signature of non-thermal
plasmas in air and indicates efficient electronic excitation of N, molecules [MRD 98, Kog03]. The high inten-
sity of the N; (C-B) bands confirms that nitrogen excitation is the dominant energy transfer pathway in this
SDBD configuration [VBvHP11, KOB*20]. The excitation thresholds of the N, (B3II) and N, (C®II) states,
7.35 eV and 11.03 eV respectively, demonstrate the presence of electrons with energies exceeding 11 eV within
the discharge. In the near-UV region (370-430 nm), weaker but clearly resolved lines correspond to the first
negative system of N, (B?S} — X 22;), visible at 391 and 427 nm. The presence of these ionic transitions
confirms that the electric field is locally strong enough to ionize nitrogen, consistent with the filamentary be-
haviour typical of surface DBDs [LGF 25, Bra18]. In the 250-290 nm region, the NOz-bands (B?11 — X°?II)
are detected, resulting from reactions between electronically excited nitrogen and atomic oxygen, which play
a crucial role in determining the chemical regime [MTB™ 21, KLH"23, KOB™20].

Increasing the relative humidity from 45% to 80% increases the intensity of N, (C-B), N2Jr (B-X),and NOg
emission bands. This enhancement points to water vapor promoting discharge activity through multiple syn-
ergistic mechanisms. Adsorbed water on the dielectric surface increases surface conductivity and modifies
the local electric field distribution, which facilitates a broader spatial coverage of microdischarges as seen
previously through ICCD imaging without altering the fundamental discharge mode [AIS18, FC97, Bra18].
Changes in surface conductivity also affect charge accumulation dynamics on the dielectric, thereby modify-
ing the breakdown conditions from one pulse to the next [Zha22].
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Figure 10: Optical emission spectra of the surface dielectric barrier discharge (SDBD) operated under two relative humidity condi-
tions: 45% RH (black) and 80% RH (red). Conditions: U = 6.5 kV, f = 20 kHz, DC = 5%, O3 mode.

In the gas phase, water molecules participate in additional ionization pathways. Electron-impact disso-
ciation and ionization of H,O and subsequent charge-transfer reactions (e.g., HoO™ + Ny — N2Jr + H50)
increase the production of secondary electrons and ions [BB13, RWI™ 15, KOO13]. These processes modify the
electron energy distribution function, often reducing high-energy electron density locally but simultaneously
expanding the active discharge region. As a result, the per-unit-volume excitation of N, may decrease while
the overall emission increases due to a larger discharge volume [Bral8].

Furthermore, dissociation products of water, particularly OH and H, enhance the formation of NO through
fast radical reactions such as N + OH — NO + H [HGO1]. This contributes to the observed increase in
N Og-band emission and modifies the balance of reactive oxygen and nitrogen species in humid air plasmas.

4 Conclusion

This study provides a detailed analysis of the transition between ozone-dominant and NOx-dominant regimes
in an atmospheric-pressure SDBD operated in air within a closed chamber of approximately 8 L. By combining
time-resolved power measurements, optical and chemical diagnostics, this work demonstrates that applied
voltage, dielectric temperature, and humidity jointly determine the reactive species composition. Higher
voltages and temperatures accelerate the onset of the NOx regime through catalytic O3 consumption by ni-
trogen oxides, while elevated humidity enhances O3 destruction via OH- and H-driven reactions and modifies
electron-driven dissociation pathways. ICCD imaging reveals that humidity also influences the morphology
and propagation of surface streamers, leading to enhanced optical emission and broader discharge coverage.
Importantly, time-resolved power measurements confirm that the observed O3 — NOx chemical transition is
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not driven by changes in deposited power, but reflects genuine plasma-chemical dynamics within the closed
volume.

The macroscopic time constants observed for ozone accumulation and depletion (10-40 min depending on
applied voltage) are governed by the balance between plasma production rates and chemical loss within the
closed chamber, rather than by intrinsic plasma kinetics. These timescales are compatible with the exposure
durations required for high-level microbial inactivation (30-60 min), making the identified operating windows
directly relevant for plasma-based food decontamination applications.

These findings clarify the mechanisms controlling RONS production in air SDBDs and define quantita-
tive operating windows-—in terms of applied voltage (<5.0 kV for a sustained O3-dominant regime; >6.5 kV
for a NOx-dominant regime within 30-45 min) and initial ceramic temperature (below 50°C vs. 60-85°C
respectively)— required to maintain stable Os-rich or NOx-rich regimes under the experimental conditions
described. This knowledge is essential for optimizing plasma reactors for environmental treatment, agricul-
ture, and other applications in which specific oxidative or nitrosative chemistries are desired.

Future work will focus on several directions. First, completing ICCD and OES diagnostics under varying
temperature conditions, which were beyond the scope of the present study due to the technical challenge of
maintaining a precisely controlled ceramic temperature during plasma operation. Second, implementing con-
tinuous temperature monitoring using electromagnetic-shielded acquisition (e.g., fibre-optic thermometry) to
resolve the thermal dynamics of the dielectric during treatment. Finally, coupling plasma-phase chemistry
with surface and liquid-phase interactions to further refine control of plasma-generated reactive environments
for targeted decontamination applications.
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