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Abstract 25 
The effect of plasma activated water (PAW) generated with a dielectric barrier discharge 26 

diffusor (DBDD) system on microbial load and organoleptic quality of cucamelons was 27 

investigated and compared to the established sanitizer, sodium hypochlorite (NaOCl). 28 

Pathogenic serotypes of Escherichia coli, Salmonella enterica, and Listeria monocytogenes 29 

were inoculated onto the surface of cucamelons (6.5 log CFU g-1) and into the wash water (6 30 

log CFU mL-1). PAW treatment involved 2 minutes in situ with water activated at 1500 Hz 31 

and 120 V, and air as the feed gas; NaOCl treatment was a wash with 100 ppm total 32 

chlorine; and the control treatment was a wash with tap water. PAW treatment produced a 33 

3 log CFU g-1 reduction of pathogens on the cucamelon surface without negatively impacting 34 

quality or shelf life. NaOCl treatment reduced the pathogenic bacteria on the cucamelon 35 

surface by 3-4 log CFU g-1, however, this treatment also reduced fruit shelf life and quality. 36 

Both systems reduced 6 log CFU ml-1 pathogens in the wash water to below detectable 37 

limits. The critical role of superoxide anion radical (·O2
-) in the antimicrobial power of DBDD-38 

PAW was demonstrated through a scavenger assay, and chemistry modelling confirmed that 39 

·O2
- generation readily occurs in DBDD-PAW generated with the employed settings. 40 
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Modelling of the physical forces produced during plasma treatment showed that bacteria 41 

likely experience strong local electric fields and polarization. We hypothesize that these 42 

physical effects synergise with reactive chemical species to produce the acute antimicrobial 43 

activity seen with the in situ PAW system.  44 

 45 

Importance 46 

Plasma activated water (PAW) is an emerging sanitizer in the fresh food industry, where 47 

food safety must be achieved without a thermal kill step. Here we demonstrate PAW 48 

generated in situ to be a competitive sanitizer technology, providing a significant reduction 49 

of pathogenic and spoilage micro-organisms while maintaining the quality and shelf life of 50 

the produce item.  Our experimental results are supported by modelling of the plasma 51 

chemistry and applied physical forces, which show that the system can generate highly 52 

reactive superoxide radicals and strong electric fields that combine to produce potent 53 

antimicrobial power. In situ PAW has promise in industrial applications as it only requires 54 

low power (12 W), tap water and air. Moreover, it does not produce toxic by-products or 55 

hazardous effluent waste, making it a sustainable solution for fresh food safety.  56 

 57 

Keywords 58 
Fresh produce, cold plasma, cucurbitaceae, superoxide, antimicrobial treatment, food 59 
safety, E. coli, Salmonella, Listeria, spoilage 60 
 61 
Introduction 62 
 63 
Fresh fruit and vegetables are an important component of a healthy diet and are frequently 64 

eaten raw or with minimal processing. However, fresh produce can potentially become 65 

contaminated by microbes, including l human pathogens, during production and so post-66 

harvest sanitizer treatments are therefore applied to reduce the risk of foodborne disease 67 

(1-4). Many types of fresh produce are treated with sanitizer washes to remove debris and 68 

reduce spoilage organisms adhered to the produce surface (5, 6). Sanitizers are also critical 69 

for reducing the risk of cross contamination by pathogens that may have been transferred 70 

into the wash solution (7-10).  71 

 72 

Sanitizers containing active chlorine compounds such as sodium hypochlorite (NaOCl) are 73 

widely used in the post-harvest treatment of fresh produce. However, chlorine reacts with 74 
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soil and other organic compounds from the fruit and vegetables in the wash water leading 75 

to the formation of toxic chlorinated disinfection by-products (DBPs) (11). The creation of 76 

DBPs lowers the amount of free chlorine available for sanitation (12, 13) which may lead to 77 

survival and subsequent cross contamination of fresh produce with pathogenic bacteria 78 

(10). DBPs created from food sanitisationare also hazardous for workers in the processing 79 

environment and, are potentially carcinogenic (14-16). For Australian fresh produce to be 80 

certified as organic, chlorine sanitizers cannot be used (5), and globally there is an increasing 81 

trend for countries to eliminate their use in fresh produce production (17). This highlights 82 

the need for alternative sanitizer technologies that are better for the environment and 83 

consumers whilst also being effective in maintaining the safety and quality of fresh produce. 84 

 85 

Cold atmospheric plasma is an emerging sanitizer technology with a variety of applications 86 

including in food production (18). Cold plasma is generated by applying electrical discharges 87 

to a gas so that orbital electrons are stripped from atoms, in a process called ionization. This 88 

results in a highly reactive mixture of excited species, free electrons, ions, and photons. 89 

Plasma gas can be discharged into water, which changes the physicochemical properties of 90 

the solution, and results in the generation of a large variety of reactive species, such as 91 

hydrogen peroxide (H2O2), nitrite ions (NO2
−), nitrate ions (NO3

−), superoxide anion radicals 92 

(·O2
- ) and hydroxyl radicals (·OH) (19). The generated solution, called plasma activated 93 

water (PAW), has demonstrated antimicrobial power in the treatment of strawberries (20), 94 

blueberries (21), grapes (22), tomatoes (23) mushrooms (24) and leafy greens (25, 26). PAW 95 

technology represents a critically needed alternative to toxic chlorine-based sanitizers and it 96 

requires only air, tap water, a plasma generator, and electricity to run. 97 

 98 

In order to apply PAW to fresh produce decontamination, it is important to consider the 99 

economic viability of technology destined for eventual scale-up and application in industrial 100 

processing. For example, current research frequently uses purified or distilled water as the 101 

PAW substrate (27, 28). However, tap water is more reflective of current (and potential 102 

future) industry practice, even though it may produce lower antimicrobial power and less 103 

reproducible results than purified or distilled water (29). Similarly, current PAW research 104 

frequently uses discharge gases such as argon or oxygen in plasma generation. These gases 105 

are expensive and unfeasible to use in fresh produce industries, which typically operate on 106 
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narrow profit margins (30). Produce shelf life and quality are important considerations for 107 

the food industry that may be influenced by PAW treatment, but these interactions have 108 

not yet been adequately assessed. Finally, PAW research needs to have compatibility with 109 

current process flows used in industry by reducing or maintaining sanitiser treatment times 110 

and by reducing or eliminating the need for additional steps such as pre-activation of the 111 

water.  112 

 113 

In our previous work, we demonstrated rapid antimicrobial power against bacterial 114 

foodborne pathogens using a dielectric barrier discharge diffusor (DBDD) PAW system with 115 

tap water as the PAW substrate and air as the discharge gas (29). Physicochemical analysis 116 

of the PAW revealed that a DBDD reactor using tap water produced extremely low 117 

concentrations of reactive nitrogen species (NOx) and H2O2, and scavenger assays 118 

demonstrated that ·O2
- was essential for the antimicrobial activity of this system.  119 

 120 

In the current study, we tested the efficacy of the DBDD-PAW system using cucamelons 121 

(Melothria scabra) as a fresh produce model. These are a type of cucurbit that produce 122 

small fruit similar in flavour and texture to cucumber, with skin resembling that of a 123 

watermelon. We compared DBDD-PAW with commercially relevant concentrations of NaOCl 124 

for its capacity to reduce bacterial pathogens while preserving cucamelon shelf life. To 125 

further investigate the unique antimicrobial properties of the in situ DBDD-PAW system, we 126 

simulated the local electric field distribution and polarization on bacterial cells in solution 127 

and on the cucamelon surface. Intense local electric fields are shown to contribute to the 128 

antimicrobial power of in situ PAW systems via membrane damage and electroporation 129 

(31). We hypothesise that ·O2
- and/or downstream reactive species combined with the 130 

membrane damage induced by electric fields and polarization  lead to the antimicrobial 131 

activity observed in this system. 132 

  133 

 134 
2. Materials and methods 135 
 136 

2.1 Sanitizer and wash preparations 137 
 138 
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Three wash treatments were used in this study: a sterile tap water control, 100-ppm total 139 

chlorine  NaOCl solution, and PAW. An untreated control, where cucurbits did not receive 140 

any washing, was also included. All treatments were made using autoclaved tap water 141 

cooled to 4 °C in a final volume of 200 mL. Concentrated NaOCl (Sigma-Aldrich) was diluted 142 

to 100 ppm (± 1 ppm) total chlorine using a KemioTM test kit with test sensors suitable for 143 

high range chlorine concentrations (Palintest, Tyne & Wear). The pH was adjusted to 6.5 ± 144 

0.1 (SevenCompact S220, Mettler-Toldeo) using 10 % lactic acid. The PAW system 145 

configuration is illustrated in Figure 1. PAW was generated with a DBDD probe (PlasmaLeap 146 

Technologies, which has been described in detail previously (29). Power was supplied from a 147 

Leap100 micropulse generator (PlasmaLeap Technologies). The power supply settings used 148 

were 1500 Hz, 120 volts, 100 microseconds duty cycle, and 60 kHz resonance frequency. 149 

Compressed air was used as the processing gas at 1 standard litre per minute (SLM).  150 

 151 

 152 

 153 
Figure 1. Schematic of the experimental design for the treatment of cucamelons by PAW generated 154 

by a dielectric barrier discharge diffusor (DBDD) system. 155 

 156 
2.2 Bacterial culture preparation 157 

 158 
The cultures listed in Table 1 were stored as glycerol stocks at -80 °C. Prior to 159 

experimentation, bacteria were resuscitated from frozen stocks by plating onto either 160 
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tryptic soy agar (TSA: 17 g L-1 pancreatic digest of casein, 5 g L-1 papaic digest of soybean 161 

meal, 5 g L-1 sodium chloride, 15 g L-1 agar-agar) for S. enterica and E. coli with incubation at 162 

37 °C for 24 h, or tryptic soy sheep blood agar (TSBA: TSA with 5% defibrinated sheep's 163 

blood) for L. monocytogenes with incubation at 30 °C for 48 h. A single colony of each strain 164 

was then inoculated into separate tubes 10 mL of tryptic soy broth (TSB: 17 g L-1 pancreatic 165 

digest of casein, 2.5 g L-1 D(+) glucose monohydrate, 3 g L-1 papaic digest of soybean meal, 5 166 

g L-1 sodium chloride, 2.5 g L-1 di-potassium hydrogen phosphate) for 18 h with shaking at 167 

200 RPM at 37 °C for S. enterica and E. coli or 30 °C for L. monocytogenes. Cultures were 168 

centrifuged at 3000 RPM for 10 min at 4 ◦C, resuspended in phosphate-buffered saline (PBS, 169 

Oxoid), stored at 4 °C, and used within 4 h. Immediately prior to experimentation, equal 170 

volumes of the three strains of each species were mixed to create a 3-strain cocktail. Each 171 

cocktail was serially diluted in PBS, spread-plated, and incubated as above to determine the 172 

final inoculum concentrations. 173 

 174 

Table 1. Bacterial isolates used in this study 175 
Species Strain designation Serotype  Source (yr), details 
Salmonella enterica subsp. enterica ICPMR: 06-17- 184-1802 Saintpaul Faeces (2017) 

 
S. enterica subsp. enterica ICPMR: 80-17-173-5603 Hvittingfoss Faeces (2017), clustered with a 2016 

rockmelon salmonellosis outbreak in Australia  
S. enterica subsp. enterica ICPMR: 80-17-149-5555 Anatum 

 
Faeces (2017), clustered with a 2016 bagged 
salad product salmonellosis outbreak in 
Australia 

Escherichia coli ICMPR: 40-16-302-2227 O157:H7 Faeces (2016) 
E. coli ICPMR: 80-16-270-5374 O26:H11 Faeces (2016) 
E. coli ICPMR: 80-16-302-4575 O111:H- Faeces (2016) 
Listeria monocytogenes ATCC: 51772; 3M:4395 1/2a Cheese 
L. monocytogenes ICMPR: 80-13-220-4103 

 
1/2b Blood (2013), same binary type as 2010 fresh-

cut melon listeriosis outbreak in Australia 
L. monocytogenes ICPMR: 80-18-038-5080 4bV  Blood (2018), clustered with a 2018 rockmelon 

listeriosis outbreak in Australia 

 176 
2.3 Inoculation, treatment and microbial analysis of cucamelons  177 

Fresh unwashed cucamelons were home grown harvested a day before experimentation. 178 

For each treatment condition, two cucamelons of similar size each weighing a total of 10 g 179 

(± 0.5 g) were selected. Cucamelons were first briefly immersed in 80% ethanol and rinsed 180 

with sterile tap water to reduce background microbial load. Each cucamelon was then spot-181 

inoculated with ten x 10 mL of the E. coli or S. enterica inoculum at a final concentration of  182 

1 × 109  colony forming units (CFU) mL-1, or with twenty × 10 mL spots of L. monocytogenes 183 

at 8 × 108 CFU mL-1, as this species has a lower adhesion to cucumber (32). Inoculated 184 

cucamelons were dried in a biosafety cabinet until there was no visible moisture remaining 185 
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(approximately 45 minutes). To simulate contaminated wash water, 200 mL of the inoculum 186 

was added to each of the 200 mL of treatment solutions along with the inoculated 187 

cucamelons. For the PAW condition, the cucamelons and contaminated wash solution were 188 

plasma treated for 2 minutes as described in section 2.1. To standardise the effect of the 189 

bubbling across the treatments, the DBDD probe was inserted into the water and bubbled 190 

without plasma generation for the control and NaOCl conditions. 191 

 192 

Following treatment, the cucamelons were removed with sterile tweezers and placed into a 193 

stomacher filter bag with 40 mL of PBS and homogenised with a paddle blender (BagMixer 194 

400, Interscience, France) for 2 minutes. An untreated control was included where 195 

inoculated cucamelons were homogenised without any wash  treatment. 1 mL of cucamelon 196 

homogenate and 1 mL of the wash water were serially diluted with PBS and spread-plated 197 

onto TSA for E. coli and S. enterica or BA for L. monocytogenes and incubated as described 198 

in section 2.2 for enumeration of pathogens.  199 

 200 

Our previous work had identified .O2
- as a critical reactive species for the antimicrobial 201 

power of the DBDD-PAW (29). We investigated the antimicrobial role of .O2
- in the fresh 202 

produce model by adding the .O2
- scavenger tiron (Sigma-Aldrich) to the PAW system at a 203 

final concentration of 20 mM (33).  204 

 205 

All experiments were performed in duplicate with biological triplicates performed on 206 

separate days. Cucamelons were harvested every fortnight across the season for each 207 

biological replicate. To identify significant differences between treatment groups, one-way 208 

ANOVA with Tukey’s multiple comparison tests were performed using GraphPad Prism 209 

version 8.0.0 (GraphPad Software). A p-value of <0.05 was considered statistically 210 

significant. 211 

 212 

2.4 Scanning electron microscopy  213 

Scanning electron microscopy (SEM) was performed to evaluate morphological changes to 214 

bacterial cell structures after treatment with PAW, NaOCl, or the water control. Cucamelons 215 

were inoculated with E. coli or L. monocytogenes and treated as per section 2.3. 216 

Immediately after treatment, a sterile scalpel was used to slice 1-mm thick sections from 217 
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 8 

the cucamelon surface. The sections were placed into 2.5% glutaraldehyde fixative solution 218 

in 0.1 M phosphate buffer (pH 7) at room temperature for 1 h with gentle agitation and 219 

then stored at 4 °C. Samples were then washed with 0.1 M phosphate buffer 3 times for 5 220 

minutes. The samples were then dehydrated using an ethanol concentration gradient with 2 221 

washes for 5 minutes in 30, 50, 70, 80 and 90% ethanol followed by three 5-minute washes 222 

in 95 and 100% ethanol. Next, the samples were dried using critical point dying with liquid 223 

CO2. Samples were then fixed to aluminium stubs with carbon tape and sputter coated with 224 

10 nm of gold at 39 mA using a CCU-010 HV high compact vacuum coating system 225 

(Safematic, Switzerland). Samples were imaged using the Zeiss Sigma VP HD scanning 226 

electron microscope at 5 kV (ZEISS, Germany). 227 

 228 
 229 

2.5 Shelf life and organoleptic quality assessment of cucamelons following treatment  230 

The effects of each wash treatment on the background microflora, organoleptic quality, and 231 

shelf life of the cucamelons were assessed. For each of the four conditions, six cucamelons 232 

with no visible defects were selected. The cucamelons were treated with the sanitizers as 233 

described in Section 2.3 with the inoculation and ethanol rinse steps omitted. The 234 

cucamelons were then placed into 6 well plates (Corning Costar) and stored at 9 °C with 85% 235 

humidity (34). The following experiments were repeated across three biological replicates 236 

performed on different weeks. 237 

 238 

2.6 Background microflora assessment  239 

On day 0, 7, 14 and 21, two cucamelons from each treatment group were removed and 240 

stomached as described in section 2.3. 1 mL of the cucamelon homogenate was serially 241 

diluted in PBS, spread on plate count agar (PCA: enzymatic digest of casein 5 g L-1, yeast 242 

extract 2.5 g L-1, glucose 1 g L-1, agar-agar 15 g L-1) and incubated at 25 °C for 3 days to 243 

enumerate the total mesophilic aerobic bacteria. 1 mL of the cucamelon homogenate was 244 

also serially diluted in PBS, spread onto Dichloran Rose Bengal Chloramphenicol agar (DRBC, 245 

Oxoid), and incubated at 25 °C for 5 days to enumerate yeasts and moulds.  246 

 247 

2.7 Texture analysis  248 
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The flesh firmess of the treated cucamelons was analyzed using TMS-Pro Texture analyser 249 

(Food Technology Corporation, Virginia, United States) fitted with a 3.0-mm-diameter 250 

cylindrical probe. The probe was programmed to descend at a speed of 500 mm min−1 to a 251 

distance of 5 mm. Intact cucamelon fruit were positioned under the probe so that they were 252 

punctured approximately at the fruit equator. Flesh firmness was estimated as the peak 253 

force (N) measured during compression. Duplicate cucamelons from each wash treatment 254 

were tested on day of treatment and after 7, 14 and 21 of storage.  255 

 256 

2.8 Colour measurement 257 

Change to the colour of cucamelon skin on day of treatment and following 7, 14 and 21 days 258 

of storage was quantified using image analysis. Cucamelons were imaged with a Stereo 259 

microscope (SZM-45B2, Optex) and microscope camera (5 MP Microscope USB camera, 260 

Westlab). The stage was illuminated using a LED lighting panel (AL-F7, Aputure). Three 261 

photos covering random areas of each cucamelon were taken by gently rotating the fruit 262 

using sterile tweezers. Six cucamelons were photographed for each wash treatment and the 263 

experiment was repeated over three biological replicates performed on different days. To 264 

account for any changes in ambient lighting conditions, the cucamelons were photographed 265 

on the same white background. The colour values of the background of the photos in the 266 

linear RGB colour space were then standardised across all photos using R (R Core Team, 267 

2020). 268 

 269 

As the cucamelon surface is patterned with sections of light and dark green, these were 270 

analyzed separately using computer vision and statistical clustering methods. The sample 271 

images were firstly cropped to only contain the area of the melon itself. The ‘superpixel’ 272 

algorithm (35) was implemented as part of the OpenImageR package (36) which is a 273 

computer vision algorithm that determines groups of contiguous pixels based on their 274 

proximity and divides them into 300 sections. To classify each group identified by the 275 

superpixel algorithm as light or dark, the k-means clustering algorithm was applied on the 276 

median L*a*b* colour channel values. In this CIELab colour space system, the L-axis, a-277 

plane, and b-plane detail the level of brightness, green/red and blue/yellow of a section, 278 

respectively.  279 

 280 
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For each sample, the average of each of the L*a*b* colour channels were identified 281 

individually for the light and dark sections. Total colour difference, Delta E (ΔE*) was 282 

calculated by the following equation where 1 and 2 indicate the values on day 0 and day 21. 283 

Δ𝐸!"∗ = $(𝐿$∗ 	− 𝐿%∗ )	$ + (𝑎$∗ − 𝑎%∗)	$ + (𝑏$∗ − 𝑏%∗)	$ 284 

The browning index (BI) indicates the brown colour intensity of an image (37) calculated as:  285 

BI	 = 	100
x	 − 	0.31
0.172 ; 	x =

(a* + 1.75	L*)
(5.645	L* + a*	 − 	3.012	b*) 286 

	  287 

The statistical significance of colour change between day 0 and day 21 was tested for both 288 

light and dark sections independently and for the two sections combined. Pairwise t-tests 289 

between each treatment group were performed using R. One-way ANOVA tests were also 290 

completed on the treatment type to see if treatment was a significant predictor of change 291 

between day 0 and day 21. 292 

 293 

2.9 Sensory quality assessment 294 

The effect of sanitizer treatments on the quality of cucamelons over 4 weeks of storage was 295 

assessed by 6 panellists using a sensory evaluation. The acceptability of the product was 296 

based on the freshness, appearance, deterioration and uniformity of the fruit. Panellists  297 

scored using a 5-point rating scale that described the fruit as: 1= extremely poor quality, 298 

inedible and with an unacceptable appearance; 2= poor quality, excessive defects and not 299 

useable; 3= low quality, moderately objectionable defects; 4= good quality with some minor 300 

defects; 5= excellent. Scores of 3 and lower indicated that the product was no longer within 301 

acceptable specifications for consumption. Panellists were blinded to sanitizer treatment, 302 

and six cucamelons were assessed from each treatment, with the experiment performed 303 

twice on different weeks.  304 

 305 
2.10 Supporting plasma chemistry model and electric field analysis  306 

To model the plasma chemistry and electric fields, the gas residence time, voltage, and 307 

current parameters of the DBDD system were first investigated. Based on the geometry of 308 

the reactor, the discharge volume was estimated to be 1 cm3 and so the residence time of 309 

gas species within the discharge volume was calculated as 0.067 s at the gas flow rate of 1 310 

SLM. The voltage and current characteristics of the DDBD reactor were measured using a 311 
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digital oscilloscope (DS61040, RIGOL) with a high voltage probe (PVM-6, North Star) and a 312 

current sensor (HET10AB15U10, PEMCH Tech.). The experimental configuration was as 313 

shown in Figure 1, including voltage and current measurement setup. The reduced electric 314 

field (E/N) is an important parameter for modelling and is defined by the ratio of E/N, where 315 

E is the electric field strength and N indicates the density of neutral gas molecules in the 316 

discharge. Due to the complexity and variability of the voltage-current measurements over 317 

time (Figure S1), multiple (E/N) values were chosen for the plasma chemistry simulation 318 

ranging from 30-50 Townsends (Td). The influence of these parameters on the production of 319 

·O2
- and other important gas products listed in Table 2 was investigated.  320 

 321 

A model of the plasma chemistry was then used to investigate the pathways of reactive 322 

species production in the DBDD system. Based on a previous N2-H2O plasma discharge 323 

model (38), a N2/O2 plasma chemistry model was developed that included more oxygen-324 

related reactions to enable important gas products and predominant reaction pathways of 325 

·O2
- to be investigated (Table S1). Open-source ZDPlaskin (39) combined with the Boltzmann 326 

equation solver BOLSIG+ (40, 41) were used to provide the reaction coefficients for different 327 

electron interactions, including electron attachment, ionization, vibrational and electronic 328 

excitation, dissociation, and important chemical reactions between N2 and O2 , as listed in 329 

Tables S1 and S2. The gas phase chemical reactions between nitrogen and oxygen species 330 

were mostly adapted from a previous study (42). The gas phase reactions included in the 331 

kinetic input data were as presented in the reaction equation (1). These were converted 332 

into a coupled differential equation form of particle conservation equations (2) for 333 

individual species i, which included different production and loss reactions.		 334 

𝑎𝐴 + 𝑏𝐵	 ⟶ 𝑎&𝐴 + 𝑐𝐶																																																								 (1) 335 
 336 

'[)!]
'+

= ∑ 𝐾,-
-"#$
-.% (𝑡)																																																				     (2) 337 

 338 

where, [Ni] is the density of species i, 𝐾/ = (𝑎& − 𝑎)𝑘, 𝐾0 = −𝑏𝑘, 𝐾𝑐 = 𝑐𝑘, 𝐾- =339 

𝑘-[𝐴]![𝐵]" , 𝑘- 	 indicates the reaction coefficient of reaction (1).   340 

 341 

Table 2. Gas phase considered in the N2/O2 plasma chemistry model 342 
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 343 

The Electrostatic Interface of COMSOL Multiphysics (V6.0) was used to simulate the spatial 344 

and temporal electric potential and field distribution with the peak voltage of 8 kV, 60 kHz 345 

AC applied at the high-voltage electrode as shown in Figure S1. A 2D axisymmetric model of 346 

the DBDD was taken to reduce the calculation time. The geometry of the reactor is shown in 347 

figure 2 (A). The dimensions were defined as a 2 mm diameter high-voltage (HV) electrode 348 

sheathed by a 1 mm thick glass tube, a 1 mm discharge gap and a 1 mm thick outer glass 349 

tube. The gas bubbles were defined by a 3 mm diameter filled with air. The cucamelon was 350 

simulated at two positions: at the bottom of the water as shown in Figure 2 (A), and at the 351 

top of the water as shown in Figure S3. The cucamelon was modelled as having 7 or 14 352 

bacterial cells on its surface or floating in bulk water as shown in Figure 2 (B) and (C) and 353 

Figure S3. The bacteria were modelled with a long axis radius of 2 μm and a short axis radius 354 

0.7 μm, presented in a simplified ellipse shape. The relative permittivity (ε/ ε0) of cucamelon 355 

skin was set as 3, as per a previous study (43) that assigned this value for apple skin. For the 356 

bacterial cell, a higher value of 15 was taken (44). The minimum and maximum size of the 357 

COMSOL mesh geometry was set as 0.1 μm and 0.5 mm to provide enough detail within the 358 

bacterial cell region as shown in Figure 2 (C). The normal component of the electric field (E) 359 

is calculated by ($𝐸1$ + 𝐸2$		), the normal polarization component (P) is calculated by 360 

($𝑃1$ + 𝑃2$	)	 and the maximum current density (J) is calculated by ($𝐽1$ + 𝐽2$		) where the 361 

subscripts r and z indicate radial and axial components, respectively.  362 

 363 

 364 

 365 

Ground-state molecules 
and radicals  

N2, O2, O3, NO, NO2, NO3, NO, NO2, NO3, N2O, N2O3, 
N2O4, N2O5  

Vibrationally excited  
molecules  N2(vi, i=1-8), O2(vi, i=1-4)  

Electronically excited 
molecules  

N2(A3), N2(B3), N2(a`1), N2(C3),  
O2(a1) O2(b1) 

Atoms  N, N(2D), N(2P), O, O(1D), O(1S)  
Ions N+, N2

+, N3
+, N4

+, O+, O2
+, NO+, N2O+, O−, O2

−   
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 366 
Figure 2. Schematic of the DBDD-PAW reactor containing the cucamelon and bacteria for electric field 367 

modelling with COMSOL. (A) DDBD reactor geometry including bacterial cells attached to the cucamelon skin 368 
for electric field analysis; (B) built-in mesh geometry for the COMSOL program near the bubble and cucamelon 369 

surface; (C) details of the modelled bacterial cells floating in solution close to the bubble (left) and on the 370 
cucamelon skin (right). 371 

 372 
 373 
Results: 374 
 375 
3.1 Reduction of pathogenic bacteria on the cucamelon surface and in wash water 376 
The reduction of pathogens on the surfaces of cucamelons and in the wash water are shown 377 

in Figure 3. Two-minute treatments with PAW or NaOCl significantly reduced the counts of 378 

all pathogens on the cucamelon surface in comparison to the water control, with a 1 - 1.5 379 

log CFU g-1  and 1.2 - 2.4 log CFU g-1 reduction in counts, respectively. In wash water, both 380 

sanitizers reduced 6 log CFU mL-1 of pathogenic bacteria to below detectible limits within 381 

the 2-minute treatment time. The addition of the ·O2
- scavenger tiron to DBDD-PAW 382 

treatment significantly increased survival of the pathogens in the wash water and on the 383 

cucamelon surface. This demonstrated that ·O2
- and/or reactive species produced by ·O2

- in 384 

solution are required for bacterial killing by DBDD-PAW. 385 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted January 4, 2023. ; https://doi.org/10.1101/2023.01.03.522676doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.03.522676
http://creativecommons.org/licenses/by-nd/4.0/


 14 

 386 
 387 

Figure 3. Survival of pathogenic bacteria in the wash water and adhered to the cucamelon surface 388 
following a 2-minute wash treatment. (A) Log reduction of bacterial CFU per gram on cucamelon surfaces 389 

compared to an unwashed control after 2-minute treatment with tap water, NaOCl (total chlorine 100 390 
ppm and pH 6.5), PAW, or PAW with the ·O2

- scavenger tiron. (B) Survival of pathogenic bacteria in the 391 
wash solution after tap water, NaOCl, PAW or PAW and tiron treatments.  p values of <0.05 are denoted 392 
by different letters. Error bars represent the standard error of the mean, and the dotted line denotes the 393 

limit of detection. 394 
 395 

3.2 SEM of pathogenic bacteria on the cucamelon surface after sanitizer treatment 396 
SEM was used to assess the impact of PAW and NaOCl treatment on the morphology of 397 

pathogenic microbes adhered to the surface of the cucamelons (Figure 4). The water-398 

treated control cells were typically intact, smooth, and plump. Both NaOCl and PAW 399 

treatment led to distinct morphological changes. PAW treatment caused E. coli to have a 400 

deflated and ruptured cellular morphology, while L. monocytogenes cells had holes in the 401 

cell wall at the polar ends of the rods (white arrows, Figure 4). NaOCl treatment caused 402 

moderate crumpling or puckering of the cell surface in both species.  403 
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 404 
Figure 4. Scanning electron microscopy images of pathogenic bacteria adhered to the surface of 405 

cucamelons and treated with a 2-minute wash of water, PAW or NaOCl. Following PAW treatment, many 406 
of the E. coli cells exhibited a deflated, dehydrated, and crumpled cellular morphology (arrow on left 407 

panel), while some L. monocytogenes cells had a distinct rupturing from their outermost ends (arrow on 408 
right panel). The surface of the cells of both bacterial species were moderately crumpled following 409 

treated with NaOCl.  410 
 411 
 412 
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 413 
3.3 Quality and organoleptic properties of treated cucamelons over storage time 414 
The effects of wash treatment on background microflora are shown in Figure 5 (A) and (B). 415 

Initial counts of total viable mesophilic bacteria counts (TVCs) on cucamelon surfaces were 416 

5.9 log CFU g-1, which were reduced by 0.8 log CFU g-1 following washing with tap water, 1.7 417 

log CFU g-1 by PAW treatment, and 2.2 log CFU g-1 by NaOCl treatment. By the end of the 418 

storage trial, the TVCs were similar across the different treatments. Untreated cucamelons 419 

had 4.9 log CFU g-1 of background yeast and moulds that was not significantly reduced by 420 

treatment with water, while NaOCl and PAW treatment reduced counts by 1.5 log CFU g-1 421 

and 2 log CFU g-1, respectively. The background microflora that washed off the cucamelons 422 

and into the wash water was 3 log CFU mL-1 of TVCs and 2.6 log CFU mL-1 of yeast and mould. 423 

Treatment with PAW or NaOCl reduced these microbes in the wash water to below 424 

detectable limits. 425 

 426 
 427 
Various quality parameters of the treated cucamelons were investigated. The firmness of 428 

the cucamelons directly after sanitizer treatment and over the 21 days of storage is shown 429 

in Figure 5 (C). Cucamelons that were treated with NaOCl were the softest of all the 430 

treatments from day 7 onwards, however, the only significant difference in texture in this 431 

series was that PAW-treated cucamelons were significantly firmer on the final day of the 432 

experiment compared to those treated with NaOCl. The colour metrics of light, dark and 433 

combined sections of cucamelons following different wash conditions were analyzed, with 434 

the total combined colour change over time for the light and dark sections shown in Figure 435 

5 (D). The wash treatments did not result in significantly different colour changes between 436 

day of treatment and day 21 when compared using pairwise t-tests. On day 28, the sensory 437 

quality scores of NaOCl-treated cucamelons were on average below 3, and these 438 

cucamelons were of significantly poorer quality than those treated with PAW or water 439 

(Figure 5 E).  440 

    441 

 442 
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  443 
 444 

Figure 5. Quality parameters during storage of cucamelons following different wash treatments. (A) Counts of 445 
total viable mesophilic bacteria, (B) counts of total yeast and moulds, (C) texture of the cucamelons, with 446 

higher peak force units representing a firmer fruit, (D) total colour change of the surface of the cucamelons 447 
over time with the light and dark sections combined, (E) quality of cucamelons as scored by a panel marking 448 
organoleptic properties. p values of <0.05 are denoted by * and error bars represent standard error of the 449 

mean. 450 
 451 
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3.4 Plasma chemistry modelling to determine ·O2
- production 452 

The electrical voltage and current characteristics of the DBDD plasma were determined in 453 

order to model the plasma chemistry and ·O2
- production of the system. The measured 454 

voltage, current response, and the calculated power from the DDBD reactor are shown in 455 

Figure S1. The peak voltage and current were 8 (±0.1) kV and 0.12 (±0.1) A, and the 456 

estimated average power dissipated to the plasma discharge was approximately 12 (± 0.24) 457 

W. The plasma discharge was complex and varied over time (Figure S1); therefore, a range 458 

of E/N values from 30 to 50 Td were simulated for the initial plasma chemistry modelling. 459 

Figure 6 (A) shows the kinetic modelling result with the predicted mole fraction of 460 

important gas species in the air discharge at these E/N conditions. At 30 Td, ·O2
- was 461 

predominant compared to the other reactive species in the air discharge. At the higher E/N 462 

values, the production of ozone and NOx species increased whereas ·O2
- production 463 

decreased. This was not reflective of the DBDD-PAW physicochemical properties defined by 464 

our previous analysis (29); therefore, 30 Td was the assumed E/N value used for subsequent 465 

modelling.   466 

 467 
Figure 6. Plasma chemistry modelling of the N2/O2 plasma discharge at atmospheric pressure.  468 

(A) The mole fraction of important gas species produced by the DBDD plasma at E/N conditions of 30, 40 and 469 
50 Td. NOx indicates the sum of total NO species in the gas phase including NO, NO2, NO3, N2O3, N2O4 and 470 

N2O5. The important production (B) and loss (C) mechanisms and rates of O2
- in the gas phase. The settings 471 

used for this modelling were glass transition temperature of 300K, residence time of 0.067s and a gas 472 
composition of N2:O2=0.8:0.2. 473 

 474 
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 475 

The plasma modelling results in Figure 6 (B) and (C) depict the production and loss 476 

mechanism of ·O2
- in the DBDD system. Three body attachment was the main pathway to 477 

generate ·O2
- in this model. This occurs when an electron attaches to the oxygen molecule 478 

to make ·O2
- and a third, neutral molecule such as N2 or O2 is present to absorb the released 479 

energy and complete the reaction. 480 

e- +	O$	+ M (3rd body, any neutrals) => ·O2
-+ M  481 

 482 

In principle, this electron attachment process is most likely to occur at a low electron energy 483 

(<0.1 eV) due to the low threshold energy requirement as shown in Figure S2. However, a 484 

high electron density is required to increase the probability that this reaction will occur. The 485 

electron density is mainly determined by the E/N in a given reactor configuration. Therefore, 486 

operating in the optimum range of E/N and electron density is crucial for the effective 487 

production of ·O2
- with this DBDD system. At higher E/N conditions, there is a greater density 488 

of dissociated oxygen atoms and excited nitrogen molecules (Figure 6A) resulting in a high 489 

loss rate of ·O2
- (Figure 6C) and contributing to the competing production of O3 or NOx  (Figure 490 

6B). Taken together, these results show that lower E/N is required for efficient ·O2
- 491 

production.  492 

 493 

3.5 Modelling of the electric field and its effect on bacterial cells 494 

Figure 7 depicts the spatial distribution of the electric field and the polarization field in the 495 

DBDD reactor model at the peak applied voltage of 8 kV and 60 kHz AC input. As shown in 496 

Figure 7 (A), a strong electric field is formed in the discharge gap between glass sheath of the  497 

high voltage electrode, whereas in the rest of the dielectric domain, including the water and 498 

the cucamelon, the electric field is significantly attenuated. Figure 7 (B) shows the polarization 499 

field that is generated, which is particularly enhanced near the interface between the bubble 500 

and the cucamelon surface. A more detailed view of the local electric field and the positioning 501 

of the bacteria cells in relation to a plasma bubble and the cucamelon is shown in Figure 8 502 

(A). Figure 8 (B) and (C) show the electric field distribution of bacterial cells floating in solution 503 

or attached to the cucamelon surface, respectively. These demonstrate that a high local 504 

electric field of over 2.0 kV/cm can be formed inside the bacterial cell under these conditions. 505 

This is strongly dependent on the relative position of individual bacterial cells; when the 506 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted January 4, 2023. ; https://doi.org/10.1101/2023.01.03.522676doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.03.522676
http://creativecommons.org/licenses/by-nd/4.0/


 20 

cucamelon is located at the top of the water, the maximum local electric field experienced by 507 

the bacteria is much lower at 0.24 to 0.55 kV/cm (Figure S3). A highly enhanced local 508 

polarization field is observed at the tips of bacterial cells in solution (Figure 8 D) and between 509 

bacterial cells and the cucamelon skin (Figure 8 E). The largest induced polarization current 510 

density value was over 40 A/m2 in this model. This modelling is reflected in the pattern of 511 

damage to PAW-treated L. monocytogenes cells seen in the SEM images (white arrow, Figure 512 

4), indicating a possible influence of this strongly enhanced polarization current at the ends 513 

of the bacterial cells that leads to cell damage and ultimately cell death.  514 

 515 
Figure 7. Modelling of the spatial distribution of the normal component of (A) electric field, (B) polarization 516 
and (C) maximum current density at the peak voltage 8 kV, in the entire configuration of the DDBD reactor.  517 

 518 
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 519 
Figure 8. Modelling of the electric field distribution and charge accumulation for bacterial cells in the DBDD-520 

PAW system. (A) Electric field analysis, where grey lines show the streamline of the electric field between the 521 
bubble and the cucamelon at peak voltage 8 kV. (B-C) Detailed local electric field distribution close to the 522 

bacterial cells shown next to the bubble (B), and on the cucamelon skin (C). (D-E) Simulated maximum current 523 
density distribution near bacterial cells floating in the water close to the bubble (D) and attached on the 524 

cucamelon skin (E). 525 
 526 
 527 
Discussion 528 
 529 
This study evaluated the sanitisation efficacy of an in situ PAW reactor in comparison to the 530 

established sanitizer NaOCl, using a cucurbit fresh produce model. We observed that 531 

treatment with PAW preserved the shelf life and quality of the cucamelons while effectively 532 

reducing microbial loads of the background flora as well as inoculated pathogenic bacteria. 533 

Although NaOCl was slightly more effective than PAW at reducing the counts of the 534 

pathogenic Gram-negative bacteria on the cucamelon surface, this sanitizer resulted in 535 

produce that was lower in quality over time. The mechanisms behind the acute 536 

antimicrobial power of the plasma system used in this study were explored, with ·O2
- shown 537 

to be an essential reactive species. Electric field and charge accumulation modelling 538 

demonstrated that bacteria on cucamelon surfaces and in the wash water experience strong 539 

electrical forces, which may act synergistically with the reactive species such as ·O2
- to 540 

produce powerful antibacterial activity.   541 

 542 
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There are growing calls to increase the consumption of fresh produce and to reduce food 543 

wastage, however this can be at odds with food safety requirements where strong sanitising 544 

agents may be needed to kill pathogens and reduce microbial load.  In the current study, we 545 

used a cucamelon model in a small-scale DBDD plasma reactor and demonstrated that 546 

DBDD-PAW is a competitive sanitizer technology for fresh produce. A 2-minute treatment 547 

with either DBDD-PAW or NaOCl reduced 6 log CFU mL-1 bacterial pathogens in the wash 548 

water to below detectable limits. Furthermore, the in situ bubbling DBDD-PAW system used 549 

in the current study induced a substantially more rapid antimicrobial effect compared to 550 

previous PAW models, including a DBD electrode positioned above the water that required 551 

40 minutes of treatment (45), or a remote DBD bubble system that required pre-activation 552 

of the water for more than 80 minutes (46), making this system more feasible for industrial 553 

use.  554 

 555 

Bacteria that were adhered to the surface of the cucamelons were also significantly reduced 556 

by DBDD-PAW treatment. Pathogenic species E. coli, S. enterica and L. monocytogenes 557 

inoculated on the cucurbit surface were all reduced by 3 log CFU g-1  with DBDD-PAW 558 

compared to the unwashed control. A similar result has been reported using lettuce leaves 559 

and a bubbling DBD-PAW system, where a 2 log CFU g-1 reduction of Listeria innocua 560 

occurred after three minutes of treatment (26). NaOCl treatment was slightly more effective 561 

than PAW at reducing the gram-negative pathogens on the cucamelon surface, however, 562 

the two treatments were similarly effective in reducing L. monocytogenes populations. 563 

Longer pre-activation and treatment times may be required to optimise the antimicrobial 564 

power of PAW, however, this has challenges for steady-state operation and can reduce the 565 

quality of the fresh produce, as demonstrated in a recent study with kale and spinach (47). 566 

Overall, PAW treatment was highly effective at reducing the counts of pathogenic bacteria 567 

and demonstrated competitive antimicrobial efficacy to NaOCl treatment in a rapid 2-568 

minute wash time.  569 

 570 

Resident mesophilic fungi and bacteria are associated with postharvest spoilage of fresh 571 

produce (48), and these were rapidly reduced by the PAW treatment, giving similar results 572 

to treatment with NaOCl (Figure 5A and 5B). Comparable reductions have been reported for 573 

PAW treatment of baby spinach and rocket leaves, and for bean sprouts (49-51), indicating 574 
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application across a range of produce types. In addition, treatment with PAW maintained 575 

organoleptic quality and increased the shelf life of cucamelons over time in comparison to 576 

NaOCl. Enhanced textural quality following PAW has been demonstrated previously for 577 

button mushrooms (24), apples (52) and Chinese bayberries (53), and previous studies have 578 

reported that PAW treatment does not significantly alter the colour of grapes (22), lettuce 579 

(54) and spinach (50). In addition to effective sanitation, PAW treatment had no adverse 580 

effects on quality and resulted in fruit with superior texture and sensory evaluation scores 581 

than NaOCl treatment (Figure 5C and 5E). Together these findings indicate the capacity for 582 

DBDD-PAW treatment to both reduce pathogens and mesophiles, while extending shelf life 583 

and maintaining a high quality of the produce, indicating better performance overall in 584 

comparison to the established sanitizer, NaOCl.  585 

 586 

Modelling suggested PAW treatment caused a highly localized surface charge density on the 587 

poles of the bacterial cells, which was supported by the SEM analysis showing the PAW-588 

treated bacteria ruptured at their ends. This dramatic physical disruption is very similar to 589 

the appearance of cells following pulsed electric field treatment (55) and was quite distinct 590 

from NaOCl treatment, where crumpling and puckering of the cell surface was observed.  At 591 

and near the interface of different materials such as water/bacterial cell or bacterial 592 

cell/cucamelon skin, a high-density surface charge can be generated by the dipole-like 593 

response of dielectric material, and this leads to a strong local polarization and electric field. 594 

The induced current density at the interface of bacterial cells and water was found to reach 595 

a very high value of over 4.0 mA/cm2. Membrane damage and leakage of bacterial cells has 596 

been observed in a much lower current range of 50 – 80 µA/cm2, although this was after a 597 

longer treatment time of 30 minutes and with direct current conditions (56). Regardless, 598 

charges of opposite polarity in membranes oscillate according to the applied electric field, 599 

leading to a strong polarization field and induced currents. We hypothesize that this physical 600 

effect may have caused the observed membrane stresses and pore formation, especially 601 

where the highly localized surface charge density was accumulating at the ends of the rod-602 

shaped cells.  603 

 604 

The superoxide anion (·O2
-) has previously been demonstrated to be critical for the 605 

antimicrobial activity of the DBDD-PAW (29), and this was confirmed in the current study 606 
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where the addition of tiron, a ·O2
- scavenger, significantly reduced the antimicrobial activity 607 

of the DBDD-PAW. ·O2
- has a short half-life and a negative charge when in a solution with a 608 

neutral pH (57) which would typically prevent it from passing through the membrane of 609 

bacterial cells (58). Therefore, while ·O2
- is required for antimicrobial power, this reactive 610 

species on its own may not be sufficient for the activity observed. Previous studies have 611 

demonstrated that the ·O2
-  produced in a DBD-PAW is a precursor to highly antimicrobial 612 

reactive species such as hydroxyl radicals and singlet molecular oxygen, and these 613 

secondary reactive species have been shown to contribute to the potent antimicrobial 614 

effects of PAW on yeast (59) and Salmonella Typhimurium (60). Therefore, ·O2
- and/or 615 

downstream reactive species, combined with the physical effects of the in situ plasma 616 

treatment that result in membrane damage and permeabilization, are likely synergising to 617 

create the powerful antimicrobial effects produced by DBDD-PAW. 618 

 619 

PAW technologies that rely on ·O2
- may be more cost effective and more readily applied to 620 

industrial applications than those relying on other reactive oxygen and nitrogen species 621 

(RONS) for the in situ treatment of fresh produce. As an ionic species, ·O2
-can dissolve 622 

directly into water without loss, unlike other RONS species such as NO or O3 that have a low 623 

solubility in water (61). This rapid solvation of ·O2
- means pre-activation or long treatment 624 

times are not required for DBDD-PAW, unlike PAW systems where less soluble RONS 625 

provide the antimicrobial power (29). In addition, the formation and accumulation of ·O2
- 626 

occurs at a lower electron energy and E/N compared to other RONS (Figure S2) (62) and the 627 

power requirements of the DBDD are very low at only 12 W (Figure S1) . Finally, the DBDD-628 

PAW system does not increase the temperature of the water substantially or produce large 629 

concentrations of longer-lived reactive species such as nitrates and nitrites that have been 630 

seen with a spark discharge PAW reactor (29), so there are no requirements for cooling 631 

systems and fewer concerns with chemical residues on the fresh produce. 632 

 633 

The findings presented in this study indicate that the DBDD-PAW system is a competitive 634 

sanitizer technology that warrants upscaling for postharvest treatment of fresh produce. 635 

This system may be advantageous over traditional chemical sanitizers in terms of 636 

sustainability and cost as powerful antimicrobial power is achieved with only air, tap water, 637 

the plasma reactor and low amounts of electricity (12 W), and there is no need to dispose of 638 
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hazardous effluents. PAW treatment extended the quality of the fresh produce to a greater 639 

extent than NaOCl, and the DBDD-PAW system used here reduced pathogenic bacteria 640 

more rapidly and without the often required pre-activation step by other PAW systems (45, 641 

46). However, the activity of DBDD-PAW relies on the short-lived reactive species ·O2
- and 642 

the effects of an electric field and will be most effective when applied in an in-situ wash 643 

system. For future scale-up of this technology, reactor design and positioning in the wash 644 

systems must be considered to guarantee effective antimicrobial power and thereby 645 

maximize food safety. 646 

 647 
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 865 
        Figure S1. The electric waveforms of the measured voltage and current characteristics of the DBDD 866 
plasma (A)-(C) and the calculated output power of the DBDD plasma over different time scales (D)-(F). 867 
 868 

 869 
 870 

 871 
Figure S2. The reaction probability and energy loss fractions of electron interactions in the air plasma. The 872 
cross section data of (A) the 3 body electron attachment to produce O2

-, and (B) other excitation and ionization 873 
reactions of oxygen as a function of electron energy, where Vib.exc. and Elec.exc. indicate vibrational 874 
excitation and electronic excitation, respectively. The energy loss fraction for different electron interactions in 875 
air plasma (C), where the gas composition of N2:O2=0.8:0.2, 1atm at 300 K. Due to the different physical 876 
dimensions of energy loss coefficient of 3 body process [eVm6s-1] in comparison to 2 body process[eVm3s-1], 877 
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this is presented in reaction coefficient [m6s-1] to show the reduced electric field E/N and electron energy 878 
dependence. 879 

 880 
 881 

Figure S3. Modelling of the electric field distribution for bacterial cells when the cucamelon is 882 
positioned towards the top of the water in the DBDD-PAW system. (A) Modelling of the spatial 883 
distribution of the normal component of the electric field in the DBDD-PAW system at the peak 884 
voltage of 8 kV. The local electric field distribution surrounding the bacterial cells when next to the 885 
plasma bubble (A) or when adhered to the cucamelon surface (B). 886 
 887 

 888 
 889 

Table S1. Summarized important gas phase reactions in N2/O2 plasma system; the gas temperature Tg and electron 890 
temperature Te are in the unit of Kelvin [K]. M indicates any neutral if there is not given any specification. 891 

 Process Rate coefficient [cm3s-1] [cm6s-1] ǂ Ref. 

Reactions related to atomic oxygen  

R1 O + NO + N2 → NO2 + N2 1.2×10-31(300/Tgas)1.8 (63)  

R2 O + NO + NO → NO2 + NO 0.78×1.2×10-31(300/Tgas)1.8 (63) 

R3 O + NO + O2 → NO2 + O2 0.78×1.2×10-31(300/Tgas)1.8 (63) 

R4 O + NO2 + N2 → NO3 + N2 8.9×10-32(300/Tgas)2 (63) 

R5 O + NO2 + NO → NO3 + NO 2.4×8.9×10-32(300/Tgas)2 (63) 

R6 O + NO2 + O2 → NO3 + O2 8.9×10-32(300/Tgas)2 (63) 

R7 O + NO → NO2 + g 4.2×10-18,  g indicates photon emission (63)  

R8 O + NO2 → NO + O2 9.1×10-12(Tgas/300)0.18 (63) 

R9 O + NO3 → O2 + NO2 1×10-11 (63) 

R10 O + M → NO + N Equation S1§ for  M = N2(X), N2 (νi) (63) 

R11 O + N2(A3) → NO + N(2D) 7.8×10-12 (64) 

R12 O + N2 + M → N2O + M 3.9×10-35exp(-10400/Tgas) (63) 

R12 O + N2O → NO + NO 1.5×10-10exp(-14090/Tgas) (63) 

R13 
 

O + N + M → NO + M 1.8×10-31(300/Tgas), M = N, O, NO (63) 
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 1×10-32(300/Tgas)0.5 for the rest neutrals 

R14 O + O + N2 → O2 + N2    2.8×10-34exp(720/Tgas) (63) 

R15 O + O + O2 → O2 + O2 4.0×10-33(300/Tgas)0.41 (63) 

R16 O + O + O → O2 + O    3.6×4.0×10-33(300/Tgas)0.41 (63) 

R17 O + O + N → O2 + N 0.8×4.0×10-33(300/Tgas)0.41 (63) 

R18 O + O + NO → O2 + NO 0.17×4.0×10-33(300/Tgas)0.41 (63) 

R19 O + O2 + M → O3 + M    7.6×10-34(300/Tgas)1.9,   M = O2, NO, NO2, NO3 (63)  

  3.9×10-33*(300/Tgas)1.9, M = N, O (63)  

  5.8×10-34*(300/Tgas)2.8 for the rest neutrals  

R20 O + O2- → O3 + e 1.5×10-10 (63) 

R21 O + O- → O2 + e 5.0×10-10 (65, 66) 

Interactions with atomic nitrogen 

R22 N + O- → NO + e 2.6×10-10 (63) 

R23 N + O2- → NO2 + e 5.0×10-10 (63) 

R24 N + NO → O + N2 1.8×10-11(Tgas/300)0.5 (63)  

R25 N + O2 → O + NO 3.2×10-12(Tgas/300)exp(-3150/Tgas) (63) 

R26 N + O2(a1) → O + NO  2×10-14exp(-600/Tgas)   (67) 

R27 N + NO2 → 2O + N2 9.1×10-13 (63) 

R28 N + NO2 → O + N2O 3×10-12 (63) 

R29 N + NO2 → N2 + O2 7×10-13 (63) 

R30 N + NO2 → NO + NO 2.3×10-12 (63) 

R31 N + O3 → NO + O2 2×10-16 (63)   

Interactions between NxOy species and O3 

R32 NO2 + N2 → NO + O + N2 6.8×10-6(300/Tgas)2exp(-36180/Tgas) (63)  

R33 NO2 + O2 → NO + O + O2 0.78×6.8×10-6(300/Tgas)2exp(-36180/Tgas) (63) 

R34 NO2 + NO → NO + O + NO 7.8×6.8×10-6(300/Tgas)2exp(-36180/Tgas) (63) 

R35 NO2 + NO2 → NO + O + NO2 5.9×6.8×10-6(300/Tgas)2exp(-36180/Tgas) (63) 

R36 NO + NO → N + NO2 3.3×10-16(300/Tgas)0.5exp(-39200/Tgas) (63) 

R37 NO + NO → O + N2O 2.2×10-12(300/Tgas)0.5exp(-32100/Tgas) (63) 

R38 NO + O2 → O + NO2 2.8×10-12exp(-23400/Tgas) (63) 

R39 NO + NO3 → NO2 + NO2 1.7×10-11 (63) 

R40 NO2 + NO2 → 2NO + O2 3.3×10-12exp(-13500/Tgas) (63) 

R41 NO2 + NO3 → NO + NO2 + O2 2.3×10-13exp(-1600/Tgas) (63)  

    

R42 
 
 

NO3 + M → NO2 + O + M   

 
 

kR41=3.1×10-5(300/Tgas)2exp(-25000/Tgas)  
M = N2, O2, NO 
10× kR41,    M = N,  O 

(63)  

R43 
 
 

NO3 + M → NO + O2 + M 

 
 

kR42 = 6.2×10-5(300/Tgas)2exp(-25000/Tgas) 
                   M = N2, O2, NO 

12× kR42,     M = N, O 

(63) 

R44 NO3 + NO2 → NO + O2 + NO2   8.21×10-14exp(-1480/Tgas) (63) 
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R45 O2 + NO2 → NO + O3 2.8×10-12exp(-25400/Tgas) (63) 

R46 NO2 + O3 → O2 + NO3 1.2×10-13exp(-2450/Tgas) (63) 

R47 NO3 + NO3 → O2 + 2NO2 4.3×10-12exp(-3850/Tgas) (63) 

R48 O3 + M → O2 + O + M   
6.3exp(170/Tgas) ×6.6×10-10exp(-11600/Tgas),  
                                                         M = N, O 

(63) 

  0.38×6.6×10-10exp(-11600/Tgas), M = O2 (63) 

  6.6×10-10exp(-11600/Tgas) for the rest neutrals (63) 

R49 NO3 + NO2 + M → N2O5 + M 3.7×10-30(Tgas/298)-4.1 (63) 

R50 N2O5 + M → NO3 + NO2 + M 1.33×10-3(Tgas/298)-4.1exp(-11000/Tgas) (63) 

R51 NO2 + NO2 + M → N2O4 + M   1.44×10-33(Tgas/298)-3.8 (63) 

R52 N2O4 + M → NO2 + NO2 + M 1.33×10-5(Tgas/298)-3.8exp(-6400/Tgas) (63) 

R53 NO + NO2 + M → N2O3 + M 3.26×10-34(Tgas/298)-7.7 (63) 

R54 N2O3 + M → NO + NO2 + M 2.01×10-7(Tgas/298)-8.7exp(-4880/Tgas) (63) 

    

ǂ All 3-body reactions are in the unit of [cm6 s-1] 892 
§ Equation (s1)  893 

 894 
 895 

Table S2. The assigned coefficient values of ai for the equation S1in Kelvin (63). 896 
 𝐸! = 3395𝜈[1 − 6.217 × 10"#(𝜈 + 1)] 897 

 898 
𝑘!(𝑇)[𝑐𝑚$𝑠"%] =

(𝐸! + 3000)&!
𝑇&"			 𝑒𝑥𝑝 <𝑎$ +	

38370
𝑇 𝑎( +

𝐸!
𝑇 𝑎)@		 899 

 900 
ν a1 a2 a3 a4 a5 

0 ≤v≤ 8 -0.419312 -0.37836 -23.04468 -0.992436 0.989385 
9 ≤v≤ 12 -3.42306 -1.4234 1.423118 -0.919692 0.917323 

13 ≤v≤ 23 6.4805404 -0.279371 -96.75885 -0.037869 0.019647 

 901 
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