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Abstract
Seed production is a vital part of the global food supply chain. Seed surfaces are often contami-
nated with pathogenic fungal spores and bacteria, which cause plant diseases during germination.
These pathogens prevent healthy crop growth and reduce yields by up to 40% in major crops. The
future use of pesticides will be restricted by increasingly stringent regulations, while the demand
for healthy crops continues to rise. Therefore, there is a growing need for eco-friendly technologies
to inactivate seed-borne pathogenic microorganisms, without compromising seed quality. Cold
atmospheric plasma (CAP) offers a promising alternative. Generated in ambient air, CAP is an
ionized gas containing electrons, photons, ions, and reactive oxygen and nitrogen species (RONS).
It does not leave toxic residues. Although CAP has demonstrated effective microbial inactivation
at laboratory scale, its industrial implementation remains limited due to challenges in scalability,
reliability and heat production. In this study, these limitations are addressed by developing and
optimizing a wire-plate dielectric barrier discharge (DBD) for CAP seed disinfection, powered by
high voltage pulses. The seed disinfection efficacy of the DBD was evaluated for cabbage and carrot
seeds contaminated with bacteria (Xanthomonas campestris pv. campestris (Xcc) and Xanthomonas
hortorum pv. carotae (Xhc)) and fungal spores (Alternaria brassicicola). Key parameters (such as
treatment time, operating voltage and seed positioning) were investigated. The individual con-
tribution of several plasma components (such as accelerated ions, RONS, pulsed electric fields)
to seed disinfection was examined. Our results demonstrate that a large-area pulsed wire-plate
DBD can achieve effective disinfection, while no reduction in seedling growth was observed. This
highlights its potential as a scalable and sustainable alternative to conventional seed disinfection
methods.

1. Introduction

There is an ongoing arms race between humans and pathogenic microorganims (viruses, bacteria, fungi
and parasites). This struggle has led to the discovery of many disinfection strategies, such as cooking,
pasteurization, pesticides and antibiotics [1]. Preventive measures such as sewerage, soap, sanitation and
proper ventilation have saved millions of lives.

Many challenges however persist, such as the control and eradication of crop diseases [2].
Historically, plant diseases have had profound societal and economic impacts. A notable example is the
extinction of the Gros Michel banana in the 1950’s, caused by the fungus Fusarium oxysporum. Its suc-
cessor, the Cavendish banana, now is the global monoculture banana. But since 2010, this banana is
also being attacked by a new virulent strain of Fusarium (TR4). Another tragic example is the Great
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Famine in Ireland (1845–1852). A parasite (Phytophthora infestans) infection of potatoes resulted in a
catastrophic 90% yield loss and the deaths of around 1 M people.

Pathogenic bacteria and fungi reside in a dormant state mainly on the crop seed surface. Once the
seed germinates, the pathogen becomes active and starts to grow, damaging the seedling and plant [3].
An example of such a disease is the black spot disease, caused by fungal Alternaria brassicicola spores
on the seed surface [4]. A. brassicicola spores are quite resistant to environmental stressors (such as UV-
light and oxidants) due to a protective, melanin-rich cell wall [3, 5]. In severe cases, Alternaria infec-
tions resulted in a yield loss of 86% in cabbage [6]! Bacterial pathogens also pose significant threats. The
Gram-negative bacterium Xanthomonas campestris pv. campestris, or Xcc, causes black rot disease [7, 8].
It is one of the most destructive diseases affecting cabbage, carrot, rice and lettuce [9]. Another strain,
Xanthomonas hortorum pv. carotae (Xhc), causes major yield losses in carrots by affecting the whole
plant from root to leaves [10].

Conventional thermal disinfection methods (such as steam or hot water treatments and pasteur-
ization) often impair seed viability and food quality [11]. This has driven the interest in non-thermal
methods [12]. A comparison of non-thermal treatments is presented in [11]. Cold atmospheric plasma
(CAP) has emerged as promising non-thermal technology for seed disinfection [13, 14]. It is an ion-
ized gas, at or near ambient temperature and pressure, containing electrons, ions, reactive nitrogen
and oxygen species (RNS and ROS, together reactive oxygen and nitrogen species (RONS)) and (UV)
light emission [11]. When CAP interacts with microorganisms, it can inactivate them through various
chemical processes, without leaving harmful residues [1, 15, 16]. Unlike chemical pesticides, it does not
degrade soil fertility, and it might mitigate the emergence of microbial resistance due to lower antibi-
otic usage [17, 18]. It is a ‘dry’ process (requiring no water) and is applicable to a broad spectrum of
pathogens [12].

CAP can be produced with various plasma sources, such as a corona discharge, a dielectric barrier
discharge (DBD) and a plasma jet [19, 20]. These devices are all powered by high voltages (pulsed, AC
or DC). Despite its proven efficacy at a laboratory scale, CAP has yet to achieve widespread industrial
implementation [21]. Key limitations include scalability [11], material durability [22], excessive heat
production [18] and overall energy efficiency.

In this study, we present a novel DBD module based on a large wire array, designed to address these
limitations. The DBD has an electrode length of 7 m and is powered by positive nano- and micropulses.
Its electrical performance and ozone production were characterized in detail. Next, it was investigated
if the DBD could disinfect cabbage and carrot seeds, containing A. brassicicola spores, Xcc and Xhc on
their surfaces. The contribution of the individual CAP components (RONS, ions, electrons, UV-light and
pulsed electric fields (PEFs)) to seed disinfection was examined [13]. Also, the effects of treatment time,
plasma intensity and seed surface morphology were assessed.

2. Method

2.1. DBD design and build
Gold-plated tungsten wire (TKS, Japan, diameter de = 60 µm) was chosen as discharge electrode. This
wire is widely used as corona wire in photocopiers. The 300 nm-thick gold plating improves conduc-
tivity and provides oxidation resistance [14]. Wires generally possess a much smoother surface than
printed or machined electrodes, which promotes a more homogeneous distribution and higher num-
ber of microdischarges [23]. Tungsten wires can be spanned over long distances with minimal elonga-
tion, rendering them suitable for large-area plasma units. The wire was spanned between two stainless
steel springs and guided by 38 nylon pulleys that were integrated into a laser-cut PMMA (polymethyl
methacrylate) frame. It was wound 35 times across the frame in parallel tracks, resulting in a total elec-
trode length of n × le = 35 × 200 = 7000 mm (see figures 1 and 2).

The parallel wires were spaced 5.5 mm apart and positioned in 80 µm-deep guiding ridges. It pro-
duced an active plasma area of Aplasma = 200 × 200 mm2 (see figure 3).

The frame was placed on top of a flat dielectric barrier (305 × 305 mm2, thickness dd), which in
turn rested on an aluminium ground electrode of 220 × 220 mm2 (see figure 2). Thus, the wire was
suspended slightly above the dielectric barrier (creating an air gap dg of ∼ 20 µm). Microdischarges
formed on both sides of the wire, doubling the active electrode length to 14 m (see figure 3). A PMMA
lid was placed on the frame to create a closed air environment in which the seeds were placed (having
a volume of 200 × 200 × 10 mm3; 0.4 l). Depending on the treatment configuration, seeds could be
placed either on the dielectric barrier (between the discharge wires) or on the bottom of the PMMA
enclosure, by turning the unit upside down (see figure 2).

2



J. Phys. D: Appl. Phys. 59 (2026) 295202 L F A Wymenga et al

Figure 1. Setup of the wire-plate DBD. n= 35, εr: Dielectric barrier relative permittivity, de = 0.06 mm, le = 200 mm, dd:
Dielectric barrier thickness, dg ∼ 0.02 mm.

Figure 2. Top: DBD with cabbage seeds. Bottom: Side view of the DBD with PMMA lid, providing a closed treatment volume of
0.4 l. The DBD is placed in upside-down configuration (configure 2 in figure 8).

Figure 3.Microdischarge pattern during CAP production (Vp = 3.0 kV, PRF= 500 Hz, tpulse = 1 µs, Gorilla glass barrier). The
plasma area Aplasma = 400 cm2.

To reduce the resistance of the long wire array, two additional Au–W wires were woven through the
ends of the discharge wire near the pulleys, serving as shunts (see figure S1). This modification lowered
the total resistance (spring-to-spring) from 120 to 10 Ω. It ensured that the applied voltage was delivered
to all parallel wires simultaneously, without having to traverse the full 7 m wire length.

2.2. Dielectric barrier material selection
Several dielectric barriers were investigated. To enable large-scale CAP production, the following selection
criteria were defined:
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Figure 4. Flow chart for selection of dielectric barrier materials. Data is based on commercial availability (McMaster-Carr, USA
[24]), material data sheets/databases [25–41] and literature [22, 42–51].

• Thickness dd ⩽ 0.5 mm

• Dielectric breakdown strength >10 kV mm−1

• Excellent ozone resistance (also in humid air)

• Low water absorption∗ (<1% weight/24 h)

• Surface area ⩾250 × 250 mm2

• Free of PFAS (per- and polyfluoroalkyl substances)

• Mechanically strong (non-fragile, resistant to plasma etching)

• Commercially available

∗Some polymers may become more hydrophilic after plasma exposure
A decision flow chart based on these criteria is shown in figure 4.

Five barrier materials were selected based on this flow chart (see table 1 for details). These are
Corning Willow flexible glass (processed alkali-free borosilicate), Corning Gorilla glass (processed alkali-
aluminosilicate), Ultem polyetherimide (PEI, C37H24O6N2), muscovite mica (KAl2(AlSi3O10)(OH)2) and
alumina (Al2O3).

The ozone resistance of Willow glass and Gorilla glass is not known. However, because both consist
primarily of glass oxides, we may expect excellent ozone resistance [25, 26].

Alumina is commercially available as thin sheets, but these are fragile and are only offered in small
dimensions. An alternative route is to grow an alumina layer on aluminium through hard anodization
[52], allowing large aluminium plates to be coated. Earlier research demonstrated successful CAP
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Table 1. Dielectric barriers tested. DBS: Dielectric breakdown strength (for DC voltages).
∗
A

thicker PEI sheet (dd = 1.0 mm) was applied first to evaluate its performance before the thin
PEI film (dd = 25 µm) was applied.

Material εr DBS (kV mm−1) dd (µm)

Willow glass 5.3 Unknown 100

Gorilla glass 6.8 Unknown 400

Ultem PEI 3.2 33 25
∗

Mica 6.0–8.0 100–200 100

Alumina 9.5–11.0 17–40 90

C-UHMWPE Unknown Unknown 100

Figure 5. Detail of the aluminium (Al 5754) ground electrode, with the hard-anodized layer of alumina on top, acting as dielec-
tric barrier.

production with two anodized aluminium electrodes, both having an Al2O3 coating of 120–250 µm
thick [53, 54], although some alumina degradation was reported [55]. We used an Al 5754 plate
(200 × 200 × 4 mm3), which was hard anodized by the Alulox company (Schiedam, The Netherlands).
This process forms a porous alumina layer of 90 µm thickness (see figure 5). The pores were subse-
quently sealed using a hot water treatment.

In addition to purely dielectric barriers, a partially conductive barrier was investigated, namely
carbon-filled (2% volume) ultra-high molecular weight polyethylene (C-UHMWPE, see table 1). This
resulted in a ‘resistive barrier discharge’, as described in [56]. The barrier had a surface resistivity of
105 Ω sq−1. In resistive barrier discharges, surface charges decay faster than in a DBD due to the partial
conductivity of the barrier. This mitigates distortion of the electric field due to surface charge accumula-
tion (see section 3.3.1). However, the same effect suppresses the formation of secondary discharges (see
section 3.3) [57].

2.3. Measurement setup
The experimental setup is shown in figure 6. The DBD is powered by a high-voltage push-pull switch
(Behlke GHTS 100 A, with protective series resistor of 200 Ω). This switch delivers pulses with an
adjustable peak voltage (Vp, 1–10 kV), pulse repetition frequency (PRF, 0–15 kHz) and pulse width
(tpulse, ⩾ 100 ns). The pulses have a rise time of ⩾23 ns, depending on the capacitive load of DBD
[58]. The switch was powered by a positive DC high-voltage supply (Spellmann SL40PN600, 0–40 kV,
0–15 mA) which provided readouts of the DC voltage and current (VDC, IDC). The switch was trig-
gered by a low-voltage pulse from a signal generator (Tektronix AFG3252C). The high-voltage pulses
were measured at the switch output with a 1:1000 high-voltage probe (Tektronix P6015A with 10 ft.
cable). The discharge current was measured at the ground side of the DBD with a current coil (Pearson
3525). In some of the experiments, an additional negative or positive DC supply (Spellman SL20PN150,
0–20 kV, 0–7.5 mA) was connected to a stainless steel grid (Maquett, 190 × 190 × 0.8 mm3, mesh size
1.1 × 1.1 mm2). This grid was used to accelerate ions towards the seeds.

Ozone concentrations were measured using a chemical ozone sensor (YuanTe Tech. Co. SKY2000-
WH-O3, 0–5000 ppm). The sensor has an internal pump and is calibrated at a flow rate of 0.6 l min−1

(see figure SA8). A Gerdien condenser ion metre (Alphalab Inc. AIC2), installed on top of a custom
PMMA lid, was used to measure both positive and negative ion densities (see figure S2). Air tempera-
ture and relative humidity were measured with a handheld probe (Dostmann P670). Seed and barrier
temperatures were recorded with an infrared thermometer (Fluke 68 IR). Capacitances were measured
with an LCR metre (Keysight U1733C).

Photographs of the plasma were taken with a camera placed 100 mm above the barrier (Nikon Z7 II
with Nikkor 24–120/4 S lense, shutter time 0.5 s, ISO25600). The DBD and camera were enclosed in
a darkening tent (GlareOne LED Cube 60) covered with a blackout curtain. The camera was remotely

5



J. Phys. D: Appl. Phys. 59 (2026) 295202 L F A Wymenga et al

Figure 6. Schematic of experimental setup. ∗ Only applied in part of the experiments, see figure 8.

Figure 7. (a): Cabbage seeds (S1 and S2) and carrot seeds (S3) used in this study. (b): drawing of an Alternaria spore based on the
microscopic observations in [59, 60]. (c): SEM image of A. brassicicola isolate from S1 seeds (bar height: 50 µm). (d): SEM image
of a cabbage seed surface (S1) with a possible A. brassicicola spore encircled (magnification 650× bar height: 100 µm).

operated using a wireless controller (CamRanger 2, with app). Scanning Electron Microscopy (SEM) was
performed with either an electron beam energy of 3 keV (JEOL JSM-IT800 SHL, only figure 7(c)) or
2 keV (Philips XL30 SEFG, all other SEM images).

The signal generator output, the voltage probe signal and the current coil signal were monitored with
a high-resolution oscilloscope (Rigol MSO5354, 350 MHz, 8 GSa s−1). The current coil and waveform
generator were connected to the oscilloscope with 50 Ω termination. All experiments were carried out in
a grounded Faraday cage, with the researcher sitting outside the cage. Each measurement was repeated
at least 3 times. Each voltage and current measurement represents the average of ⩾64 pulses. An uncer-
tainty analysis and calibration measurements are provided in the supplementary materials.

2.4. Seed treatment and analysis
Three types of dry, non-sterilized seeds were investigated (see figure 7(a)). The seeds were supplied by
a Dutch seed company. We describe the seed treatment conditions following the protocol of Waskow
et al [14]. S1 and S2 are spherical cabbage seeds, with diameters of around 2 and 1.5 mm, respectively.
The surface of S1 seeds contained A. brassicicola spores and Xcc (see figures 7(b)–(d)), whereas S2 seeds
contained Xcc. S3 are carrot seeds with an elongated shape and a rough surface containing many ridges
and crevices, as observed in SEM (see figures S3 and S4). S3 contained Xhc on its surface. All seeds also
carried many native, unidentified microorganisms.

For each treatment, ∼ 300 seeds (a mix of S1, S2 and S3) were placed inside the plasma reactor,
which was gently shaken so that the seeds were not stacked on top of each other. The seed mix ensured
that all seed types were exposed to the exact same ambient conditions per treatment. Earlier research
by the seed company showed that the risk of cross-over contamination is negligible when using this
method.

To assess the individual contributions of CAP components, the seeds were treated in four configu-
rations (see figure 8). In configuration 1, the seeds rested on the barrier, between the discharge wires.
They are then exposed to high densities of electrons, ions and RONS, as well as PEFs. In configura-
tion 2, the seeds resided on the bottom of the PMMA box, 10 mm below the discharge wires. Here,
the seeds are exposed to lower electron and ion densities compared to configuration 1, and no PEFs.
Configuration 3 was identical to configuration 1, but with the PMMA chamber open. This allowed

6
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Figure 8. The four configurations of seed treatments. 1: Seeds placed between the electrodes, closed box. 2: Seeds placed 10 mm
below the electrodes, closed box. 3: Seeds between electrodes in open box. 4: Seeds below electrodes, resting on a steel grid with a
bias voltage of either+2 or−2 kVDC.

Figure 9. Four Petri dishes with containing 10 cabbage seeds (S2) each, photographed after 6 d. Top: untreated seeds. Bottom:
treated seeds. Infected seeds are encircled in blue.

continuous exchange with ambient air, reducing the ion and RONS densities. In configuration 4, the
seeds rested on a stainless steel grid, biased with a DC voltage of either 2 or −2 kV. A positive bias will
accelerate negative ions (and electrons) towards the seeds, while repelling positive ions. A negative bias
will accelerate positive ions, while repelling negative ions and electrons. The grid bias voltage did not
affect the pulse shape and current waveform of the DBD (see figure S5), allowing the role of ions to be
assessed selectively.

The treatment duration (ttreat) was 15–45 min, with Vp = 3–4 kV, PRF = 500 Hz and tpulse = 2 µs.
The ambient temperature was 20 ± 1 ◦C and the relative humidity was 42 ± 7% for all 24 experiments.
Immediately after treatment, the PMMA box was opened. After a ‘post-retention time’ of 5 min, the
seeds were transferred with tweezers onto sterilized Petri dishes (10 randomly picked seeds per dish)
containing potato-dextrose agar medium (PDA, BD Difco, pH = 5.6). This is a non-selective medium,
suitable for culturing both fungal and bacterial colonies, such as Alternaria and Xanthomonas [5]. To
avoid cross-contamination, the tweezers were immersed in boiling water between plating the differ-
ent seed types. The Petri dishes were sealed with laboratory film (Bemis Parafilm) and stored in a dark
chamber for 6 d (under the same ambient conditions as during the experiments). After incubation, fun-
gal and bacterial colonies could then be clearly observed around infected seedlings (see figure 9).

These colonies were counted to calculate the percentage of infected seeds. It should be emphasized
that alongside the target pathogens, native microbial colonies could also grow on the medium. These
were counted all together. Between treatments, the dielectric barrier, wire electrodes and container were
cleaned with isopropyl alcohol. The barrier was flipped between each experiment to cancel the effect of

7
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Figure 10. (a): Rigid mica sheet barrier covered with the discharge electrodes before CAP exposure. (b): Arcing (white circle) on
the mica sheet when voltage was applied (Vp = 2 kV). (c): Ultem PEI barrier before CAP exposure (dd = 1 mm). (d): Erosion
(red arrows) and a white cloudy appearance along the discharge wires (red circle) were observed on the PEI barrier after CAP
exposure. (e): Carbon-filled UHMWPE sheet exhibiting arcing damage. (f): Lycopodium powder visualization of microdischarge
pattern on the Willow glass barrier (Vp = 1.2 kV, PRF= 500 Hz, tpulse = 1 µs). Red bar height: 5.5 mm. (g): Magnification of
the microdischarge pattern shown in figure 10(f). (h): Gold-plated tungsten wire after arcing, which destroyed the gold plating
on the right end.

residual surface charges (see section 3.3.1). All seed experiments were performed with a Gorilla glass
dielectric barrier.

3. Results

3.1. Dielectric barrier performance
Two types of mica barriers were tested, namely flexible and rigid mica. These showed sparks at
Vp = 1500 and 2000 V, respectively (see figures 10(a) and (b)). This arcing suggests that these thin mica
sheets could not withstand the high electric fields generated near the discharge wires.

The Ultem PEI sheet (dd = 1 mm) showed visible damage already after 5 min of operation
(Vp = 4 kV, PRF = 1000 Hz, tpulse = 3 µs, see figures 10(c) and (d)). Ridges were observed on the
barrier beneath the wire electrodes. This was most likely caused by plasma etching. Along the tracks, a
white cloudy pattern appeared. This pattern remained after cleaning with isopropyl alcohol, indicating
permanent material degradation. Thus, Ultem PEI is not resistant to CAP. Therefore, the Ultem PEI bar-
riers (of both 1 and 0.025 mm thickness) were discarded.

The C-UHMWPE barrier also broke down rapidly. It produced sparks when Vp > 1000 V, resulting
in severe damage of the C-UHMWPE sheet and the discharge wire itself, which had to be replaced (see
figures 10(e) and (h)). This suggests that a resistive barrier discharge can only be used for CAP produc-
tion when the air gap is sufficiently large.

The alumina barrier gave short circuits before CAP was formed at Vp ∼ 700 V and was therefore
also rejected. The sparking is likely due to microscopic defects (such as open pores in the anodized
layer).

Willow glass and Gorilla glass barriers both demonstrated stable plasma production and incurred
minimal damage. However, both barriers showed progressive surface charging over time, induced by the
applied positive high-voltage pulses (see section 3.3.1).

3.2. Lycopodium powder pattern
The microdischarge pattern of a surface DBD could be visualized using powder particles [61, 62]. These
are, depending on their charge, either attracted or repelled by the electric field emanating from the dis-
charge wire.

8
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Figure 11. Current profiles for various pulse peak voltages (PRF= 500 Hz, tpulse = 2 µs, T = 18.5 ◦C, RH= 40%). The regions
where conduction current is present are highlighted. Average of 64 pulses.

We used Lycopodium spores with a diameter of ∼ 30 µm (Sigma-Aldrich 19 108–100 G–F) to visu-
alize this. These carry a negative charge and enable visualization of the discharge locations. The pow-
der was gently sieved on the barrier. The barrier was then tilted so that only a thin layer of powder
remained. The wire electrodes were then gently placed on the barrier and high-voltage pulses were
applied for 10 s. Clearly, distinct microdischarge footprints were observed on both sides of the wires (see
figures 10(f) and (g)).

The streamer channels extended laterally along the dielectric barrier surface, in accordance with the
light emission pattern shown in figure 3. Electric field interference between neighbouring wires may
occur [63]. Therefore, sufficient wire spacing should be maintained.

3.3. VI-characteristics (Gorilla glass barrier)
To optimize operating conditions prior to seed disinfection, the voltage and current behaviour of our
DBD with the Gorilla glass barrier was characterized. Vp was gradually increased, while monitoring the
current waveform and light emission. The total measured current is generally expressed as the sum of
the displacement current (Idisp) and the conduction current (Icond) during plasma operation [64]:

Itot (t) = Idisp (t)+ Icond (t) . (1)

During one pulse, a positive primary discharge and a negative secondary discharge were observed (see
figure 11). The secondary discharge appears when positive surface charge, accumulated on the barrier,
initiates a breakdown when the voltage pulse decays. Both discharges displayed an initial current peak,
which is solely a displacement current when Vp < 2 kV (as then, no light emission or ozone production
were observed). When Vp > 2 kV, conduction current appeared, as light emission and ozone produc-
tion were observed (see figure 11 and section 3.4). The current profile showed the characteristic two-peak
phenomenon as described in [64, 65]. The ‘tails’ of the primary and secondary discharge correspond
to conduction current, associated with CAP formation (see figure 11). When Vp = 3 kV, microdis-
charges appeared on nearly all wires (see figure 3). So, Vp ⩾ 3 kV was selected for our seed treatment
experiments.

The effect of pulse width was investigated by varying tpulse between 500 and 3000 ns (see figure 12).
We observed that the conduction current of the primary discharge lasted ∼1.5 µs. This relative long
duration is attributed to the unusually long discharge electrode, which acts as a RC-circuit, with time
constant τ = RC. Therefore, tpulse should exceed 1.5 µs to ensure that microdischarges can form along
the entire electrode length. As such, the pulse width for our seed experiments was set to tpulse = 2 µs.

Variation of the pulse repetition frequency showed no significant change in pulse current shape (see
figure 13). However, the DC supply current increased from 0.6 to 10 mA when the PRF increased from
100 to 2000 Hz. Both Ccell (260 pF) and the plasma formation increased the capacitive load, which
increased the rise time of the high-voltage pulse [58, 66, 67]. We found a rise time (10%–90%) of
750 ns when Vp = 3 kV.

3.3.1. Surface charging
A gradual decrease in conduction current was observed after 2 h of continuous CAP production (see
figure 14). This behaviour was attributed to surface charging of the Gorilla glass barrier, which low-
ers the effective electric field in the air gap over time. Similar charging effects have been reported for a
range of polymer barriers, such as Teflon, polyimide and polypropylene [68–71].

9



J. Phys. D: Appl. Phys. 59 (2026) 295202 L F A Wymenga et al

Figure 12. Voltage and current waveforms for tpulse = 500–3000 ns (PRF= 500 Hz, T = 21.5 ◦C, RH= 52%). Average of 64
pulses.

Figure 13. Current and voltage waveforms for varying PRF (Vp = 3 kV, tpulse = 2 µs, T = 21.5 ◦C, RH= 52%). V in: Low-
voltage input pulse. Average of 64 pulses.

Figure 14. A small decrease in current was noticed after extended operation up to 3.6·106 pulses (Vp = 3 kV, tpulse = 1 µs,
PRF= 500 Hz). Average of 448 pulses.

Since Gorilla and Willow glass are insulating multi-component oxides, they are susceptible to charg-
ing and may retain charges for extended periods [25, 26]. Pipa et al noted that residual surface potentials
influenced the breakdown voltage Vbr for more than 13 h [72]. In the present study, a slight increase in
Vp was required over time to maintain the same peak current (see figure 14).

To overcome this effect, the dielectric barrier was flipped between experiments, and both sides
were cleaned with isopropyl alcohol to neutralize any charge retained on the barrier. After 30 min of
operation, Ccell increased from 260 pF to 2.3 nF due to surface charging. Flipping and cleaning of the
Gorilla glass barrier restored Ccell to its initial value, indicating complete removal of the surface charge.
Therefore, no decrease in conduction current was observed between seed disinfection experiments (see
figure 15). The Willow glass barrier (dd = 0.1 mm) proved too fragile to flip and shattered. Therefore,
all seed disinfection experiments were performed using the robust Gorilla glass barrier.

In an open PMMA box (configuration 3), the conduction current was consistently lower than in
the closed box configurations (see figure 15). This was attributed to a lower ion density when the box
is open: ions escape into the environment, thereby reducing the air conductivity (see also section 3.4).
Placing seeds between the discharge wires (configure 1) did not affect the VI-characteristics, affirming
that this placement did not alter the electrical behaviour of the DBD.
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Figure 15. Current and voltage curves of all 24 seed treatments. No noticeable effect of surface charging was observed. The treat-
ments with Vp = 3 kV represent 21 trials, totalling 18.9·106 pulses.

Figure 16. The energy per pulse Ep (red curves) for 3 and 4 kV pulses (tpulse = 2 µs, PRF= 500 Hz).

3.3.2. Energy per pulse (Ep)
The energy per pulse Ep (in J) can be calculated by integrating the product of voltage and current over
the duration T of a single pulse [73]:

Ep =

0̂

T

V(t) · Itot (t)dt. (2)

The power P (in W) can then simply be obtained from Ep using:

P= PRF · Ep (3)

Figure 16 shows Ep for 3 and 4 kV pulses, using equation (2). As expected, Ep increased with increas-
ing pulse voltage, due to a greater number of microdischarges and increased streamer length. This is
reflected in the larger conduction current at higher voltages in figures 11 and 16. We found Ep = 7.3 mJ
for 3 kV pulses, and Ep = 19.1 mJ for 4 kV pulses. This corresponds to P = 3.65 and 9.55 W for 3 and
4 kV pulses, respectively, using equation (3). These values were used for subsequent energy calculations
in section 3.5.

3.4. Ozone, temperature and ion production
Ozone production was monitored in configuration 1, using a PMMA lid with two holes serving as air
inlet and outlet (see figure S6). The ozone metre was connected airtight to the air outlet. The results are
presented in figure 17. Ozone levels increased rapidly when the plasma was formed, then approached
saturation. Ozone levels increased with PRF, although not proportionally, consistent with previous
observations [74]. Increasing the PRF from 500 to 2000 Hz increased the maximum ozone concentra-
tion [O3]max by 59%. Increasing Vp from 3 to 4 kV raised [O3]max by 30%. Reducing the humidity from
54%–28% (the difference between summer and winter day conditions) increased [O3]max by 127%.

After 30 min of seed treatment, the seed and barrier temperature increased by only 2.0 and 3.3 ◦C
above the ambient temperature of 19.6 ◦C (Vp = 3 kV, average of three measurements). After 45 min,
the temperature increased by 3.8 and 4.9 ◦C, respectively. When Vp = 4 kV, the seed and barrier tem-
perature reached 27 and 28 ◦C, respectively, far below heat-damage thresholds. These findings indicate
that the seeds are neither disinfected nor damaged thermally and that the DBD operates in ozone mode
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Figure 17. Ozone concentration for varying PRF, Vp and relative humidity (tpulse = 2 µs, T = 18 ◦C–21 ◦C). Average of three
measurements, standard deviations are displayed. Blue lines: RH= 28%. Green lines: RH= 44%. Red lines: RH= 54%.

Figure 18. Positive and negative ion density for three PRFs (Vp = 3 kV, tpulse = 2 µs, T = 22.8 ◦C, RH= 43%). Average of
3 measurements with standard deviations.

Figure 19. DC input power, ozone concentration and positive ion density (after 2 min. Operation) vs PRF (Vp = 3 kV,
tpulse = 2 µs, T = 20.8 ◦C–22.8 ◦C, RH= 43%–56%). Average of 3 (ozone, ions) and 8 (DC power) measurements. Standard
deviations are displayed.

rather than in NOx mode [75, 76]. This is important, because previous studies showed more effective
inactivation of mycotoxins and Aspergillus flavus spores in ozone mode [77, 78].

Positive and negative ion densities were also measured as a function of PRF. As positive pulses were
applied to the discharge electrodes, positive ions were expected to outnumber the negative ions. This was
confirmed experimentally, see figure 18. Ion densities increased with PRF, but not proportionally [79].
During our treatments, the seeds were exposed to a positive ion density of 98 million per cm3 and a
negative ion density of 0.4 million per cm3.

Notably, in the experiments with −2 kVDC applied to the steel grid, the current of the DC supply
providing this voltage increased by 0.03 mA during plasma operation. This was attributed to positive
ions being attracted to the negatively charged grid. No such increase occurred for a 2 kVDC bias, because
of the much lower density of negative ions. This is another confirmation of positive ions outnumbering
negative ions in our setup.

In figure 19, [O3]max, the positive ion density and the DC input power (VDC × IDC) are plotted
as function of the PRF. While the DC power consumption increased linearly with PRF, ozone and ion
production did not. Thus, the DBD became less energy-efficient for ozone and ion generation at higher
PRF.
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Figure 20. Percentage of infected seeds for each treatment. Each bar is the mean value of three measurements (60 seeds per mea-
surement). Error bars show the standard deviations. The labels below the bars note the configuration number (see figure 8), Vp,
treatment time and if a grid with DC bias was added, respectively. Statistically significant differences compared to control were
calculated with one-tailed, paired t-tests in Excel. These were displayed by symbols above the treatments. ∗: p< 0.05, ◦: p< 0.01.

Table 2. Best disinfection results.

Seed Control (%) Best treatment (%) Reduction

S1 81± 12 1.7 98%

S2 58± 2 0 100%

S3 59± 2 21.8 63%

Figure 21. S2 seeds 9 d after plating. Left: untreated seeds. Right: treated seeds (configuration 2). The seedlings of the treated
seeds showed longer stems compared to those of the untreated seeds. The stems are depicted in the bottom figure by drawing red
lines over the stems visible in the photograph.

3.5. Disinfection of seed surfaces
The disinfection results for all seed types and configurations are shown in figure 20. The highest disin-
fection efficiencies were obtained with the 4 kV treatment (30 min) and the 3 kV treatment (45 min) in
configuration 2.

The best results per seed type are summarized in table 2.
No reduction of seedling growth was observed. On the contrary, a higher number of seeds ger-

minated after CAP treatment. The treated seeds clearly produced seedlings with longer stems (see
figure 21). This could be explained by seed priming (a well-documented effect of CAP [80–83]) and/or
by lower growth inhibition due to lower pathogenic microorganism activity [18]. Šrámková et al treated
Saxon seeds and found that the increased germination power persisted after storage for up to 6 months
[84]. Furthermore, improved growth was observed in plum plants even 3 years after CAP treatment at
the seedling state [85].

The treatment in configuration 2 with Vp = 3 kV was conducted for several durations, as depicted
in figure 20. These results were plotted with the treatment time on the x-axis in figure 22. A distinct
time-dependent increase in disinfection efficiency was observed.

As our experiments were carried out under ambient laboratory conditions, natural variations in
ambient temperature and relative humidity did occur. To evaluate their potential influence, the same

13



J. Phys. D: Appl. Phys. 59 (2026) 295202 L F A Wymenga et al

Figure 22. Percentage of infected seeds versus treatment time (Vp = 3 kV). The number of infected seeds appears to decay expo-
nentially over time. Average of three measurements, standard deviations are displayed. Trendlines were drawn manually.

Table 3. Disinfection performance at two humidity levels
(each treatment represents 60 seeds per seed type). The
percentage of infected seeds after both treatments is given.∆:
Absolute difference in disinfection percentage between
treatments.

Seed

RH= 36% RH= 49%

∆ (%)T = 19.1 ◦C T = 20.2 ◦C

S1 5.0% 6.7% 1.7

S2 0.0% 1.7% 1.7

S3 28.3% 30.0% 1.7

Table 4. Energy and ozone characteristics of the 3 and 4 kV treatments. ttreat: Treatment time. #pulse: Total number of pulses per
treatment. [O3]max: Maximum ozone concentration. Etot: Total energy. EDC: Total DC input energy. Pdens: power density.

Vp (kV) ttreat (min) #pulse [O3]max (ppm) Ep (J) Etot (kJ) EDC (kJ) Pdens (W cm−2)

3 45 1.35 · 106 1403 7.3·10−3 9.9 26.5 0.009

4 30 0.9·106 1732 19.1·10−3 17.2 44.5 0.024

treatments were repeated under different ambient conditions. The variations had no significant effect on
the disinfection, see table 3.

Further analysis was performed on the 3 and 4 kV treatments that produced the highest disinfection
percentages in figure 20. The total number of pulses (#pulse) and [O3]max were determined. In addition,
the total energy deposition (Etot = Ep · #pulse), DC energy use (EDC = VDC · IDC · 60·ttreat) and power
density (Pdens = P/Aplasma) were calculated. These values are listed in table 4. It was found that Etot, EDC
and Pdens were resp. 42, 40 and 63% lower for the 3 kV treatment than for the 4 kV treatment, despite
its 50% longer treatment time. This is important, as the two treatments produced equally high disinfec-
tion rates.

4. Discussion

4.1. Seed disinfectionmechanisms
4.1.1. Direct vs indirect treatment
No significant difference was observed between direct and indirect treatment (configuration 1 and 2).
In a direct treatment, the seeds are exposed to PEFs, (relatively) high energized electron densities and
UV emission, whereas these components are largely absent during indirect treatment [14, 21]. The lack
of difference therefore indicates that these factors did not significantly contribute to seed disinfection.
Instead, both configurations expose seeds to comparable RONS concentrations, which likely explains the
similar disinfection percentages [77].

Several studies support the efficiency of indirect CAP treatments. Wannicke et al showed that Bacillus
atrophaeus spores could be inactivated by plasma-treated air transported to the spores, without expos-
ing them directly to the discharge [86]. Hertwig et al achieved indirect inactivation of B. atrophaeus and
Bacillus subtilis spores on glass beads with a coplanar surface DBD [87].
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Figure 23. SEM images of the surface structure of a cabbage seed (left) and a carrot seed (right). Magnification 650×, bar height
100 µm.

Direct treatment has also been shown effective. Suwannarat et al inactivated A. brassicicola spores on
kale seeds using a direct treatment [4]. Butscher et al observed degradation of Geobacillus stearother-
mophilus spores in a direct treatment, attributed primarily to chemical interaction with RONS [88].
Similar results were reported in [89], where several Bacillus and Penicillium nalgiovense spores were inac-
tivated by a direct air plasma treatment.

Klämpfl et al inactivated G. stearothermophilus indirectly, as well as Bacillus pumilus, B. subtilis and
B. atrophaeus, while UV-emission was blocked [90]. This aligns with the fact that UV-B and UV-C are
heavily absorbed by oxygen and ozone in the air gap before reaching the spores (as is the case in config-
uration 2) [14]. Butscher et al found that strong varying electric fields did not contribute to the inactiva-
tion of G. stearothermophilus spores and Escherichia coli bacteria, consistent with our findings [88, 91].

Additionally, the low recorded seed temperature in our treatments exclude thermal inactivation (via
IR radiation) as contributing mechanism [13]. Direct treatment inside an open PMMA box yielded no
significant disinfection (see figure 20). The RONS and ion concentrations are then substantially reduced
compared to a closed box. This supports the hypothesis that RONS are the primary agents responsi-
ble for microbial inactivation in our setup [92]. However, based on these findings, we cannot separate
the contribution of individual RONS to this disinfection effect. The role of ions is discussed in the next
section.

4.1.2. Ion bombardment
Placing the seeds on a biased steel grid (2 or −2 kVDC) did not significantly improve disinfection (see
figure 20). Thus, ion bombardment did not contribute substantially to seed disinfection [15]. Although
a study reported on B. atrophaeus spore inactivation using a 100 eV ion beam (ion etching), this mech-
anism was clearly not active in our setup [93]. Some authors have suggested a synergistic effect between
ion bombardment and RONS [13, 89, 91], but no such synergy was observed here. However, when ions
are lost to the environment (as in configuration 3), the RONS concentration around the seeds will also
decline, as RONS formation is dependent on the presence of ions.

4.1.3. Influence of seed surface
Disinfection efficacy was found to depend on seed type, with the spherical cabbage seeds (S1 and S2)
showing higher disinfection rates than the irregularly shaped carrot seeds (S3). The latter possess a much
rougher surface, with pronounced grooves, crevices and fissures (see figure 23). Such surface features
enable microorganisms to penetrate deeper into regions of the seed coat, where they are better shielded
from RONS exposure [77, 91, 94].

We did not detect a change in surface structure after CAP treatment (see SEM images in figures
S3 and S4), indicating that the microtopography responsible for microbial protection remained intact.
A similar substrate-dependent effect in CAP treatments was observed by Laika et al [77]. They found
that the geometry of the substrate (whole versus chopped pistachios) affected the mycotoxin reduction.
Likewise, Butscher et al found more rapid E. coli inactivation on smooth seeds (cress, alfalfa, radish) than
on grooved seeds (onion) [91]. They also reported lower G. stearothermophilus inactivation on rougher
surfaces [88], which they attributed to differences in electric field distribution (in a volume DBD) and/or
seed stacking. Both explanations can be excluded in our setup, where the electric field was identical for
all 3 kV treatments and seeds were arranged without stacking. Schnabel et al found lower plasma inac-
tivation of B. atrophaeus endospores on cabbage seed surfaces compared to on glass substrates [94].
Similarly, Beyrer et al showed that Bacillus coagulans spores were much more effectively inactivated on
flat glass substrates than in porous powder or maize starch [89]. They attributed the inactivation largely
to ion-driven etching. However, our results show that accelerated ions do not boost the disinfection.
Even without ion acceleration (i.e. in configuration 2), high disinfection was achieved. Furthermore, the
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Figure 24. Factors which determine the success of CAP seed disinfection.

ions formed by nano- and micropulsed plasmas are barely accelerated compared to those formed by AC-
powered plasmas.

Taken together, these findings suggest that rough surfaces hinder CAP disinfection primarily by limit-
ing the accessibility of RONS to microorganisms. This may result from physical shielding or from inter-
actions between RONS and the seed surface (such as scavenging or uptake processes [11, 13]).

4.1.4. Humidity
Variations in ambient humidity could not be avoided during our experiments. Large humidity varia-
tions could significantly alter CAP inactivation of microorganisms such as Bacillus spores and Salmonella
bacteria [95, 96]. It can be explained by variations in radical formation. In dry air plasmas, strong dis-
infectants are singlet oxygen (1O2), superoxide (O2

−) and ozone [21, 97]. In humid air plasmas, other
strong oxidizers such as hydroxyl radicals (·OH), hydrogen peroxide (H2O2), HNO3, ONOO- and HNO2

appear, while the ozone concentration typically decreases (see figure 17) [97, 98]. Humidity may also
change spore properties: it could cause swelling [99] or break spore dormancy [14]. The humidity vari-
ations encountered during our experiments did not significantly affect the disinfection efficacy (see
table 3). This indicates that, in our experiments, the disinfection effect was not significantly increased
by the mentioned humid air species. The disinfection could be explained by a sufficient high concen-
tration of oxidizers such as ozone, singlet oxygen and superoxide over the entire humidity range of our
experiments.

4.1.5. CAP intensity and exposure time
The CAP intensity (determined by Vp and PRF) and exposure time were found to be the most decisive
factors deciding microorganism inactivation [87–91, 100]. This is schematically visualized in figure 24.
A high voltage and/or PRF raise the concentration of RONS (wherein O3 is the most abundant species)
[78]. However, we found that prolonged exposure at somewhat lower [O3]max achieved the same level of
disinfection (see section 3.5). This suggests that for disinfection purposes, CAP devices and their power
electronics should be designed to operate at moderate voltage (Vp slightly above Vbr) and PRF. Under
these conditions, ozone production is most energy efficient, while less heat is produced [101]. Treatment
time could then be adjusted to obtain the desired disinfection effect. Our findings also indicate that
increasing PRF is an inefficient strategy to enhance ozone production. This is likely due to surface charge
accumulation on the dielectric barrier, which changes the local electric field and hinders further dis-
charge development [102]. A high PRF could also increase the microdischarge channel temperature up
to a point where ozone is thermally dissociated.

Supporting the above, Dasan et al showed that the treatment time had a greater impact on the inac-
tivation of Aspergillus spores on hazelnuts than the operating voltage [103]. Yoshino et al demonstrated
a clear time-dependent inactivation of Aspergillus niger and B. subtilis spores on steel Petri dishes in an
oxygen low-pressure plasma. However, no A. niger inactivation occurred below a threshold plasma inten-
sity (50 W), suggesting that a minimum intensity is required to overcome spore resistance to RONS
[104]. Importantly, a too low CAP intensity might stimulate spore germination [105]! This highlights
the need for careful optimization of the operating conditions.

4.1.6. Working gas
Multiple different working gases (such as air, oxygen, nitrogen and helium) were used for CAP dis-
infection by other authors. Hertwig et al found stronger inactivation of B. subtilis and B. atrophaeus
spores when nitrogen (N2) was used as a working gas instead of air [87]. Interestingly, they found no
direct correlation between the presence of ozone, ROS, RNS, and the inactivation outcome. Treatments
with air, oxygen and CO2 produced roughly the same Bacillus spore inactivation. In contrast, Niemiera
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reached higher inactivation of Salmonella and E. coli on almonds with an (indirect) air plasma com-
pared to a nitrogen plasma [106]. Laroussi et al indirectly treated Bacillus spores with either a pure
helium, helium/oxygen (97/3%) or air plasma [107]. The air plasma inactivated the spores more than
20 times faster than the other gas compositions. Wannicke et al demonstrated effective inactivation of B.
atrophaeus spores on seed surfaces by exposing them to plasma-treated air. This air likely contained NOx

species, but low levels of ions, electrons and UV, all of which will disappear before reaching the seed
surface [86]. Notably, ozone concentrations were likely very low under their experimental conditions,
due to the high plasma temperature (4000 K). Muto and Hayashi showed that denaturation of amino
acids such as aspartic and glutamic acid (both present in bacterial spores) was successful in air plasma,
but not in oxygen plasma [108]. This indicates that RNS and ROS might act synergistically to achieve
disinfection.

Working gases other than ambient air (especially noble gases such as argon [4, 91]) increase opera-
tional costs due to the need for controlled gas supply systems and specialized infrastructure. No work-
ing gas clearly outperformed ambient air for seed disinfection. Therefore, ambient air remains the most
practical and economical choice for CAP disinfection. It was noted that priming effects were stronger in
air plasmas compared to oxygen, nitrogen or helium plasmas [109].

Addition of aerosols (H2O2, water [110], acetic acid [111] or ethanol [112]) could improve the disin-
fection in air-based systems. However, for applications such as seed treatment, these additives may have
practical drawbacks, namely the need for post-treatment drying, potential non-compliance with food
safety regulations and increased costs. Moreover, condensation on the electrodes or the dielectric barrier
can disrupt CAP generation by distorting the electric field, impairing the microdischarge formation and
accelerating material degradation [22]. Finally, spores may be more resistant to RONS when immersed in
water droplets or films [78].

4.1.7. Deeper understanding of inactivation mechanisms
A variety of microbial inactivation mechanisms have been proposed [97]. Among these, oxidation of cell
walls, membranes, proteins and nucleic acids is frequently identified as dominant pathway [97, 113]. In
our module, oxidation is indeed the most likely inactivation mechanism, as other mechanisms (such as
ion etching or electroporation due to PEFs) could be reasonably excluded. For a broader overview of
inactivation mechanisms, we refer to the excellent review of Waskow et al [16].

Bacterial and particularly fungal spores are widely seen as the most CAP-resistant microbial forms [1,
13]. Their high resistance is linked to minimal metabolic activity and presence of protective structures
such as multilayered cell walls, melanin and peptidoglycans (see figure 7(b)) [1, 3, 15, 92, 114]. For this
reason, we focused on CAP inactivation of spores, which serve as a stringent benchmark for evaluating
overall antimicrobial performance.

Numerous studies have documented structural and biochemical changes in spores after CAP expo-
sure, even by indirect treatments. Hojnik et al observed craters in A. flavus spores treated indirectly,
5 mm below the discharge electrodes [78]. Similarly, Suwannarat et al found cell leakage, pigment loss
and surface roughening in A. brassicicola spores on seeds placed 5 mm below the discharge electrode
[4]. Wang et al showed leakage of proteins and DNA from Alicyclobacillus contaminans spores, accom-
panied by a strong reduction in intracellular ATP and cell rupture [115]. Noh et al showed a pronounced
shrinkage of Cordyceps pruinosa spores following direct plasma jet treatment, indicating membrane
leakage [116]. They also found elevated intracellular ROS levels and signs of DNA damage in treated
spores. Comparable shrinkage and surface erosion were observed by Butscher et al in G. stearother-
mophilus spores subjected to an argon CAP treatment [88]. Other studies report shrinking, roughening
and clustering of B. subtilis spores in a low-pressure direct plasma treatment [104, 117]. Clustering is
also described for Aspergillus parasiticus, A. flavus and A. contaminans spores [103, 115]. This aggregation
behaviour has been attributed to an increase in spore surface hydrophilicity induced by CAP exposure
[115]. This may also limit the adherence of spores onto hydrophobic seed surfaces. In line with this, Fan
et al showed a near-complete disappearance of microorganisms from the surface of treated seeds [80].
Spores of B. cereus were found to change their water uptake after plasma treatment due to membrane
damage [15].

CAP-induced chemical and physiological changes have also been found in fungal mycelia.
Šimončicová et al reported cell wall desiccation and polysaccharide oxidation in A. flavus mycelium
exposed to CAP [118]. They found high levels of intracellular antioxidant enzymes, likely reflecting the
influx of RONS, through the increasingly permeable fungal cell structures, along with evidence of DNA
degradation.

It should be reiterated that the disinfection capability of CAP depends on the type of microorganism
[5, 106, 118] and may even differ between per strain [99].
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Table 5. Powering parameters (waveform, voltage, frequency) of several studies using a DBD to inactivate bacterial/fungal spores. WG:
Working gas. V : Closed air volume of setup.

∗
Calculated based on the dimensions provided by the authors.

∗∗
AC frequency while

operating in burst mode.

Authors Type kVpp kHz WG Pdens (W cm−2) V (cm3) [O3]max (ppm)

Suwannarat et al [4] AC 14 1 Ar/Air 1.000 6 ?

Klämpfl et al [90] AC 10 1 Air 0.035 142 ?

Beyrer et al [89] AC 17.5 10 Air 0.180 24 ?

Fan et al [80] Pulsed 22 0.3 Air 0.134
∗

160 ?

Zhang and Wang [117] Pulsed 44 0.6 Air 0.553
∗

20 ?

Waskow et al [120] AC 8 10
∗∗

Air 0.070 2800 160

Hojnik et al [78] AC 5-10 40 Air 0.790 39 650

Rotondo et al [121] AC 20.7 5
∗∗

Air 0.289
∗

1.5 2375

This study Pulsed 3 0.5 Air 0.009 400 1841

4 0.024 2399

4.1.8. DBD powering: pulsed vs AC
Pulsed powering might be beneficial for seed disinfection compared conventional AC powering [88].
Short pulses create higher RONS concentrations, while simultaneously limiting heat production [119].
The most energy efficient disinfection was achieved using pulsed, indirect CAP treatment with a mod-
erate Vp for a longer duration. Table 5 shows that pulsed powering, in combination with an optimized
DBD, could achieve very high ozone concentrations in comparatively large volumes, at lower power den-
sities compared to other setups.

4.2. DBD performance
Our wire-plate DBD consists of a 7 m-long discharge electrode, positioned a fraction above a thin
Gorilla glass barrier. As noted by Kogelschatz et al, pulsed CAP systems require sufficiently long elec-
trodes to facilitate simultaneous formation of multiple microdischarges [122]. This was the case in our
setup, where microdischarges were observed over a total length of 14 m (see figure 3). A long electrode
could also mitigate local heat generation [123]. In our DBD, microdischarges propagated several mil-
limetres over the dielectric surface on both sides of the discharge wire.

Several benefits of this wire-plate DBD could be identified. First, the wire is mechanically robust
and resistant to oxidation. Its mechanical strength allows for a small diameter which magnifies the
local electric field. This yields several advantages: faster streamer head formation, higher streamer
density, improved plasma uniformity [124, 125], increased ionic wind speed [126] and enhanced
ozone production [127]. The local electric field is further amplified by the thin dielectric barrier
(dd = 0.4 mm) and narrow air gap (dg ∼ 20 µm). Together, these features produced a relatively high
conduction current (and thus RONS) at low onset voltages (Vbr < 2 kV).

Second, the DBD has a low capacitance (Ccell = 260 pF). This is caused by the small effective elec-
trode area introduced by the thin wire (area A becomes small in the capacitance equation equation (4)):

C=
ε0 · εr ·A

dd
. (4)

This small capacitance lowers the pulse rise time, and a shorter rise time increases the conduction
current. As a result, microdischarges over a length of 14 m could be produced by a single solid-state
push-pull switch. This might benefit industrial implementation, as these switches are reliable and
durable compared to other power circuits [128, 129]. The low capacitance extends the operating range
of the switch, which is limited by a maximum power (Pd,max) of 20 W in our case. This follows from
equation (5) [58]:

Pd,max = V2
DC ·PRF · (Ccell +Ccoax +Cswitch) (5)

where Ccoax = 28 pF and Cswitch = 140 pF.
Third, a low breakdown voltage of enables the use of low-cost switches, as these switches become

more expensive for higher voltage ratings. Furthermore, it eliminates the need for noble gas admixtures
(e.g. argon) to lower the breakdown voltage [91]. A low Vbr also lowers heat formation, since less energy
is dissipated in the dielectric barrier. For comparison, other authors reached gas temperatures of 30
[89], 57 [18], 70 (with active cooling [87]), 85 [91], 90 [103] and 100 ◦C [130], whereas we measured
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a maximum gas temperature of only 28 ◦C. This indicates that the treatment intensity could be further
increased (by increasing Vp, PRF and/or ttreat) without risking thermal seed damage [18].

No reflections were detected in the voltage pulse shape [20, 131]. This likely results from the low dis-
charge electrode resistance, achieved by adding two bypass wires to connect the parallel discharge wires
(see figure S1). It reduced the resistance >10 times to 10 Ω. Additionally, a thin dielectric barrier low-
ers the impedance and further suppresses reflections [132]. Other benefits of the bypass wires are lower
thermal losses, improved plasma uniformity, and faster charging and discharging of the DBDs capacitive
component.

Our DBD is scalable, low-cost (∼ 150 €) and easy to clean. While 300 seeds were treated per exper-
iment, the reactor could contain >10 000 seeds (±50 g) per treatment. However, the disinfection effi-
cacy should then be re-examined. Multiple of these reactors could operate in parallel to treat seeds on
an industrial scale, which implies 100 kg h−1. This could be achieved by covering an area of 80 m2 with
these reactors. As ten layers of reactors would easily fit within 1 m of height, a cabinet of 4 × 2 × 1 m3

could theoretically contain this treatment area. In a 45 min treatment, the power use of the DC supply
was 26.5 kJ and that of the switch 9.7 kJ. This amounts to an energy use of 0.01 kWh, which is quite
low. For comparison, heating one litre of water from 20 to 60 ◦C in half an hour (used for thermal seed
disinfection) costs 0.04 kWh.

Ultem PEI barriers showed material degradation, while muscovite mica, alumina and semi-resistive
C-UHMWPE barriers failed rapidly due to dielectric breakdown. Surface charging was noticed on
Corning Willow glass and Gorilla glass barriers, leading to a gradual decrease in current and electri-
cal efficiency. Furthermore, polymer barriers may become more hydrophylic following CAP exposure
[68, 70].

The use of short pulses resulted in a duty cycle of only 0.1%. The DBD was operated for >15 h in
total. No wire degradation was observed: the VI-characteristics remained unchanged, the wire retained
its gold colour (indicating intact plating) and SEM imaging showed no structural defects (see figure S7).
The Gorilla glass barrier generally performed well, and displayed only minor scratches after this pro-
longed period (see figure S8).

Future improvements to this design may include the attachment of magnets to the flat electrode,
which could enhance CAP formation [133]. Crystalline barriers (ceramics/mineral) are recommended,
as they appear less prone to degradation and surface charging than polymer barriers. Replacing the SiC-
MOSFETs in the switch by faster GaN-MOSFETs may further reduce the pulse rise time.

5. Conclusion

A novel type of wire-plate DBD was developed using gold-plated tungsten wire as discharge electrode
and Gorilla glass as dielectric barrier. Through several design optimizations—use of a thin wire, a thin
dielectric barrier and a minimal air gap—CAP was formed on both sides of a 7 m-long discharge elec-
trode. The DBD showed a low capacitance and discharge electrode resistance, enabling operation with
a single HV push-pull switch. The combination of the optimized DBD design and pulsed powering
allowed reliable CAP production over a wide operating range (pulse voltage, frequency and width), while
minimizing heat production.

The DBD was applied to treat cabbage and carrot seeds contaminated with pathogenic A. brassici-
cola spores, Xcc and Xhc. It was shown that cabbage seeds (containing A. brassicicola, Xcc and native
microorganisms) were disinfected by up to 98%–100%. Likewise, carrot seeds (containing Xhc and
native microorganisms) were disinfected by up to 63%. The lower efficacy for carrot seeds was attributed
to their rougher surface structure. Importantly, no reduction of seedling growth was observed.

Analysis of 4 treatment configurations demonstrated that prolonged RONS exposure is most likely
the dominant inactivation mechanism. Other plasma components (accelerated ions, electrons, UV-
photons and PEFs) did not contribute markedly. However, we could not identify the individual role
of each type of RONS (such as O3) in this inactivation. This could be a direction for future research.
Although disinfection was accelerated at higher pulse voltages, it was found to be more energy efficient,
and equally effective, to use longer treatment times at slightly lower voltages.

This work shows that a pulsed wire-plate DBD can produce energy-efficient, low-heat and scalable
CAP, suitable for seed disinfection. Further improvements could include the use of faster push-pull
switches to enhance CAP generation. Surface charging of the dielectric barrier remains an underreported
phenomenon that warrants further study. Such charging may be largely averted by using bipolar instead
of unipolar pulses. While DBD technology shows a strong potential for seed disinfection, its efficacy
appears to be surface- and microorganism-dependent.

19



J. Phys. D: Appl. Phys. 59 (2026) 295202 L F A Wymenga et al

Acknowledgments

We thank Yukun Lian, Ilias Walraven and Kees Kwakernaak for their assistance with SEM and Paul van
Nes for his valuable comments after proofreading (all Delft University of Technology). We thank dr Hans
Höft (INP Greifswald) for his advice on the electronic measurements. This research is funded by the
Delft University of Technology, The Netherlands, under the PowerizeD grant (EU 101096387).

Data availability statement

All data that support the findings of this study are included within the article (and any supplementary
files).

Supplementary Materials available at: https://doi.org/10.1088/1361-6463/ae8b00/data1.

Funding

The authors have no conflict of interest to declare. This research is funded by the Delft University of
Technology, The Netherlands, under the PowerizeD grant (EU 101096387).

ORCID iDs

L F A Wymenga  0009-0007-7943-538X
J van Turnhout  0000-0003-4375-8615
M Ghaffarian Niasar  0000-0003-1766-8077
H W van Zeijl  0000-0001-5204-1646
W D van Driel  0000-0001-8882-2508
G Q Zhang  0000-0002-8023-5170

References

[1] Maojin T, Zheng Z, Ying H, Yanyan H and Liang Z 2025 Bacterial spore inactivation technology in solid foods: a review J. Food
Prot. 88 100479

[2] Savary S, Willocquet L, Pethybridge S J, Esker P, McRoberts N and Nelson A 2019 The global burden of pathogens and pests on
major food crops Nat. Ecol. Evol. 3 430–9

[3] Thomma B P H J 2003 Alternaria spp.: from general saprophyte to specific parasiteMol. Plant Pathol. 4 225–36
[4] Suwannarat S, Thammaniphit C and Srisonphan S 2021 Electrohydraulic streamer discharge plasma-enhanced alternaria brassi-

cicola disinfection in seed sterilization ACS Appl. Mater. Interfaces 13 43975–83
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field strength in air J. Phys. D: Appl. Phys. 47 335205

[102] Peng B, Jiang N, Liu Z, Yao X, Li J and Wu Y 2022 Discharge dynamics of primary and secondary streamers in a repetitively
pulsed surface dielectric barrier discharge J. Appl. Phys. 131 113301

[103] Dasan B G, Mutlu M and Boyaci I H 2016 Decontamination of Aspergillus flavus and Aspergillus parasiticus spores on hazelnuts
via atmospheric pressure fluidized bed plasma reactor Int. J. Food Microbiol. 216 50–59

[104] Yoshino K, Matsumoto H, Iwasaki T, Kinoshita S, Noda K and Iwamori S 2013 Monitoring of sterilization in an oxygen plasma
apparatus, employing a quartz crystal microbalance (QCM) method Vacuum 93 84–89

[105] Veerana M, Yu N, Ketya W and Park G 2022 Application of non-thermal plasma to fungal resources J. Fungi 8 102
[106] Niemira B A 2012 Cold plasma reduction of salmonella and Escherichia coli O157: H7 on almonds using ambient pressure gases

J. Food Sci. 77M171–5
[107] Laroussi M and Leipold F 2004 Evaluation of the roles of reactive species, heat, and UV radiation in the inactivation of bacterial

cells by air plasmas at atmospheric pressure Int. J. Mass Spectrom. 233 81–86
[108] Muto R and Hayashi N 2023 Sterilization characteristics of narrow tubing by nitrogen oxides generated in atmospheric pressure

air plasma Sci. Rep. 13 6947
[109] Zhou R, Zhou R, Zhang X, Zhuang J, Yang S, Bazaka K and Ostrikov K K 2016 Effects of atmospheric-pressure N2, He, air, and

O2 microplasmas on mung bean seed germination and seedling growth Sci. Rep. 6 32603
[110] Zhou Y, Jiang T, Zhang L, Wang S, Zhou R, Cui X and Fang Z 2023 High reactivity and bactericidal effects of plasma-activated

mist from hydrogen peroxide solution Plasma Process. Polym. 20 e2200140
[111] Kang T, Yim D, Baek K H, Lee Y E, Kim H-J and Jo C 2022 The inactivation efficacy of plasma-activated acetic acid against

Salmonella typhimurium cells and biofilm J. Appl. Microbiol. 133 3007–19
[112] Li Y Q, Liu J L, Zhao F, Song K, Nie L L, Liu D W and Lu X P 2023 Plasma-activated ethanol solution and it is decontamination

effect High Volt. 8 833–40
[113] Lim J-P, Uhm H S and Li S-Z 2007 Influence of oxygen in atmospheric-pressure argon plasma jet on sterilization of Bacillus

atrophaeous spores Phys. Plasmas 14 093504
[114] Raguse M, Fiebrandt M, Denis B, Stapelmann K, Eichenberger P, Driks A, Eaton P, Awakowicz P and Moeller R 2016

Understanding of the importance of the spore coat structure and pigmentation in the Bacillus subtilis spore resistance to low-
pressure plasma sterilization J. Phys. D: Appl. Phys. 49 285401

[115] Wang Z, Zhao Q, Gan Y, Fan Q, Hu Z, Wang Z, Cai R, Yue T and Yuan Y 2023 Inactivation of Alicyclobacillus contaminans
spores by dielectric barrier discharge plasma and its biological mechanism Innov. Food Sci. Emerg. Technol. 87 103415

[116] Noh H, Kim J E, Kim J Y, Kim S H, Han I, Lim J S, Ki S H, Choi E H and Lee G J 2019 Spore viability and cell wall integrity of
Cordyceps pruinosa treated with an electric shock-free, atmospheric-pressure air plasma jet Appl. Sci. 9 3921

[117] Zhang Y and Wang H 2025 The effect of discharge uniformity on the tailing phenomenon of spore inactivation by cold atmo-
spheric plasma AIP Adv. 15 105108
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