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Abstract
The paper presents the results of an experiment on the effect of cold plasma (He + O2 and 
He + Air) generated in a radio frequency cold atmospheric plasma jet on the process of ger-
mination of onion cv. Wolska (Allium cepa L.) seeds. In order to determine the impact of 
the gas flow on the seed surface, CFD simulations and Schlieren imaging were performed 
and surface characteristics were studied using a digital microscope. Plasma treatment of 
the seeds was carried out four times (2, 5, 10 and 15 s) with one control group. Pre-sowing 
plasma stimulation of seeds improved the germination capacity and germination energy for 
all tested groups in comparison to the control. The best germination capacity and energy 
were obtained for seeds stimulated with 10  s of plasma treatment. Analysis of the data 
showed a statistically significant impact of plasma treatment on the onion seed’s germina-
tion parameters. Plasma treatment did not induce significant changes on the seed surface, 
as microscope images showed but length of all plasma-treated seedlings increased in com-
parison to control.
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Introduction

Due to the possibility of generating non-equilibrium plasma with a relatively low tempera-
ture, cold atmospheric plasma (CAP) jets are now widely applied in bioengineering [1–9]. 
A promising application of plasmas in agriculture is improving seed germination processes 
[1, 10–19]. Plasma can increase germination directly by stimulation of biological pro-
cesses in seeds, and indirectly as a result of biological decontamination from pathogens. 
Regarding direct stimulation, the plasma can interact via radiation, temperature, and influ-
ence of the reactive oxygen and nitrogen species’ bio-chemistry. These factors can cause 
an increase in the amount of chlorophyll and polyphenols [10], a modulated activity of 
antioxidants [11, 12] or a modification of DNA regulation [13]. In studies on the treatment 
of Thuringian Mallow (Lavatera thuringiaca L.) seeds with a dielectric barrier discharge 
(DBD) and with a GlideArc reactor, the observed increase in germination was associated 
with changes in the structure of the seed shell surface [16, 20]. This effect origins from an 
etching of the outer layers of the shell by the plasma, which can change the seed’s wettabil-
ity and improve water absorption [10, 14–16, 21]. Regarding indirect stimulation caused 
by decontamination, seed germination is improved by removing harmful organisms (bacte-
ria, fungi) and creating a favorable microbial flora. Plasma helps reducing harmful bacteria 
such as B. cereus, E. coli or Salmonella [17–19] and fungi that are dangerous for plants, 
including F. nivale, F. culmorum, T. roseum, A. flavus and A. clavatus [1, 22]. A study 
by Schnabel et al. found that the shape of the examined objects determines the contact of 
the material with active plasma species [19]. The distribution of gas flow over the treated 
surface is particularly relevant in CAP jets, where gas dynamic forces play an important 
role. The fluid-dynamic behaviour of a jet often is determined by computer simulations, 
e.g., using computational fluid dynamics (CFD) [23–27]. A method for the experimental 
determination of gas distribution is Schlieren imaging (German Schlieren—streak) which 
is widely used in plasma diagnostics [4, 28–33]. Schlieren imaging is based on the obser-
vation of the change in contrast of an image, originating from the deflection of light rays 
due to refractive index changes in the observed gas volume by type and temperature varia-
tions in the flowing gas.

The aim of the present study is to determine the effect of the length of plasma treat-
ment on the germination parameters in seeds of onion cv. Wolska (Allium cepa L.). 
Onion cv. Wolska is one of the most important vegetables in terms of production world-
wide [34]. The experiments were performed with non-thermal plasma generated in a 
radio frequency (RF) plasma jet using different gas mixtures. In order to determine 
the gas flow on the seed surface, CFD simulations and Schlieren imaging were per-
formed and surface characteristics were studied using a digital microscope. Short treat-
ment times were selected for the plasma treatment, motivated by an economical point 
of view.

Fig. 1   Atmospheric pressure 
plasma jet setup
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Materials and Methods

Cold Plasma Parameters

The plasma was generated in capacitively coupled RF jet reactor, a so called atmospheric pres-
sure plasma jet (APPJ) with a high voltage electrode inside its nozzle.

The plasma jet consists of a cylindrical external grounded electrode made of stainless 
steel and an inner rod electrode (see Fig. 1). The inner electrode’s diameter is 5 mm and 
the discharge gap between inner and outer electrode is 1.5 mm. The outer diameter of 
the nozzle is 14 mm, with a total reactor length not exceeding 120 mm. The visible part 
of the discharge coming out of the outer electrode edge is approx. 2 mm.

The power source was a AG 1021 radio frequency generator (T&C Power Conver-
sion, USA) with integrated amplifier and meter of forward and reflected power, designed 
for ultrasonic and plasma applications. In order to increase the voltage to a level ena-
bling ignition of the discharge, an air-core transformer with a 1:12 winding ratio was 
used. Compensating inductance and obtaining resonance on the secondary side of the 
transformer for changing impedance of the discharge was made possible by a capacitor 
connected in parallel (Fig. 2).

The voltage and current output from the power supply were recorded with a Tek-
tronix TDS 2024B oscilloscope. A Tektronix P6015A probe was used to measure the 
voltage. The current signal, due to the impact of high frequency interference, was 
measured through the voltage drop over a low-induction 10 Ω resistor Rip (VISHAY 
LTO100F10E00JTE3) using Tektronix P2220 probe.

To exclude effects of streamer contact to the seeds, which alter the seed surface dras-
tically [16, 20], it was decided to use a helium plasma jet, which generates a glow dis-
charge. Two types of gas mixtures were used: helium with oxygen and helium with air, 
both in a ratio of 3:2 and a total flow of 710  l/h. The reactive species that are gener-
ated are expected to be qualitatively similar to the ones generated in a streamer type 
plasma. Glass tube variable area flow meters (Zakłady Automatyki „ROTAMETR”, 
Poland) were used to regulate the flow. For both mixtures, at a load power of 45 W (for-
ward 47 W), voltage and current signal had a sinusoidal shape. Due to slightly different 

Fig. 2   Resonance circuit of the APPJ
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impedance for each gas mixture, the effective voltage values were 1062 V and 1013 V 
for mixtures containing oxygen and air, respectively.

For both gas mixtures, a series of measurements were made for exposure times of 2, 
5, 10 and 15 s. For each of the experimental conditions, 7 g of onion cv. Wolska seeds 
were evenly distributed on the surface of a 60 mm diameter Teflon strainer placed in a 
40 mm high glass tube (Fig. 3). The distance between the seed surface and the plasma 
jet tip was 2  cm. For this distance, the maximum gas temperature measured with the 
DT-847U meter (Yu Ching Technology, China) and type K thermocouple was 100 °C 
and 110 °C for helium with oxygen and for helium with air gas mixture, respectively. 
Due to the short processing time and the open container, the surface of the seed tem-
perature measured with thermocouple immediately after treatment did not exceed 35 °C 
for all conditions.

Flow simulations were performed in the laminar flow CFD module of the COMSOL 
Multiphysics software, using the finite element method in two-dimensional, axisymmet-
ric geometry. Due to the homogeneous gas flow inside the reactor, only the nozzle tip 
with a length of 4 cm was included in the geometry, while maintaining its actual shape 
and dimensions. In the simulation of gas flow over the surface of the seeds, the seeds’ 
shape was approximated as a system of spheres and cubes with dimensions similar to 
real grains. The gas flow velocity was selected as a parameter that allows estimation of 
the spread and concentration of active plasma particles. In the simulations, the seeds 
were placed on the strainer located above a lumen with a flat bottom.

The flow simulation was validated against flow characteristics measurements 
obtained by a Schlieren imaging setup in a Z configuration [29]. For the Schlieren 
measurements, a C1285R12M CMOS camera (Thorlabs, USA) was used to record the 
images. In order to obtain an image of the average gas flow for times similar to those 
of plasma treatment, an average over 100 frames for each measurement was taken at 

Fig. 3   Experimental setup
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a speed of 16.9 frames per second. During the measurement, the digital camera was 
pointed perpendicularly to the gas flow, in an optical Schlieren Setup along one axis.

To determine the morphology of the samples, a VHX-5000 digital microscope (KEY-
ENCE, Japan) was used. Images of the samples were taken immediately after plasma 
treatment.

The concentration of selected nitrogen and oxygen compounds was measured using 
an IBRID 6 m (Industrial Scientific Corporation, USA) for nitrogen dioxide and nitric 
oxide concentration, and an A-21ZX sensor (Eco Sensors, USA) for ozone concen-
tration. For these measurements, the gas was pumped from the location of the seeds 
through a 7 cm tube (Fig. 3). Due to the inertia of the sensors and the need for a pump-
ing system, the results were recorded with a 1-s offset relative to the ignition of the 
discharge.

Germination Energy and Capacity

Experimental material consisted of onion cv. Wolska seeds (Allium cepa L.) with a seed 
purity of Standard ST. Seed germination was conducted in accordance with ISTA recom-
mendations of 2017 [35] by placing the seeds on germination paper. Germination exper-
iments were conducted by placing the seeds in 5 rows of 20 seeds on each of the four 
germination papers (BP germination). A total of 400 seeds for each parameter were used 
in the experiments. The seeds were covered with paper and then rolled into a roll. The 
experiment on seed germination was carried out in a CTC256 climatic chamber (Mem-
mert GmbH + Co KG, Germany) at a temperature of 20 ± 1 °C. Five groups of seeds were 
studied, each group with a different plasma treatment time: 2, 5, 10 and 15 s, and untreated 
seeds as control group. The distance between plasma jet tip and seeds was set to 20 mm for 
all seed groups.

The number of sprouts was determined every 24 h. The fraction of germinated seeds 
(number of sprouts) after 6 days of germination was defined as germination energy (GEN), 
while the fraction of germinated seeds after 12 days of germination was defined as germi-
nation capacity (GC). Both, germination energy and germination capacity, were expressed 
as a fraction of the germinated seeds G after a certain time t and calculated from the fol-
lowing equation:

where n is the number of seeds germinated at time t and nT, the total number of sown seeds.
Measurement results were analyzed statistically, using Statistica 10 (StatSoft Inc., 

USA). A Tukey test (p < 0.05) was used to investigate the effect of the treatment time on 
germination energy.

Results and Discussion

Figure 4 shows a comparison of gas flow images obtained using simulation and Schlieren 
imaging. Due to the geometry of the APPJ’s electrodes, the gas propagates in the form of 
a column with a diameter not exceeding the outer diameter of the nozzle (Fig. 4b), which 
is also well visible in the simulation for gas velocities higher than 6  m/s (Fig.  4a). The 

(1)G =

n

n
T
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initially hollow column fills at a distance of 5 mm to the nozzle. With the discharge, for 
distances greater than 1.5 cm, the shape and width of the gas stream was only slightly dif-
ferent from the flow pattern of the gas itself (Fig. 4c). For this reason, the simulations of 
the gas flow above the surface of the seeds were considered sufficiently correct to depict 
the conditions of plasma treatment. For different gas mixtures, no significant differences in 
gas flow were observed.

The flow simulations showed that in a setup where seeds were spread out on the flat bot-
tom of a vessel, sharp surfaces of seeds and the side wall of the vessel cause flow irregular-
ities near the center and the edge of the vessel. Flow irregularities as shown in Fig. 5 were 
visible for different amounts of seeds. The gas mainly flowed over the upper surface of the 
seeds. Near the side walls of the vessel, it turned back towards the reactor, potentially caus-
ing uneven seed processing.

Better contact of the feed gas with the bottom surface of seeds was obtained in a setup 
where seeds were positioned on a strainer (Fig. 6). In this case, the strainer’s holes signifi-
cantly increased the gas flow around the seeds, mainly near the axis of the reactor (Fig. 6a). 
Despite the fact that the stream flowed around all the seeds, its velocity was much lower 
due to the larger gas distribution area (Fig. 6b). Based on the obtained results and assumed 

Fig. 4   Gas flow: a flow simulation b Schlieren imaging for flow with discharge and c without discharge

Fig. 5   Gas velocity for flat vessel: a surface view, b stream view
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short treatment time, it was decided that further tests would be carried out using a strainer 
system allowing slightly better contact of working gas with seeds.

Table  1 presents the concentrations of selected oxygen and nitrogen compounds as a 
function of time after ignition of the discharge. Comparing obtained results, it can be seen 
that there is large difference between the mixtures containing oxygen and air.

Ozone density increases with increasing time after plasma ignition for the mixture of 
helium and oxygen, while little ozone is produced for the discharge with air admixture.

With air admixture, more NO can be detected, pointing towards the nitrogen domi-
nated chemistry. It can be assumed that for air admixture, more reactive nitrogen species 
are generated, that the meters cannot detect. This can also explain the unexpected lower 
concentration of NO2 for air admixture in comparison to the NO2 concentration for oxygen 
admixture, which must origin from interaction with ambient air species. [36, 37]. In the 
case of continuous seed treatment, accumulation of active particles and their higher final 
concentrations can be expected.

Figure 7 shows images of seed surfaces obtained from an optical microscope for dry 
seeds treated with plasma operated with a mixture of helium and oxygen. Neighbouring 
walls of the surface layer cells are of irregular polygonal shape (usually penta- and hexago-
nal). The size of the cells also varies slightly. Compared to the control sample, no signifi-
cant changes in surface structure were observed, which can be attributed to the relatively 
short processing time. A pronounced rough pattern on the external wall surface of a single 

Fig. 6   Gas velocity for strainer: a surface view, b stream view

Table 1   Concentrations of 
selected oxygen and nitrogen 
compounds

Time [s] Concentration for He + O2 
[ppm]

Concentration for 
He + Air [ppm]

NO2 NO O3 NO2 NO O3

0 0 0 0 0 0 0
5 15.5 0 0.03 14 0.9 0.01
10 61.5 0 0.24 18.6 4.7 0.01
15 84.7 0.1 3.79 22.4 6.4 0.01
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cell can be observed on the control seeds (Fig. 7a). This roughness diminishes slightly for 
the longer treatment times of 10-s and 15-s (Fig. 7d, e), which can be related to water con-
tent loss. This change could be correlated with desiccation due to the exposure to elevated 
temperatures and the drying impact of gas flow on the seeds.

Figures  8 and 9 present the dynamics of the process of germination of onion seeds 
treated with the plasma jet operated with helium and oxygen admixture (Fig. 8) and with 
helium and air admixture (Fig. 9).

Fig. 7   Seed surface for 1000 × magnification: a control b 2 s plasma treatment c 5 s plasma treatment d 10 s 
plasma treatment e 15 s plasma treatment

Fig. 8   Fraction of germinated seeds of onion after pre-sowing treatment with He + O2 RF plasma jet
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During 12 days observation period, for both gas mixtures, 10 s plasma treatment time 
was clearly predominant in comparison to the control and to the other used treatment times. 
Up to 5th day, the number of germinated seeds was even several folds higher than the con-
trol for 10 s treatment. With time, this discrepancy become less visible, what indicates, that 

Fig. 9   Fraction of germinated seeds of onion after pre-sowing treatment with He + Air RF plasma jet

Table 2   P values in Tukey’s test 
for comparison of the control 
with the respective levels of the 
factor (RF plasma jet; He + O2)

a Means significant differences at the significance level of 0.05

Time [s] Germination energy
[GEN]

Germina-
tion capac-
ity
[GC]

2 < 0.01a 0.92
5 < 0.01a 0.08
10 < 0.01a < 0.01a

15 0.17 0.30

Table 3   P values in Tukey’s test 
for comparison of the control 
with the respective levels of the 
factor (RF plasma jet; He + Air)

a Means significant differences at the significance level of 0.05

Time [s] Germination energy
[GEN]

Germina-
tion capac-
ity
[GC]

2 0.99 < 0.01a

5 0.97 0.49
10 < 0.01a < 0.01a

15 < 0.01a 1.00
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plasma can promote faster initiation of germination process (also via surface roughness 
change leading to faster water uptake) and stimulate first phase of germination.

An analysis clearly showed that cold plasma treatment influenced the onion seeds’ ger-
mination parameters. He + O2 plasma treatment led to statistically significant changes in 
GEN after seed exposure of 2-, 5-, and 10-s, compared to the control. The GC of the ana-
lyzed seeds changed only after the 10-s stimulation (Table 2). While the drop in seed ger-
mination fraction for the treatment of 5 s for a helium–oxygen mixture is unexpected, it is 
very evident that for both gas mixtures, the most favorable time was 10 s, where the GEN 
increased by 34% and the GC increased by 9% compared to the control sample.

Plasma treatment with helium and air mixtures produced statistically signifi-
cant changes in germinability after 10-s and 15-s exposure, compared to the control 
(Table  3). The germination rate of the analyzed seeds changed after the 2-s and 10-s 
plasma treatment. Also in this case, the best results were obtained for 10 s, where the 
GEN increased by 24% and the GC by 4% in relation to the control sample.

Taking into account all the days of germination, the standard deviation of the results 
for the various plasma treatment conditions is relatively small (not exceeding 3.5% 
for GEN and GC at any condition) and does not differ significantly from the deviation 
obtained for the control (Figs.  8 and 9). This confirms the approach to treat seeds on 
a strainer for a uniform treatment associated with sufficient contact of the gas with the 
seed surface on all sides. Due to the small distance of the seeds to the plasma jet nozzle, 
too high reactive oxygen and nitrogen stress and too high temperature may, however, 
negatively affect the germination process. It can be seen from the results obtained for 
15 s plasma treatment, where despite a significant increase in germination for the first 
days, both GEN and GC decrease compared to the control.

Figure 10 shows the impact of the plasma on the seedlings’ growth for the treatment 
time with the highest germination parameters (10 s).

At the beginning of the seedlings’ growth, the impact of the plasma treatment was 
minor. At the later phase, on the 7–8th day of vegetation period, the change of behavior 
of seedlings after pre-sowing plasma stimulation was observed. The longest seedlings 
were observed for 10 s plasma treatment on the 12th day. With He + O2 gas mixture, 
onion seedlings were 35.4 mm longer than control, which is promising. 13.8 mm longer 
seedlings were obtained in the least beneficial combination for He + O2 at 15  s treat-
ment. For the case of He + Air, the seedlings were 27.5 mm and 15.4 mm longer than 
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control and the weakest treatment combination, respectively. Better growth of seedlings 
can be assumed to be caused by the elimination of harmful microorganisms from seeds’ 
surface, by an increase of water uptake of the seeds and by a metabolomic response to 
the reactive oxygen and nitrogen species [15, 38, 39].

Low temperature plasma has a positive impact on seeds: they germinate faster, form 
healthier, more vigorous seedlings and better crops. This effect may be due to the stimu-
lating capacity of the plasma delivering various oxygen radicals, charged particles, ions 
and UV light [40–42]. This treatment plays a crucial role in a broad spectrum of plant 
development and physiological processes in plants, including the promotion of seedling 
growth.

Conclusions

Pre-sowing short time plasma stimulation of seeds improved the germination dynamics 
for both studied cases of helium oxygen and helium air plasma treatment. The highest 
germination parameters were obtained for seeds stimulated with plasma for the exposure 
time of 10-s, for which statistically significant differences in both germination energy 
and germination capacity were observed. The results of gas flow imaging allow to con-
clude that the use of a strainer leads to a better contact of all seed sides with reactive 
oxygen and nitrogen species generated in the reactor. Microscopy imaging of the seed 
surfaces did not show significant differences in their structure, showing that the short 
plasma treatment applied in this study does not harm the cellular structure of the seeds.

The positive effect of plasma treatment for shorter times gives hope for the possibility 
of using similar reactors in the future. For better profitability, argon can be used instead 
of helium, and positive results obtained for air mixture gives the chance to use com-
monly available compressed air. In addition, in order to ensure uniform surface treat-
ment of all seeds from all sides, mixing the seeds during treatment is recommended.
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