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Abstract 

Cold atmospheric pressure plasmas are being widely studied for applications in biology 

and medicine. Non-thermal plasma-based decontamination has been one of the important 

areas of investigation due to the capability of cold plasmas to generate reactive species with 

antimicrobial properties close to room temperatures. Foodborne viruses and bacteria have 

been major causes of disease outbreaks, especially through the consumption of minimally 

processed foods and fresh produce. Conventional non-thermal food processing 

technologies face limitations and affect the properties of food. This work on plasma-based 

decontamination was motivated by the necessity to develop an effective and efficient non-

thermal food decontamination technology.  

We used different plasma sources operating in air at atmospheric pressure for surface 

decontamination experiments. These experiments were performed with feline calicivirus 

(FCV), a surrogate of human norovirus, and Salmonella Heidelberg on stainless steel discs 

as model for food contact surfaces. The substrates were treated in dry and wet surface 

conditions. The plasma sources were designed such that the substrates are treated either 

directly such that there is direct contact between the plasma and the substrate or remotely 

such that the reactive species in the afterglow are transported to the substrate. It was shown 

that humidity on the surface of the substrate strongly enhances the decontamination 

effectiveness. Only direct treatment was seen to be significantly effective against dry 

samples. All the plasma sources achieve complete inactivation of wet samples. Synergistic 

effects between O3 and NO2 in the afterglow of the DBDs was recognized through positive 
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control tests. With the use of a kinetic model to study the interaction among the chemical 

species in the afterglow of the plasma, the virucidal effects induced by the DBDs were 

attributed to the generation of gas-phase N2O5. 

The influence of surface humidity was studied through the quantification of reactive 

species in the water layer covering the substrate. It was found that the reactive species 

concentrations increased as the volume of the water decreased and this effect was 

consistent with the observed decontamination effects. The importance of enhancing the 

transport of reactive species from the gas to liquid phase for optimal decontamination 

efficacy of remote plasma treatment was identified.  

Finally, plasma sources were compared based on the energy consumption requirements for 

achieving complete decontamination. To gain an understanding on the possibilities of 

adoption of plasma technologies by the food industry, the plasma sources were compared 

with UV-C radiation in terms of energy costs and practical utility. For surface 

decontamination, direct plasma treatment was found to be four times more energy-

intensive than UV-C treatment. A significant enhancement of energy efficiency was 

achieved using remote plasma treatment in a lab-scale batch reactor prototype employing 

a surface discharge generating predominantly O3, leading to energy per unit area 

requirements similar to that for UV-C. Preliminary estimates suggest that the energy 

efficiency might be further increased for a source enabling disinfection by reactive nitrogen 

species.  
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Introduction 

Plasmas are a fundamental state of matter with higher energy than the gas phase which 

mainly exist in space and are also extensively used in the industry for material processing. 

Plasmas are ionized gases, excited by thermal or electrical energy, containing a myriad of 

species including free electrons, ions, excited species, radicals and molecules. In spite of 

the presence of free electrons, a plasma is a quasi-neutral medium – in a sufficiently large 

volume away from the electrodes, the charge density is, in good approximation, zero. 

Plasmas can be categorized based on their degree of ionization, i.e., ratio of the number 

density of charged particles to the number of all the heavy particles. As the degree of 

ionization increases, Coulomb collisions between charged particles tend to dominate 

electron-neutral collisions. Typically, when a gaseous medium is excited by an electric 

field, most of the energy is transferred to the free electrons. These electrons, accelerated 

by the electric field, reach sufficient kinetic energies to enable the ionization of the 

background gas, i.e., electrons in collisions with neutral species generate an additional 

electron and ion. Electron-neutral collisions lead to very inefficient energy transfer 

compared to the energy transfer of the electric field to the electrons due to the large mass 

differences between the electron and neutral species. This enables a strong non-equilibrium 

in reduced pressure or transient atmospheric pressure plasmas. In many cases, the bulk gas 

temperature remains close to the ambient, while the electron temperature can be very high.  

The generation of these ‘cold plasmas’ enables their application in areas of biomedicine 

where heat-sensitive substrates are treated with plasmas [1]. The production of reactive 
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oxygen and nitrogen species using cold plasmas generated in air is the main driver for their 

bio-medical applications [2]. The field of biomedical applications has seen a huge rise in 

research efforts towards surface and water decontamination, wound healing and 

sterilization, and also cancer therapy [3]. The interaction between plasma and living cells 

is complex due to the multitude of chemical species generated and the intrinsic complexity 

of the cell biology [4]. Many of the plasma-generated species interact with the biological 

substrates and can induce secondary biochemical reactions, leading to antimicrobial 

activity under suitable conditions. Treatment of these substrates can be performed in three 

modes: direct, remote, or indirect. In case of direct treatment, the biological substrate acts 

as one of the electrodes and the discharge generated is in direct contact with the surface of 

the sample. In a remote treatment setup, however, it is the discharge effluent with the 

chemical species that is made to interact with the substrate. Indirect treatment often refers 

to treatment of water or solutions that are subsequently added to biological substrates. A 

large variety of plasma sources have been studied for their decontamination capabilities 

and the associated chemistry is strongly dependent on the plasma source design and the 

experimental conditions. Due the added complexity induced by the large possible variety 

of chemical species generated in plasmas, there is currently no thorough understanding of 

the reactive species that are ultimately enabling plasma-induced decontamination. Further 

complications arise due to the dependence of plasma-substrate interaction on the presence 

of a water layer on the sample.  
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This thesis describes a broad comparative study on the antimicrobial efficacies of 

atmospheric pressure plasma sources. Different dielectric barrier discharges (DBDs) and 

gliding arc discharges operated in air have been used to decontaminate virus and bacteria 

samples on metal surfaces. A DBD operating in ambient air was used to demonstrate direct 

treatment of the substrates while the majority of the remote plasma treatments were 

performed using dry air on pathogen samples in flow-through reactors where a one-time 

interaction is allowed between the reactive species and the substrate.   

The consumption of minimally processed foods and fresh produce has been on a steady 

rise. Contamination of these food products by viruses and bacteria has recurrently been the 

cause of epidemics and pose a real threat to public health [5], [6]. Conventional non-

thermal food processing techniques often contribute to undesirable effects or face severe 

limitations or disadvantages [7]. The motivation for using plasmas for disinfection arises 

from the need to develop an effective and energy-efficient non-thermal surface and food 

decontamination technology. The objective of this work is to assess the applicability of 

different plasma sources for the inactivation of virus and bacteria. We intend to seek 

answers to the following questions: 

• How do cold atmospheric plasma sources with different generation approaches 

compare in terms of their decontamination efficacies? 

• What is the dominant chemical pathway responsible for surface decontamination 

using remote plasma treatment?  
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• How does the effectiveness of decontamination using remote plasmas depend on 

the humidity on the surface of the substrate?  

• How do the operational costs involved in the utilization of plasmas compare with 

the costs of UV-C, a conventional non-thermal decontamination technology?  

The outline of this dissertation is as follows. Chapter 1 provides a comparison of plasma-

based disinfection by direct and remote plasma sources operating in air at atmospheric 

pressure. To gain a better understanding of the plasma parameters appropriate for effective 

decontamination, it is necessary to gain a more detailed knowledge of the plasma-generated 

species that enable plasma-based decontamination. Chemical kinetics modeling of the 

plasma effluent and positive control tests were used to identify the dominant chemical 

pathway towards disinfection.  

It has been reported that the presence of water on the surface of the biological substrate 

significantly enhances the efficacy of plasma-based decontamination. We observe a 

dependence of the antimicrobial activity on the amount of liquid covering the substrate. In 

chapter 2, the concentrations of reactive species in the liquid layer were quantified using 

colorimetric techniques to correlate the observed antimicrobial effects with the aqueous-

phase species concentrations. The significance of optimizing the gas-to-liquid phase 

transport of the reactive species is recognized.  

Studies reported in literature put little emphasis on the costs involved in the utilization of 

plasmas for effective decontamination. To facilitate the integration of this technology into 

the food industry, an engineering perspective is required to provide estimates of its 
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operational costs and suggest means of optimization. In this regard, chapter 3 assesses the 

benefits and drawbacks of using different DBDs and the conventional UV-C technology 

for decontamination in terms of their energy consumption and practical utility. A batch 

reactor prototype was developed and tested to enhance the energy efficiency of plasma-

based disinfection systems.  

Finally, the main findings and conclusions of the work are summarized.  
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Chapter 1. Inactivation of virus and bacteria using cold atmospheric 

pressure air plasmas 

1.1. Introduction 

Cold atmospheric pressure plasmas are increasingly being investigated for the treatment of 

heat-sensitive surfaces with applications in biology and medicine [1–4] as they generate 

high reactivity near room temperatures. When the plasma is generated in air, a myriad of 

reactive oxygen and nitrogen species (RONS) are produced including O3, O2(a
1Δg), NO, 

NO2, HNO3, HNO2, ONOO-, H2O2, and OH. Many of these plasma-generated chemical 

species interact with organic matter and can induce secondary biochemical reactions 

leading to antimicrobial action [1].  

Foodborne viruses and bacteria have been major causes of epidemics in the society 

especially through the consumption of fresh agricultural produce. Enteric viruses, such as 

Human Norovirus (HuNoV), are a real threat to public health due to outbreaks of diseases 

like acute non-bacterial gastroenteritis [5]. About 48% of all foodborne disease outbreaks 

attributed to a single known cause and reported to the Centers for Disease Control and 

Prevention from 2009 to 2012 were caused by HuNoV [6]. The bacterial pathogen 

Salmonella, transmitted through ready-to-eat plant produce, vegetables, poultry, and water, 

accounts for about half of the outbreaks caused by bacterial pathogens [7], [8].  

Existing non-thermal food processing technologies have distinct limitations, such as 

affecting the rheological properties of food, requirement for smooth surfaces, or production 
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of toxic by-products. Hence, there is an urgent need to develop a non-thermal processing 

technology to decontaminate food and plasma has been suggested as a viable technology 

[9]. 

The identification of the underlying mechanisms of the plasma-induced disinfection 

process is often complex due to the possible cumulative action of the ‘cocktail’ of many 

different reactive species [1]. The composition of this cocktail can be strongly dependent 

on the plasma device and operational parameters. The chemical mechanism is further 

dependent on the nature of interaction of the chemical species with the substrate being 

treated and the different pathogens [10], [11].  

Depending upon how the plasma-generated species are delivered to the substrate, plasma 

treatment setups can be classified into direct or remote treatment. For direct treatment, 

plasma is generated between the powered electrode and a sample that acts as the opposite 

electrodes. There is thus direct contact between the sample and plasma and large fluxes of 

short and long-lived species are delivered to the biological substrate. Remote plasma 

treatment involves the generation of the plasma at a remote location with respect to the 

sample and reactive species are transported by a gas flow through the plasma to the sample. 

For typical conditions, the gas residence time is larger than the lifetime of short-lived 

species, and hence it is the long-lived species present in the plasma effluent that interact 

with the organic substrate. 

Direct discharges at atmospheric pressure have been effectively employed for disinfection 

of bacteria [12]–[15] with efforts to qualitatively study the role of reactive species. Gupta 
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et al. [12] achieve complete decontamination of Pseudomonas Aeruginosa in biofilms 

using a dielectric barrier discharge (DBD) and a plasma jet within a treatment time of 15 

minutes. Fridman et al. [13] utilize direct discharges to study the mechanism of inactivation 

of E. Coli samples. Lu et al. [14] studied the dependence of the bactericidal role of charged 

species and radicals on the feed gas. A number of studies have established the dominant 

role of charged species and the negligible role of UV and heat generated towards 

microbicidal activity for direct plasma treatments [10], [13], [15]. 

A few studies employ point plasma sources like plasma jets for the purpose of disinfection 

[2], [16]–[18], but there are obvious practical advantages favoring large-area plasma 

sources that can also be scaled up eventually. Nayak et al. employed a two-dimensional 

array of microdischarges (2D DBD) [19], [20] that was extremely effective against feline 

calicivirus on metal surfaces covered with a layer of water and in the bulk liquid [21]. The 

remote treatment approach performing gas-phase treatment of the virus coated on surfaces 

was  largely independent of the exposure distance when the treatment was performed in a 

flow-through reactor, suggesting that the virucidal effect was due to long-lived species. 

Van Gils et al. attributed liquid-phase bacterial inactivation caused by a remote 

atmospheric pressure RF jet to generation of peroxynitrites, nitrous acid, and hydrogen 

peroxide [2]. Lukes et al. showed that while a low pH of the solution is not a factor leading 

to inactivation of bacteria by itself, a low pH is essential for inactivation when reactive 

nitrogen species are drivers of the inactivation mechanism [3]. Gliding arc discharges, 

which are a rich sources of reactive nitrogen species (RNS), have been utilized against 
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bacteria and virus on surfaces and in liquid media with considerable success [11], [22]–

[24]. Dasan et al. [11] used a gliding arc reactor to decontaminate different food contact 

surfaces against E. Coli and Staphylococcus epidermidis. El-Aragi [22] report significant 

inactivation of HCV in human blood samples by a DC gliding arc. In addition, surface 

discharges were used in batch reactor systems to contain the reactive species generated for 

the treatment of bacteria [25]–[28]. The authors reported the occurrence of two different 

modes of operation, an O3-dominated low power mode and a NOx-dominated high power 

mode. The inactivation of bacteria in a solution could, in this case, clearly be correlated 

with the aqueous phase O3 concentration, which was also shown to be mass transfer 

limited. While several studies report disinfection applications of a large variety of plasma 

sources, there is currently no comprehensive understanding of the reactive species that are 

ultimately responsible for the observed antimicrobial effects.  

In this study, we report on plasma-based inactivation of feline calicivirus (FCV), which is 

a surrogate for Human Norovirus [29], and Salmonella Heidelberg, motivated by this 

societal need. In addition, we compare the effectiveness of direct and remote plasma 

treatment setups in inactivating FCV, and Salmonella Heidelberg. All the plasma sources 

were generated by the same AC HV power supply with dry air as the feed gas for the remote 

plasma treatment conditions. We seek to identify the role of plasma-generated species for 

the remote treatments to gain a better understanding of the appropriate plasma parameters 

required for effective and energy-efficient disinfection of food and food-contact surfaces.   
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This chapter provides a detailed comparison of the plasma-based disinfection of four 

different atmospheric pressure plasma discharges operated in air. Section 1.2 describes the 

experimental setups used for plasma treatment of pathogens, the methods involved in 

pathogen sample preparation and its analysis, and the techniques for the measurement of 

reactive species. Section 1.3 describes the positive control tests performed on the virus 

samples to understand the synergistic effects among the species in the plasma effluent. In 

section 1.4, we discuss the time-resolved kinetic model implemented to investigate the 

composition of the plasma effluent the pathogen samples were exposed to. The 

experimental results are reported in section 1.4, and the key conclusions are presented in 

section 1.5. 

1.2. Experimental Setup and Methods 

1.2.1. Plasma treatment setups 

The plasma sources and treatment configurations used in this work are illustrated in figure 

1.1. A DBD referred to as the direct DBD (figure 1.1(a)), was used to provide direct 

treatment of the samples. The plasma source consisted of a copper rod of 25.4 mm diameter 

that acts as the high voltage electrode embedded in a polytetrafluoroethylene (PTFE) tube. 

One end of this electrode was covered with a 380 μm thick sheet of alumina. At a distance 

of 2 mm from the dielectric sheet, a stainless steel disc with a diameter of 11.4 mm, acts as 

the counter electrode. The steel disc was placed on top of a grounded aluminum plate 

covered by a sheet of alumina of thickness 380 μm. The surface of the metal disc facing 
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the discharge was spiked with the pathogen sample (see further). The plasma source was 

operated in ambient atmospheric pressure air and this led to the generation of a filamentary 

discharge over the sample. For remote treatments of the substrates, dielectric barrier 

discharges and gliding arc discharges were used in a flow-through reactor configuration. 

The array of micro-hollow dielectric barrier discharges (2D DBD) (figure 1.1(b)) consisted 

of an array of 105 holes with a diameter of 600 μm.  A micro-discharge was generated in 

each hole through which dry air was flown along the inter-electrode gap with a gas 

residence time of 164 μs. The reader is referred to [19] for a more detailed description of 

the plasma source. The volumetric DBD (figure 1.1(c)) consists of five parallel rectangular 

gaps with a thickness of 1.75 mm and a length of 44 mm through which dry air is fed. The 

high voltage and grounded electrodes were embedded in the dielectric material across the 

rectangular gaps in an alternating manner. While we apply the same power to the 2D DBD 

and the volumetric DBD, the volume of the discharge region is 1280 times smaller in the 

2D DBD. This leads to a much higher power density and a different plasma chemistry is 

expected. Two different gliding arc reactors were used to provide treatment of the samples 

in a wide power consumption range of 10-70 W. The reactors (figure 1.1(d)) enabled the 

generation of a ‘gliding arc’ between two diverging electrodes placed in a cuboidal space. 

At the position of minimum gap distance between the electrodes, the electric field is 

maximum, and the discharge is ignited and blown along the diverging electrodes by the 

feed gas (dry air). The gliding arc, due to the higher temperatures, was chosen to perform 

treatments mainly through the action of RNS. Both the remote DBDs and the gliding arc 

discharge were driven by AC sinusoidal voltage waveforms with a frequency of 20 kHz.  
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All the plasma sources were driven by a high-voltage AC power supply (PVM500). The 

direct DBD was driven by an AC sinusoidal voltage waveform at a frequency of 25 kHz 

and duty cycle modulation of 20% at ~100Hz. Both the remote DBDs and the gliding arc 

discharge were operated at a frequency of 20 kHz, while the volumetric DBD was 

modulated at ~100 Hz with a duty cycle of 30%. 

Plasma sources providing a remote treatment had a polycarbonate tube of diameter 52 mm 

attached to the bottom of the electrode assembly. The pathogen samples were treated with 

the discharge effluent downstream of the plasma sources, at an exposure distance of 13.5 

cm. The enclosure was used to minimize radial losses of the reactive species to the ambient 

 

Figure 1.1. Schematic of the plasma sources in operation for the treatment of wet samples as 

illustrated by the water droplet of 40 μl on the surface of the metal disc. (a) Direct DBD at 12 

W, (b) 2D DBD at 14.5 W, (c) Volumetric DBD at 14.5 W, and (d) Gliding arc from 10–70 W. 

During indirect plasma treatment, the sample holder was placed within an enclosure tube on the 

downstream at a distance of 13.5 cm. 
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before they reached the sample location. Three samples were placed on a PTFE block and 

were treated by the long-lived reactive oxygen and nitrogen species in the plasma effluent. 

1.2.2. Power measurement 

Electrical characteristics of the discharges were studied using a Tektronix DPO2024B 

oscilloscope. The voltage applied to the plasma sources was monitored using a Tektronix 

P6015A HV probe. In case of the DBDs, the lower voltage connections were grounded 

through a capacitor with a capacitance at least 100 times larger than the capacitance of the 

plasma reactor. The power deposited into the plasma during each voltage cycle was 

determined using the charge-voltage plot, as described in [19]. For the gliding arc 

discharge, the lower voltage connection was grounded through a shunt resistor to enable 

the measurement of the discharge current. The average product of the voltage and the 

current in the plasma was used to compute the discharge power. The voltage across the 

capacitor or resistor were recorded using a Tektronix TPP0200 voltage probe.  

1.2.3. Pathogen sample preparation and treatment  

Aliquots of the pathogens were spread aseptically on the surface of sterile stainless steel 

discs. Surfaces of the steel discs were treated in dry and wet conditions. For treatment of 

wet samples, 40 μl of distilled water was pipetted onto the surface to cover the virus or 

bacteria stain. Plasma treatment of the pathogen samples were performed in triplicates, and 

the averaged results were presented along with the associated uncertainty (standard 

deviation).   
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1.2.3.a  Virus assay preparation and titration 

Feline calicivirus (strain 255) was grown and titrated in Crandall-Reese Feline Kidney 

(CRFK) cells. The CRFK cells containing the virus were incubated at 37 oC, under 5% CO2 

for 2-3 days after infection. During this period, cytopathic effects (CPE) appear and can be 

observed under an inverted microscope. The infected cells were frozen and thawed thrice, 

and then centrifuged to remove the supernatant. The remaining virus pellet was diluted in 

1 ml of sterile distilled water, aliquoted and stored at –80 oC for further use. The method 

used for growing CRFK cells and extraction of the virus can be found in [16].  

On the day of the experiments, a stock FCV suspension with around 9 log10 TCID50/0.1 ml 

was diluted in sterile distilled water to ~5 log10 TCID50/0.1 ml of eluent. Stainless steel 

discs with a diameter 11.4 mm were sterilized and placed in the wells of a 24-well 

microtiter plate. One surface of each disc was spiked with 15 μl of FCV and stored for over 

30 minutes under air flow in a biosafety cabinet to allow drying. 

After the plasma treatment, the metal discs were recovered in sterile dilution tubes with 1 

ml of Phosphate Buffered Solution (PBS). The tubes were vortexed for at least 30 seconds 

to disperse all virus from the disc into the solution. For virus titration, serial 10-fold 

dilutions of samples were prepared by adding 20 μl of vortexed sample to 180 μl of 

minimum essential medium (MEM) containing 4% fetal bovine serum (FBS) in 3 wells per 

sample. The virus dilutions were inoculated onto the monolayers of CRFK cells in 96-well 

microtiter plates using 3 wells per sample. The microtiter plate was incubated at 37 oC, 5% 

CO2, and 85% relative humidity and examined for the development of cytopathic effects 
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for about five days. The highest dilution of the virus that produced cytopathic effects in 

50% of the inoculated cells was considered as the end point. The Kärber method [30] was 

used for the calculation of virus titer which was expressed as 50% tissue culture infective 

dose per 100 μl of the eluent (log10 TCID50/100 μl of eluent).  

1.2.3.b  Bacterial sample preparation and analysis 

A multi-drug resistant Salmonella Heidelberg strain NS-029 was isolated from a chicken 

breeder farm and used for the experiments [31]. 100 μl of the stock culture, initially stored 

at -80 °C, was thawed and inoculated into 35 ml of tryptic soy broth (TSB) and incubated 

at 37 °C overnight. The working culture of Salmonella Heidelberg was prepared by 

adjusting the count of bacterial cells to 3.5×108 CFU/ml using sterile distilled water.  

Stainless steel discs with a diameter 11.4 mm were sterilized and placed in the wells of a 

24-well microtiter plate. One surface of each disc was spiked with 15 μl of the working 

culture of Salmonella Heidelberg and stored for over 30 minutes under air flow in a 

biosafety cabinet to allow drying.  

After the plasma treatment, the metal discs were recovered in sterile dilution tubes with 0.5 

ml of elution buffer (3% beef extract in 0.05M glycerine, pH 7.2). The tubes were vortexed 

for at least a minute to disperse the bacterial cells from the disc into the solution. Serial 10-

fold dilutions of the samples were prepared in PBS and inoculated into plates of tryptic soy 

agar using the pour plate technique. The plates were incubated at 37° C for 24-48 hours 

after the solidification of agar. The number of residual bacterial cells was determined by 

taking the average number of colonies formed on two countable plates multiplied by the 
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dilution factor and expressed as log10 colony forming units (CFU) per sample. The 

reduction in bacterial cells due to plasma treatment was measured by the difference in the 

log10 CFU between the treated and the control (untreated) samples. 

1.2.4. Gas-phase O3 and NOx densities 

Long-lived species generated by the remote plasma sources are responsible for the 

antimicrobial effects caused. To identify the species leading to inactivation, reactive 

oxygen and nitrogen species (RONS), in particular O3 and NOx, generated by the plasmas 

were measured above the location of the biological sample holder.  

Beer-Lambert’s law is used to determine the absolute ozone density: 

− 𝑙𝑛 ( 
𝐼

𝐼𝑜
 ) = 𝜎𝑁𝑙 

where N is the absolute ozone density, 𝜎 is the ozone cross section at 253.65 nm (1.147 × 

10-21 m2) [32], l is the absorption path length, Io is the intensity of light detected when there 

is no plasma, and I is the intensity of light detected during the plasma condition under 

investigation.  

The ozone density in the discharge effluent was measured using ultraviolet (UV) 

absorption spectroscopy as described in [20]. Two quartz discs were accommodated on 

diametrically opposite ends of the flow tube enclosure to enable the UV absorption 

measurement. The mercury emission line at 253.65 nm from a low-pressure mercury/argon 

lamp was used for absorption.  The UV light, after being absorbed by the effluent, was 
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imaged by a quartz lens into an optical fiber connected to a broadband spectrometer 

(Avantes AvaSpec-2048).  

NO and NO2 were measured using a commercially-available gas analyzer (ENERAC 500, 

ENERAC) to estimate the concentrations at the sample location (between 10 and 15 cm 

from the discharge).   

1.2.5. Substrate temperature measurements 

The surface temperature of the samples were monitored during plasma treatment using 

liquid crystal temperature strips (RLC-50-30/90-10, BUA2-120/49; Omega Engineering 

Inc.) to measure the surface temperature of the treated sample.  

1.2.6. UV-C fluence 

The UV-C irradiance from the plasma was measured with a detection limit of 1 mW/cm2 

using a UV light meter (UVC Light Meter 850010, Sper Scientific Environmental 

Measurement Instruments, Scottsdale, AZ, USA) at a distance of 1 cm from the discharge, 

providing an upper limit to the UV-C irradiance the samples were exposed to.  

1.3. Positive control tests 

FCV samples were exposed to different controlled experimental conditions to evaluate the 

individual role of reactive species towards inactivation. The experimental setup shown in 

figure 1.2 was used to perform the positive control experiments on FCV samples. A 2D 

DBD electrode mounted upstream was used to generate an Ar-O2 plasma for the production 

of O3. A provision was made for adding NO2 to this gas flow before it enters the flow 
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through reactor. A gas flow from a gas bottle of 500 ppm NO2/N2 was mixed with an Ar 

flow to result in a gas flow with varying concentrations of NO2. The mixing chamber allows 

the interaction between O3 and NO2 and homogenizes the flow before it encounters the 

sample and was used to study the effect of species produced in reactions between NO2 and 

O3. The net gas flow rate was maintained at 5 standard liters per minute (SLM) to eliminate 

flow-induced differences. When both NO2 and O3 were added, gas flow rate carrying NO2 

and O3 were each 2.5 SLM. The samples were placed at a distance of 36 cm from the 

beginning of the mixing chamber, corresponding to a gas residence time of ~6.8 seconds. 

Effects of individual treatment with O3 and NO2 were contrasted with those observed with 

treatment involving the same concentrations of a mixture of O3 and NO2. [O3] was 

monitored upstream of the mixing chamber and at the location of the samples to support 

the kinetic model.  

1.4. Modeling gas composition 

Table 1.1. Chemical reactions and corresponding reaction rates involved in the kinetics of an O3-

NOx system at room temperature. 

Reaction Rate constant [33] 

N2O5 → NO2 + NO3 0.115 s-1 

NO2 + NO3 → N2O5 2.6 x 10-18 m3∙s-1 

NO2 + NO3 → NO + O2 + NO2 4.0 x 10-22 m3∙s-1 

NO + NO3 → 2 NO2 1.9 x 10-17 m3∙s-1 

2 NO3 → 2 NO2 + O2 2.3 x 10-22 m3∙s-1 

NO2 + O3 → NO3 + O2 3.4 x 10-23 m3∙s-1 

NO + O3 → NO2 + O2 1.6 x 10-20 m3∙s-1 
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Possible synergistic effects arising from the co-existence of O3 and NO2 in the plasma 

afterglow were investigated using experiments driven by a time-resolved kinetic model. 

The reaction set defining the chemical mechanism was based on [33]. Table 1.1 reports the 

chemical reactions and their corresponding rate constants at ambient temperature and 

pressure. At a particular axial location, the residence time in the flow-through reactor was 

correlated with the axial distance from the discharge to estimate the local concentrations 

of species. This approach allows us to calculate accurately the evolution of species from 

the mixing position in the reactor (figure 1.2) up to the position of the sample. To study the 

 

Figure 1.2. Schematic of the experimental setup used to investigate the synergistic effects 

arising due to the co-existence of O3 and NO2. 

 

 

 

Ar + 20% O2

O3

NO2

Mixing Chamber

SpectrometerHg/Ar

lamp

ENERAC 500

Hg/Ar

lamp

Spectrometer

500 ppm 

NO2 in N2

Ar
2

2
.5

 c
m

1
3

.5
 c

m

Argon



20 
 
 

evolution of species’ densities in the afterglow of the 2D DBD air plasma, the O3 and NOx 

densities at the sample location were matched with those determined from experimental 

diagnostics. We assumed that the plasma produces NO2 and O3 on the time scale of 1 ms. 

This timescale is short enough to be able to model the interaction among the nitrogen 

oxides to result in N2O5 but long enough not to have to consider charged and radical species 

[34]. It was also assumed that N2O, although produced, does not significantly influence the 

NO2, O3 and N2O5 concentration due to the high stability of N2O  [34]. 

1.5. Results and Discussion 

1.5.1. Operational parameters 

Table 1.2. Operational parameters of the air plasma sources utilized for the treatment of the 

pathogen samples. 

 

 Direct DBD 2D DBD Volumetric 

DBD 
Gliding Arc 

Mode of 

operation 
Direct Remote Remote Remote 

Reactive 

components 

O3, NOx, OH, O, 

H2O2, N2
+, O2

+, 

O2
−, UV, e- 

O3, NxOy O3, NxOy NxOy 

Power 

consumption 
12 W 14.5 W 14.5 W 10 – 70 W 

Substrate 

temperature 

< 70 oC (dry) 

< 49 oC (wet) 

< 49 oC 

(dry and wet) 

< 49 oC 

(dry and wet) 

< 70 oC (dry) 

< 49 oC (wet) 

UV fluence ? < 2 μW/cm2 < 1 μW/cm2 < 2 μW/cm2 
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To ensure that the operational parameters were suitable for the treatment of heat-sensitive 

food substrates, plasma conditions were chosen such that sample temperatures did not 

exceed 70 oC. Table 1.2 summarizes the working conditions utilized for the treatment of 

the samples. In the afterglow of the DBDs , O3 and NxOy (NO, NO2, NO3, N2O, N2O5) co-

exist, while the afterglow of a gliding arc discharge mainly consists of NO. The 

ineffectiveness of the gliding arc at 14.5 W (see further) has motivated us to extend the 

gliding arc experiments  up to powers to 70 W.  

Inactivation of FCV and Salmonella due to thermal effects were known to occur due to 

exposure to temperatures above 63.3 oC and 57 oC for 2 minutes, respectively [29], [35]. 

For wet conditions, the substrate temperatures remained below 49 oC. In all the 

experimental conditions, although the temperature reaches up to 70 oC for some of the dry 

treatments by the gliding arc and the direct DBD, the samples treated with the gliding arc 

exhibit negligible inactivation, indicating the ineffective role of heat towards 

decontamination even at an exposure to 70 oC for 10 minutes.  The UV-C fluence remained 

below 1.2 mJ/cm2 for all the remote treatments, which is two orders of magnitude lower 

than the UV-C fluence needed for inactivation of the concerned pathogens [36]. The 

observed biocidal effects induced by remote plasmas  are thus due to reactive oxygen and 

nitrogen species. Previous studies [10], [14], [15] reported a dominant role of charged 

particles and radicals, and a minimal role of UV photons and heat in case of direct 

discharges.  
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1.5.2. Comparison of decontamination by different plasma sources  

Figure 1.3 shows the reduction in FCV titer induced by plasma treatment by the different 

plasma sources. The results show a strong dependence of the efficacy of plasma treatment 

on the surface humidity of the pathogen samples, particularly for remote plasma treatment. 

It is seen that effective disinfection of dry samples was only possible during direct contact 

of the discharge with the sample, while negligible virucidal effect is observed in the case 

of remote treatment. This result is in agreement and extends our previous study that 

reported the importance of surface humidity for effective operation of the 2D DBD plasma 

 

Figure 1.3. Reduction of FCV titer for different plasma sources. The effectiveness of plasma 

treatment on dry and wet samples are compared.  

Plasma treatment time – Direct DBD: 3 minutes (dry), 5 seconds (wet); 2D DBD, Volumetric 

DBD, Gliding arc: 4 min (dry and wet). 

Discharge power – Direct DBD: 12 W; 2D DBD, Volumetric DBD, Gliding Arc: 14.5 W 
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source [21]. Fridman et al. [13] also reported a dependence of plasma-induced inactivation 

on the surface humidity of E. Coli samples on glass slides. Similar observations were made 

in the literature for the disinfection of several viruses on hard and porous surfaces using 

gaseous ozone treatment [37], [38]. 

Our previous study [39] identifies oxidation of the amino acids on the virus capsid as an 

important pathway towards inactivation of feline calicivirus exposed to oxygen plasma, 

suggesting that the presence of water enhances these oxidation reactions. All the results 

reported hereafter in this manuscript have been obtained for wet samples only. 

Figure 1.4 shows the residual virus and bacteria titer after exposure to plasma as a function 

of treatment time for different plasma sources. Direct contact treatment achieves complete 

inactivation within 5 seconds due to the enhanced virucidal and bactericidal effects of 

 

Figure 1.4. Antimicrobial effects induced by different air plasma sources on (a) FCV, and (b) 

Salmonella samples as a function of treatment time.  

The direct DBD was operated at a discharge power of 12 W while the remote plasma sources 

were operated at a discharge power of 14.5 W.  

The detection limit of the method for the analysis of virus titer is indicated by a dashed line in 

figure 1.4(a). 
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short-lived species. Treatments using both the remote DBDs achieve complete inactivation 

of FCV within 4 minutes. Longer treatment times (5 minutes for 2D DBD and even longer 

for the volumetric DBD) are required in case of treatment of Salmonella, suggesting that 

FCV is more susceptible to the plasma-generated species than Salmonella. Also, at 

identical power and air flow rates for the remote plasma sources, the gliding arc is 

remarkably ineffective against both FCV and Salmonella. 

As gliding arc discharges have been successfully used for inactivation of virus and bacteria 

by other groups [11], [22]–[24], the decontamination efficacy of gliding arc discharge in 

this study was tested for increased powers up to 70 W. The inactivation observed, as a 

function of treatment time, is shown in figure 1.5. At a discharge power of 70 W, complete 

inactivation of FCV was achieved for a treatment time of 10 minutes, while Salmonella 

was reduced by 3.6 log10.  

 

Figure 1.5. Antimicrobial effects induced by a gliding arc discharge operating on dry air as a 

function of treatment time on (a) FCV, and (b) Salmonella samples.  

The plasma source was operated at discharge powers of 30 W, 50 W, and 70 W. The detection 

limit of the method for the analysis of virus titer is indicated by a dashed line in figure 1.5(a). 
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Figure 1.6 provides a comprehensive summary of the FCV inactivation caused by exposure 

to the four different plasma sources for a duration of 4 minutes. For each case, the 

corresponding concentrations of O3, NO and NO2 are also shown. Both the 2D DBD and 

the volumetric DBD achieve complete inactivation of the virus and produce similar 

concentrations of O3 and NO2 in their effluents. To assess the effect of O3, we generated 

an Ar/O2 plasma in the 2D DBD at conditions such that the concentration of O3 produced 

was identical to the concentration of O3 in the 2D DBD air plasma. A significant drop in 

the inactivation of virus was observed in the absence of reactive nitrogen species, 

consistent with [21]. This implies that RNS significantly contribute towards disinfection.  

The gliding arc discharge exhibits very negligible virucidal effects at 14.5 W although a 

considerable concentration of NO is generated. The gliding arc reactor generating ~270 

ppm of NO and ~35 ppm of NO2 at a discharge power of 50 W achieved a reduction in 

virus titer by ~2.6 log10 inactivation. The difference compared to the DBDs could be 

explained by the Henry’s law constant of NO which is about an order of magnitude lower 

than that of O3 and NO2 [40]. Even with significantly larger gas-phase concentrations of 

NO, RNS production in the liquid phase might be more transport-limited in case of the 

gliding arc. Exposure of the virus samples to a concentration of 500 ppm of NO and NO2 

for the same duration as the plasma treatment led to negligible virucidal effects in spite of 

the concentrations of NO and NO2 being 2-3 times higher than that in the plasma effluent. 

The relatively small virucidal efficacy of O3, NO2, and NO suggest that other species or 
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synergistic effects among species in the plasma effluent contribute significantly to the 

observed virucidal action of the 2D and volumetric DBDs.  

1.5.3. Assessing the role of N2O5 in virucidal activity  

Figure 1.7 shows the virucidal effects induced by treatments using O3, NO2, and mixtures 

of O3 and NO2. The treatment conditions of figure 1.7 are summarized in table 1.3. The 

virus samples were exposed to a gas flow containing the species at a given concentration 

 

Figure 1.6. The magnitude of virus inactivation caused when FCV coated steel discs were 

exposed to different plasmas or gases for a fixed treatment time of 4 minutes. The concentrations 

of O3, NO, and NO2 in the effluent measured at the sample location for each of these conditions 

is also provided. 
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for a period of five minutes. Exposure to O3 and NO2 led to negligible virus inactivation, 

while the mixture of O3 and NO2 with the highest concentration of NO2 used (6.1 × 1021 

m-3) led to complete inactivation of the virus. This suggests a significant enhancement of 

the virucidal effects due to species produced by reactions of O3 and NO2.  

Table 1.3. Gas-phase concentrations of reactive species at the beginning of the reactor and at the 

location of the samples for conditions utilized for the treatment of FCV samples. The results of the 

treatment are shown in figure 1.7. [NO2] and [N2O5] at the location of the samples have been 

estimated from the model. 

 Initial concentrations (m-3) Concentrations at the samples (m-3) 

Treatment 

condition 
[O3] [NO2] [O3] 

 

[NO2] 

 

[N2O5]est 

 

Air Plasma 7.3×1021 9.8×1021 3.5×1021 2.0×1021 1.4×1021 

O3 1022 - 1022 -  -  

NO2 – I -  6.1 × 1021 -  6.1×1021  -  

NO2 – II -  1.2 × 1022 -  1.2×1022  -  

O3 + NO2 – I 1022 7.5 × 1020 9.6×1021 4.7×1017  3.7×1020 

O3 + NO2 – II 1022 1.5 × 1021 9.3×1021 1.2×1018 7.4×1020 

O3 + NO2 – III  1022 6.1 × 1021 7.0×1021 2.1×1019 2.98×1021 

 

To determine the chemical composition at the position of the virus sample for the condition 

of mixing of O3 and NO2 in figure 1.7, we use the chemical mechanism in table 1.1 to 

model the change in composition of the effluent as a function of time (see section 1.4).              

Figure 1.8(a) shows the temporal evolution of the chemical species after mixing of O3 and 

NO2 for the initial concentrations of [O3] = 1022 m-3 and [NO2] = 6.1×1021 m-3. The 
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residence time of the species in the mixing chamber and the enclosure tube is ~6.8 seconds 

until it reaches the virus samples. This correlation between residence time and axial 

location is used to determine the concentration of species at the location of the samples and 

reported in table 1.4. The concentration of NO2 reduces from an initial concentration of 

6.1×1021 m-3 at the beginning of the reactor to below 1020 m-3 at the location of the virus 

samples as it reacts with O3 to form N2O5. The calculated [N2O5] at the position of the virus 

sample is 3.0×1021 m-3. 

 

Figure 1.7. Virucidal effects observed due to the exposure of FCV coated stainless steel discs 

to different gas streams at a net gas flow rate of 5 SLM along with the reactive nitrogen species 

in the liquid phase that covers the virus particles. Details of the treatment conditions have been 

mentioned in table 1.6. The detection limit of the method for the analysis of virus titer is 

indicated by a dashed line in figure 1.7(a). 
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Figure 1.8(b) shows the evolution of chemical species in the discharge effluent of the 2D 

DBD air plasma operating at a discharge power of 14.5 W. Based on modeling of the 

chemical species arising from a microdischarge in ambient air [34], it is assumed that the 

plasma only generates NO and O3 initially on a timescale of 100 μs. The initial values of 

NO and O3 have been fixed by ensuring that the measured [O3] and [NO2] at the position 

of the samples is identical to the model concentration at (t = 6.8 s). The residence time of 

the effluent in the flow-through reactor at the point where O3 was measured using 

absorption spectroscopy was 786 ms, while the residence time of the gas analyzer used for 

NOx measurement was ~4.24 s (indicated by dashed lines in figure 1.8(b)). 

The calculated N2O5 concentration at the virus samples for the plasma case and the 

(O3+NO2 – III) case are 1.4 × 1021 m-3 and 3.0 × 1021 m-3, respectively.  From the positive 

control tests, it is also seen that [N2O5] on the order of 1020 m-3 leads to significantly smaller 

inactivation of the FCV samples. In conclusion, [N2O5] correlates well with virus 

inactivation. Unfortunately, N2O5 liquid-phase chemistry is not well studied. 

In a study investigating the transport of N2O5 from the plasma effluent to the liquid phase 

[41], it was proposed that N2O5 is the major source of NO3
- production in the liquid phase 

through the following reactions:  

 

N2O5gas
 → N2O5aq

 

N2O5aq
 ↔ NO2aq

+ + NO3aq

−  
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Figure 1.8. Temporal evolution of the species concentrations in the (a) Positive control tests 

with initial concentrations: [O3]i = 1022 molecules/m3, [NO2]i = 6.1×1021 molecules/m3, and (b) 

Plasma effluent of the 2D DBD. The dashed line in figure 1.8(a) represents the gas residence 

time at the location of the samples where [O3] was measured. The dashed lines in figure 1.8(b) 

represent the gas residence times at the points of measurement of [O3] and [NO2]. 
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However, NO3
− does not possess virucidal properties. Despite the negligible quantities of 

H2O2 in the liquid phase due to the absence of humidity in the feed gas, the intermediate 

species NO2,aq
+  could react with H2O2,aq to give HOONO2,aq (peroxynitric acid) [42] with 

bactericidal properties [43]. 

With analogy to gas-phase chemistry, N2O5 can react with H2O to form HOONO 

(peroxynitrous acid), which is also virucidal [44]. N2O5 could either react with the gas-

phase H2O due to the evaporation of the water droplet or could dissolve in the liquid phase 

to result in the generation of peroxynitrous acid.  

The generation of reactive nitrogen species in the liquid phase is also enhanced by the 

generation of gas-phase N2O5 compared to gas-phase NO2 because of the two orders of 

magnitude higher Henry’s law constant of N2O5 compared to the Henry’s law constant of 

NO2 [40]. In the case of NO2, solvation of NO2 leads to the production of NO-
2 and NO-

3. 

NO-
2 is not highly virucidal even for a concentration of 3 mM [44]. However, also in this 

case, the presence of H2O2 leads to the formation of peroxynitrous acid which strongly 

enhances the virucidal effect [44]. 

1.6. Conclusion 

In this work, we compared the effectiveness of surface decontamination by four different 

plasmas operating in air at atmospheric pressure. We used FCV (a surrogate of human 

NO2
+

aq
+ H2O2aq

↔ HOONO2aq
+ H+ 

N2O5 + H2O ↔ 2 HOONO 
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norovirus) and Salmonella as pathogens. Both plasma sources enabling direct or remote 

treatment were investigated. It was found that surface humidity significantly enhances the 

effectiveness of all four plasma-based decontamination approaches. The abundance of 

reactive species at the position of the pathogen samples in case of direct treatment leads to 

considerable inactivation of dry samples and much faster inactivation of wet samples than 

for remote plasma treatment. The remote plasma sources, operated in a flow-through 

reactor, were notably ineffective against dry samples. The remote DBDs operating at 14.5 

W achieved significant inactivation (>4 log10) of wet FCV samples within 4 minutes while 

the gliding arc discharge at 70 W shows similar effects within 10 minutes. Inactivation 

with the gliding arc required operation at a higher discharge power. The main species for 

the gliding arcs were NO and the reduced inactivation in spite of high concentrations of 

NO is most likely due to the low Henry’s law constant of NO compared to NO2, one of the 

dominant RNS for the DBD sources. The afterglow of the remote DBDs consist of O3 and 

NO2 that work together towards inactivation of pathogens. Positive control tests with 

individual gas streams of O3 and NO2 lead to very negligible inactivation while a 

combination of O3 and NO2 for the same concentrations obtained complete inactivation. A 

kinetic model used to study the interaction between the reactive species in the effluent 

shows a strong correlation between the gas-phase concentration of N2O5 with the observed 

inactivation effects. The calculations suggest that an N2O5 concentration of ~1021 m-3 is 

highly effective for FCV inactivation.  
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Chapter 2. Influence of humidity on the efficacy of remote plasma 

decontamination 

2.1. Introduction 

Cold plasmas are being widely studied for their potential application towards non-thermal 

decontamination [10], [21], [45]–[47]. This is due to their capability to induce high 

chemical reactivity close to room temperature, making them appropriate for the treatment 

of heat-sensitive substrates. Plasma sources in different configurations have been used in 

previous studies for the decontamination of food and food-contact surfaces from 

microorganisms. Foodborne illnesses, caused by enteric viruses such as human norovirus, 

pose major threats to public health due to outbreaks of diseases such as acute 

gastroenteritis, mainly through consumption of contaminated agricultural produce [5][6]. 

A few non-thermal processing technologies have exhibited considerable virucidal 

efficiencies but they face serious limitations [48][49][50]. Plasma treatments have shown 

significant virucidal effects against, feline calicivirus, a surrogate for human norovirus 

[51][52] and are intensively investigated as a possible non-thermal technology for food 

decontamination.  

Plasma treatment setups can be classified as direct or remote based on the method of 

delivery of the reactive species to the substrate. For a plasma setup performing a direct 

treatment, the plasma is in direct contact with the substrate being treated and the substrate 

becomes an integral part of the electrical circuit. In a remote plasma treatment setup, as 
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used in this work, the discharge is generated at a location that is away from the substrate. 

Hence, the discharge is not influenced by the physical nature of the substrate which is 

advantageous for applications. 

Nonetheless, the gas residence time is typically longer than the lifetime of the short-lived 

species for indirect treatments and, it is essential that the reactive oxygen and nitrogen 

species are controllably administered to the biological substrate for effective 

decontamination. In addition, the effectiveness of remote plasma-based disinfection has 

been reported to be strongly dependent on the presence of water on the surface of the 

substrate [13], [21]. Fridman et al. [13] treated samples of E. Coli in dry, moist (thin layer 

of water), and wet (thick layer of water) conditions and observed that the plasma treatment 

is most effective when the bacteria are covered with a thin layer of water. The efficacy of 

decontamination decreased for a thicker layer of water, while the observed 

decontamination was still superior to that of dry samples. Hence, a better understanding of 

the effect of water and gas-phase humidity on the transport of reactive species from the 

gaseous plasma effluent to the liquid layer on the substrate is of primary importance to 

design effective plasma decontamination systems. 

This chapter reports a study of the influence of introducing water to the plasma 

decontamination system by either humidifying the surface of the biological substrates or 

humidifying the gas fed through the plasma source. The influence of the amount of liquid 

covering the substrate was investigated through quantification of the reactive species in the 

liquid layer. Section 2.2 describes the methods involved in virus sample preparation and 
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its analysis, the plasma source used for the disinfection experiments, the conditions for 

positive control tests, and techniques for the measurement of the reactive species in the 

liquid layer. The experimental results are presented in Section 2.3 followed by the key 

conclusions in section 2.4.  

2.2. Experimental Setup and Methods 

2.2.1. Pathogen sample preparation and treatment 

2.2.1.a Virus assay preparation and titration 

Aliquots of the pathogens were applied aseptically on the surface of sterile stainless steel 

discs. Plasma treatment of the pathogen samples was performed in triplicates, and the 

averaged results were presented along with the associated uncertainty (standard deviation).  

Feline calicivirus (strain 255) was grown and titrated in Crandall-Reese feline kidney 

(CRFK) cells. The infected mammalian cells were frozen and thawed thrice, and then 

centrifuged to remove the supernatant. The details regarding the propagation of the virus 

can be found in [53].  

For the experiments, a stock FCV suspension with ~9 log10 TCID50/0.1 ml was diluted in 

sterile distilled water to ~5 log10 TCID50/0.1 ml of eluent. Stainless steel discs with a 

diameter of 11.4 mm were sterilized and placed in the wells of a 24-well microtiter plate. 

One surface of each disc was spiked with 15 μl of FCV and stored for over 30 minutes 

under air flow in a biosafety cabinet to allow drying. 
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After the plasma treatment (see further), the metal discs were recovered in sterile dilution 

tubes with 1 ml of Phosphate Buffered Solution (PBS). The tubes were vortexed for at least 

30 seconds to disperse all virus from the disc into the solution. In brief, serial 10-fold 

dilutions of eluates were inoculated in CRFK cell monolayers contained in 96-well 

microtiter plates using three wells per sample. The plate was incubated at 37 oC, 5% CO2, 

and 85% relative humidity and examined for the development of cytopathic effects after 

about five days. The Kärber method [30] was used for the determination of virus titer which 

was expressed as 50% tissue culture infective dose per 100 μl of the eluent (log10 

TCID50/100 μl of eluent). 

2.2.1.b Bacterial sample preparation and analysis 

Salmonella Heidelberg (strain NS-029) was isolated from a chicken breeder farm and used 

for the experiments [31]. The reader is referred to section 1.2 for further details on the 

sample preparation process and analysis. 

2.2.1.c Pathogen sample treatment 

The samples were treated in dry and wet surface conditions. For treatment of wet samples, 

the surface of the metal discs spiked with the virus were humidified in two different ways 

prior to exposure to the plasma. With the first approach, a bottle with size-adjustable 

nozzles was used to spray a volume of 20±5 μl of DI water onto the surface of the discs. 

The atomized water droplets incident on the metal surface coalesce to form a thin layer of 

liquid coating the entire surface. To ensure that the surface does not dry out, water was 
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sprayed every two minutes for treatment times longer than two minutes. In the second 

approach, a droplet of 40 μl of DI water was pipetted onto the surface of the metal disc, 

leading to a smaller surface-to-volume ratio when compared to the water layer on the spray 

sample. 

2.2.2. Plasma source 

A dielectric barrier discharge was operated at a constant discharge power of 14.5 W.   

Figure 2.1 shows the schematic of the plasma source used in this work including the 

treatment configuration of the FCV samples. This DBD consisted of an array of 105 holes 

with a diameter of 600 μm and a thickness of 500 μm within which micro-discharges were 

generated. The plasma source was operated in dry or humid air at a constant gas flow rate 

 

Figure 2.1: Schematic of the experimental setup of the plasma source operating at a discharge 

power of 14.5 W with either dry air or humid air as the feed gas. For treatment of wet samples, 

the surface of the metal disc was humidified by spraying DI water of (20±5) μl or by pipetting 

a droplet of DI water of 40 μl onto the surface. 
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of 16.4 SLM which corresponds to a gas residence time of 164 μs in the discharge region. 

The reader is referred to [19] for more detailed information about the plasma source.  

To generate a discharge in the absence of humidity, dry air at a flow rate of 16.4 SLM was 

delivered to the plasma source through a mass flow controller (MKS GE50, MKS 

Instruments Inc., USA). To humidify the air, the dry air supply was split equally into two 

mass flow controllers connected in parallel and then routed through two gas washing 

bottles to reduce the gas flow rate through the washing bottles. The exit gas streams of the 

two bottles were merged and delivered to the plasma source.  

To reduce radial losses of the chemical species from the plasma effluent to the ambient air, 

a polycarbonate tube of diameter 52 mm was attached at the bottom. Three pathogen 

samples were placed on a 30×30 mm teflon block within the cylindrical enclosure at a 

distance of 13.5 cm from the plasma. The plasma-generated long-lived reactive species 

were blown onto the samples for a one-time interaction before they were routed to the 

exhaust.  

To identify the gas-phase species leading to inactivation, the concentrations of O3 and NOx 

generated by the plasma were measured in the effluent using UV absorption spectroscopy 

and a gas analyzer (ENERAC 500, ENERAC), respectively. The measurements were 

performed at the location of the biological samples. The reader is referred to section 1.2.4 

for further details. 
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2.2.3. Positive control tests 

To study the gas-to-liquid phase transport limitations encountered by the reactive species, 

FCV samples were exposed to different positive controls. The samples were treated in both 

droplet and water spray surface conditions. A gas flow with O3 at a concentration of 363 

ppm, equal to the concentration of O3 in the air plasma, was generated by an Ar/O2 plasma 

in the 2D DBD. Gas flows containing 500 ppm of NO2 or NO were obtained from gas 

bottles containing 500 ppm NO2/N2 and 1000 ppm NO/N2, respectively. For lower 

concentrations of NO2 and NO, the gas flows from the bottles were diluted with Ar. All 

positive control measurements were performed at a constant flow rate of 16.4 SLM.  

Further positive control tests were performed with NO2, and mixtures of NO2 and O3 at a 

total gas flow rate of 5 SLM to produce N2O5. The details of the procedure can be found in 

section 1.3. The initial concentrations of O3 and NO2 were measured at the beginning of 

the reactor before any gas-mixing occurs by techniques mentioned in section 1.2.4. The 

concentrations of O3, NO2, and N2O5 at the location of the sample were calculated using 

the kinetic model described in section 1.4. The modeling results are consistent with the 

experimental measurement of [O3] at the location of the samples.   

2.2.4. Liquid droplet size measurement 

The thickness of the water layer covering the virus sample has a strong influence on the 

transport of reactive species into the liquid layer. The exposure of the wet sample to the 

plasma effluent or even the gas flow leads to evaporation of the water droplet. The amount 

of evaporation of the water droplets was quantified when the samples were exposed to dry 
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and humid air, with and without the discharge ignited, for a period of 5 minutes. This was 

done by measuring the weights of the samples before and after the treatment using an 

analytical balance (Sartorius Entris 124-1S). Droplets with a volume of 10, 20, 30, and 40 

μl were placed on the discs and exposed to a gas flow and to the plasma effluent, both at 

the same flow rate of 16.4 SLM with the discharge operating at 14.5 W. The thickness of 

the droplet was measured by analyzing photographs of the samples taken using a digital 

camera (Nikon D3100). Image processing was performed on the photographs to measure 

the volume of the residual water layer, and the results were in agreement with the 

calculations performed using the weights of the samples. 

2.2.5. Reactive nitrogen species in the liquid layer 

The reactive nitrogen species in the liquid layer were quantified using absorption 

spectroscopy based on the Griess assay as described in [54]. The Griess reagent was 

prepared by mixing equal volumes of N-(1-naphthyl) ethylenediamine dihydrochloride 

(0.1% (1 mg·ml−1) solution) and sulfanilic acid (1% (10 mg·ml−1) solution in 5% 

phosphoric acid) present in the Griess Reagent Kit (G-7921, Molecular Probes). Vanadium 

(III) Chloride, prepared by adding 400 mg of solid VCl3 to 50 ml of 1M HCl, was used for 

the reduction of nitrates to nitrites in the solution. Multiple samples were treated 

simultaneously and 100 μl was extracted from the treated samples with a pipette and added 

to a 96-well microtiter plate. 10 μl of a buffered solution (pH 8±0.2) was added 

immediately after treatment to stop the conversion of nitrites into nitrates in an acidic 

medium. The addition of the buffer, however, does not prevent the conversion of nitrites 
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into nitrates due to oxidation by ozone. 10 μl of sodium pyruvate was added to scavenge 

H2O2 as it might affect the Griess assay. 80 μl of either DI water or VCl3 solution (for 

converting nitrates to nitrites) was added to the sample after the addition of 20 μl of Griess 

reagent for the quantification of the nitrite and total nitrite/nitrate concentrations, 

respectively. The concentrations of nitrates were obtained by taking the difference between 

the measured total nitrite/nitrate concentration and the measured nitrite concentrations. 

A photometric reference sample (control) was prepared by following the same protocol but 

using 100 μl of DI water instead of plasma-treated samples. After 30 minutes of incubation 

of the nitrite samples at room temperature and the nitrate samples at 37 oC, the samples 

were transferred into a micro-cuvette and the absorbance was measured at 565 nm using a 

broadband spectrometer (Avantes AvaSpec-2048) and an LED (M565L3, Thorlabs) as 

light source. The absorbance was calibrated with known concentrations of sodium nitrite 

solutions from 10-100 μM. For analysis of samples with higher nitrite concentrations, the 

samples were diluted with DI water so that the absorbance fell within the range of 

calibration and no saturation of absorbance occurred.  

The NO2
− and NO3

− concentrations were measured in droplets of varying sizes when treated 

with the dry air plasma for 30 seconds. The positive control treatments were also performed 

for a duration of 30 seconds on droplets of 40 μl for measurement of the same species. 

Concentrations of these species were also determined as a function of time when a droplet 

of 40 μl was treated by the effluent from the discharge at 14.5 W generated with dry air 

and humid air as the feed gas.  
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2.2.6. Hydrogen peroxide in the liquid layer 

Using the colorimetric method [55], the concentration of H2O2 in the liquid was measured 

when a droplet of 40 μl was treated with the plasma operating at a power of 14.5 W with 

dry air and humid air as the feed gas. 13.3 μl of 10 mM NaN3 was added to a 96-well 

microtiter plate. 100 μl of the sample was added to the azide solution immediately after 

plasma treatment to quench the reactive nitrogen species that could react with H2O2. Then, 

100 μl of titanium oxysulphate (TiOSO4) solution was added. The solution was transferred 

into a micro-cuvette and the absorbance was measured at 405 nm using a broadband 

spectrometer (Avantes Avaspec-2048) and an LED (M405LP1, Thorlabs) as the light 

source.  

2.3. Results and Discussion 

2.3.1. Influence of humidity on the effectiveness of disinfection 

Figure 2.2 shows the residual FCV and Salmonella Heidelberg titers after exposure to the 

plasma effluent as a function of time. The results demonstrate that the efficacy of plasma 

treatment is strongly dependent on the surface humidity of the pathogen samples. The 

negligible inactivation observed when a dry sample was treated is consistent with reports 

in the literature that suggest the requirement for the presence of water for disinfection using 

plasma and ozone [21][37][38]. The presence of water might enhance oxidation of the 

capsid proteins similar to enhanced lipid peroxidation rates in the presence of water [39], 

[56]. Complete inactivation of FCV and Salmonella for dry air treatment take about 4 
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minutes and 5 minutes, respectively. Exposure of the pathogens to plasma generated in 

humid air requires similar time for complete inactivation in spite of lower initial bacteria 

titer in case of humid air plasma. The longer treatment time required for inactivation of 

Salmonella suggests that FCV is more susceptible to the plasma-generated species than 

Salmonella. 

Figure 2.3 shows the effect of plasma treatment when the metal discs spiked with FCV 

were treated in different surfaces conditions. While the plasma treatment of the dry sample 

leads to less than 1 log10 inactivation within 4 min, the spray and droplet samples take 3 

and 4 minutes for complete inactivation of the virus, respectively. The differences in the 

effectiveness of plasma treatment for the spray and droplet samples might be due to the 

transport limitations of the gas-phase reactive species into the liquid phase before reaching 

the virus. 

 

Figure 2.2. Antimicrobial effects induced by the 2D DBD on (a) FCV, and (b) Salmonella 

samples as a function of treatment time. The plasma source was operated at a discharge power 

of 14.5 W with dry air and humid air as the feed gas. For the treatment of wet samples, a droplet 

of 40 μl was pipetted on to the surface of the metal disc. The detection limit of the method for 

analysis of virus titer is indicated by a dashed line. 
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The treatment conditions of figure 2.4 are given in table 2.1. Figure 2.4(a) shows the 

treatment of FCV samples with O3, NO2 and NO for a 40 μl droplet and for water spray of 

20±5 μl. Treatment of FCV samples with water spray with gas flows containing O3 and 

NO2 for 5 minutes led to >4 log10 reduction in the virus titer, while only ~1 log10 

inactivation of the virus titer was observed in case of droplet samples. This observation 

points to transport limitations of O3 and NO2 from the gas to the liquid phase. Exposure to 

NO leads to negligible inactivation in both the droplet and spray cases. 

 

Figure 2.3. Virucidal activity of the 2D DBD as a function of treatment time. The 2D DBD 

operated at a discharge power of 14.5 W with dry air as the feed gas. The plasma effluent was 

used to treat samples in dry and wet conditions. For the treatment of wet samples, the surface 

was humidified by either pipetting a water droplet of volume 40 μl or spraying water of volume 

20±5 μl. The detection limit of the method for analysis of the virus titer is indicated by a dashed 

line in figure 2.3. 
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Table 2.1. Initial gas-phase concentrations of reactive species and at the location of the FCV 

samples for conditions utilized for the treatment of wet FCV samples. The results of the treatment 

are shown in figures 2.4(a) and 2.4(b). [NO2] for the mixing conditions and [N2O5] have been 

estimated from the model at the location of the samples. 

 
Initial concentrations (m-3) Concentrations at the sample (m-3) 

Treatment 

condition 
[O3] [NO2] [O3] [NO2] [N2O5] 

Air plasma 

(14.5 W) 
7.3×1021  9.8×1021  3.5×1021 2.1×1021 1.4×1021 

O3 – I  8.9×1021 -  8.9×1021 -  -  

NO2 – I  1.2×1022 -  -  1.2×1022 -  

O3 – II  1022 -  1022 -  -  

NO2 – II  -  6.1×1021 - 6.1×1021 - 

O3 + NO2 – I 1022 7.5×1020 9.6×1021 4.7×1017 3.7×1020 

O3 + NO2 – II 1022 1.5×1021 9.3×1021 1.2×1018 7.4×1020 

O3 + NO2 - III 1022 6.1×1021 7.0×1021 2.1×1019 3.0×1021 

Figure 2.4(b) shows the virucidal effects induced when wet virus samples were treated by 

O3, NO2, and mixtures of O3 and NO2. Exposure to a combination of O3 and NO2 enables 

full inactivation for the highest concentrations of O3 and NO2 used for both droplet and 

spray FCV samples while the FCV inactivation of droplet samples is negligible after 

exposure to individual streams of O3 and NO2 at the same concentrations within the 

experimental uncertainty and less than 2 log10 for spray samples. An analysis of the reactive 
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nitrogen species in the liquid layer and a discussion of these results in the context of gas-

to-liquid transport limitations are provided later. 

 

 

Figure 2.4. Inactivation of wet FCV samples after exposure to different treatment conditions 

for 5 minutes. The figure illustrates the influence of the method of surface humidification on 

the efficacy of plasma treatment. The species concentrations to which the samples were exposed 

are shown in table 2.1. FCV samples were exposed to the effluent at a net flow rate of: (a) 16.4 

SLM, and (b) 5 SLM. The detection limit of the method for analysis of the virus titer is indicated 

by a dashed line. 
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2.3.2. Evaporation and reactive species concentrations in the liquid layer 

The exposure of wet samples to the gas flow and the plasma effluent leads to evaporation 

of the liquid layer. Figure 2.5 shows images of a 40 μl droplet exposed to a flow rate of 

16.4 SLM. The images were taken for the flow-control (with no discharge) and in the 

presence of a discharge. Figure 2.6 shows the volume loss relative to the initial droplet 

volume for different droplet volumes when the substrates were treated for a duration of 5 

minutes. The amount of evaporation is higher when the discharge is generated compared 

to the flow-control due to increase in gas temperature by the plasma. Also, the amount of 

evaporated liquid is higher when the samples were exposed to dry air than when they were 

exposed to humid air. Considerable evaporation was noted, however, even with exposure 

to humid air, denoting that the relative humidity of the feed gas was actually lower than 

100%. This could be due to incomplete saturation of the gas when going through the 

bubbler due to the large gas flow rate or cooling down of the liquid in the bubbler. A larger 

 

Figure 2.5. Photographs of the droplet on a sample during treatment with dry air at a flow rate 

of 16.4 SLM in the absence (flow-control) and presence of plasma. The initial droplet volume 

(t=0) is 40 μl. Additionally, the droplets after 2 and 5 minutes exposure are also shown. 
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amount of evaporation of the liquid layer leads to a smaller surface to volume ratio, 

impacting the transport of reactive species into the liquid during the treatment. It also 

increases the H2O concentration in the gas-phase, with possible impact on the chemical 

composition of the plasma effluent in the immediate vicinity of the droplet sample. 

Figure 2.7 shows the concentration of nitrites and nitrates in the liquid layer when samples 

with different amounts of water were treated with the dry air plasma at 14.5 W. It is seen 

that the concentration of nitrites and nitrates are highest in the spray sample. NO3,aq
−  

decreases as the droplet volume increases, while the uncertainty of measurement in NO2,aq
−  

is too large to draw any conclusions from the variation in the measurement of NO2,aq
−   . The 

 

Figure 2.6. Volume loss (%) for samples with droplets of different volumes on the surface when 

treated with the feed gas at a flow rate of 16.4 SLM in the absence (flow-control) and presence 

of plasma. Dry and humid air have been used as feed gas. 
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larger amount of liquid RNS in the spray sample compared to the 40 μl droplet correlates 

with the faster inactivation encountered with the FCV spray sample compared to the effects 

against the 40 μl droplet sample (figure 2.3).  

Figure 2.8 shows the concentrations of nitrites and nitrates in the liquid layer when a 40 μl 

droplet was treated with NO2, and mixtures of O3 and NO2, the concentrations of which 

have been mentioned in table 2.1. The solvation of NO2 leads to the production of NO2
−

aq
, 

which is not strongly virucidal for concentrations up to 3 mM [44]. NO2
−

aq
 reaches a 

concentration of only 50 μM for a treatment time of 30 seconds, and hence negligible 

virucidal effects were observed (see figure 2.4(b)). For conditions with mixtures of O3 and 

 

Figure 2.7. Concentrations of NO2
− and NO3

− in the liquid phase when samples with different 

water quantities were exposed to the 2D DBD plasma working at 14.5 W with dry air as the 

feed gas. The samples were treated for 30 s. 
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NO2, however, very negligible concentrations (<10 μM) of NO2
−

aq
 were detected in the 

droplet. This is most likely due to the fast oxidation of the produced NO2
− by O3,aq or a 

reduced production of NO2
− due to a reduction in gas-phase NO2 in favor of N2O5 (see also 

further). The larger Henry’s law constant of N2O5 compared to the Henry’s law constant 

of NO2 (~170 times) leads to much better transport of RNS into the liquid phase [40]. It 

must be noted that NO3
− does not exhibit any virucidal properties.  

NO2,aq
− + O3,aq → NO3,aq

−  

 

 

Figure 2.8. Concentrations of NO2
− and NO3

− in the liquid phase when a sample with 40 μl 
droplet was exposed to different streams at a net gas flow rate of 5 SLM. The gas phase species 

concentrations are reported in table 2.1.  
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In the gas phase, N2O5 could react with water to give peroxynitrous acid [57] or nitric acid 

[58] in two competing reactions. These reaction rate coefficients of both these reactions 

are of the order ~10-27 m3∙s-1
. These reactions could occur with the evaporated water from 

the droplet or an equivalent reaction could occur in the liquid phase after the solvation of 

N2O5 in the liquid layer. 

In view of the large concentration of NO3
− in the mixture case, it is highly likely that a 

significant concentration of ONOOH is generated as well. While peroxynitrous acid is 

strongly virucidal [44], nitric acid, however, does not possess any virucidal attributes.  

Table 2.1 reports the calculated concentrations of N2O5 in the gas-phase for each of the 

mixture conditions, and it is seen that the N2O5 generated with mixing of the highest 

concentration of NO2 with O3 leads to complete inactivation of FCV in both droplet and 

spray samples. The gas-phase [N2O5] corresponding to this case in the droplet sample is 

3×1021 m-3. The larger Henry’s law constant of N2O5 compared to O3 and NO2 could be a 

possible explanation for insignificant differences in virus inactivation between the droplet 

and spray samples unlike the case of O3 and NO2 because the interfacial gas-liquid transfer 

of N2O5 is not transport-limited. 

Figures 2.9(a) and 2.9(b) show the nitrites, nitrates, and hydrogen peroxide concentration 

in the liquid phase when a 40 μl droplet was treated with plasma at 14.5 W generated with 

N2O5 + H2O → 2 HNO3 

N2O5 + H2O → 2 HOONO 
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dry air and humid air as feed gas, respectively. At the location of the samples, gas-phase 

O3 remained constant at 3.5×1021 m-3 and 2.1×1021 m-3 in the dry air and humid air plasma  

 

 

Figure 2.9. Concentrations of NO2
− and NO3

− in the liquid phase when a sample with 40 μl 
droplet when exposed to the plasma generated at a discharge power of 14.5 W with: (a) Dry air, 

and (b) Humid air as feed gas. The gas flow rate was kept constant at 16.4 SLM. 
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cases, respectively. It has been shown that up to 5 mM of [H2O2] in the liquid-phase leads 

to insignificant inactivation of FCV titer [44]. The presence of H2O2 and NO2
−, however, 

can also lead to the generation of peroxynitrous acid [59] with strong virucidal properties 

[44], which is a prominent reaction in case of plasma treatment with the discharge 

generated in humid air. 

NO2
− + H2O2 + H+ ↔ 2 HOONO + H2O 

The concentration of H2O is 5 orders of magnitude higher than the concentration of H2O2 

in the droplets, and hence the reaction between N2O5 and H2O might indeed be the 

dominant pathway towards the generation of peroxynitrous acid, at least if the rate 

coefficients are not largely different. It is evident from the kinetic model (section 1.4) that 

the generation of gas-phase N2O5 is strongly dependent on the concentration of O3 in the 

plasma effluent. The lower O3 concentration at the sample location in case of the humid air 

plasma implies a lower concentration of gas-phase N2O5, which results in a decreased 

generation of peroxynitrous acid through this pathway. Nonetheless, the presence of a 

significant concentration of H2O2 (~1mM) in liquid layer treated by the plasma generated 

in humid air boosts the generation of peroxynitrous acid. 

2.4. Conclusion 

In this work, the influence of liquid layer on the substrate has been studied for remote 

plasma-based decontamination by the 2D DBD, including the effect of dry air and humid 

air as the feed gas. Dry samples show negligible virus inactivation when treated by the 



54 
 
 

remote plasma source. Decontamination by O3 and NO2 were less effective when the 

substrate was covered by a thicker layer of water compared to the water spray. This was 

found with exposure to plasma effluent and a mixture of NO2 and O3 producing N2O5. 

Concentrations of reactive nitrogen species in water layers of varying volumes correlate 

well with the efficacy of plasma treatment. A kinetic model (section 1.4) shows the 

generation of N2O5 in the gas-phase due to synergistic effects arising from the interaction 

between ozone and nitrogen dioxide in the plasma effluent, the concentration of which 

correlates well with FCV inactivation. The reaction of N2O5 with H2O most likely results 

in the simultaneous generation of HNO3 and HOONO at comparable rates. Treatment of 

the samples with mixtures of O3 and NO2 also results in complete inactivation for the 

highest concentration of NO2, and the inactivation trend correlates well with the 

concentration of NO3,aq
− . suggesting the role of peroxynitrous acid in the aqueous phase 

towards inactivation of FCV. The lower gas-phase concentration of O3 in case of humid 

air plasma leads to a lower concentration of gas-phase N2O5 and thus results in a lower 

concentration of peroxynitrous acid through this dominant pathway. This is compensated 

by the enhanced formation of peroxynitrous acid when nitrites and hydrogen peroxide co-

exist in the liquid layer in considerably large quantities for a plasma generated with humid 

air as the feed gas. This is most likely the cause for similar inactivation of FCV using both 

dry and humid air plasmas in spite of the expected large differences in the gas-phase RONS 

as illustrated by the large concentration of H2O2 in the droplet, making N2O5, H2O2, and 

HNO2 production in the gas phase important for effective decontamination using plasma. 

The results suggest that the disinfection capabilities of remote plasmas could be hindered 
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by the transport limitations encountered by reactive species from the gas to liquid phase, 

the enhancement of which is essential for the optimization of plasma-based disinfection 

systems. 
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Chapter 3. Comparison of plasma sources and UV-C for virus 

inactivation 

3.1. Introduction 

Cold atmospheric pressure plasma is a promising technology for non-thermal disinfection 

amongst other areas of plasma biomedicine. The strong chemical reactivity induced by cold 

plasmas close to room temperature makes it an appropriate candidate for decontamination 

of heat-sensitive substrates. There are numerous studies exploring the germicidal activity 

of cold plasmas against foodborne bacteria, viruses, fungi, and parasites [10]–[12], [16], 

[21], [27], [46], [60]–[62]. Disinfection using cold plasma can be achieved through 

interaction of the substrate with either the discharge or the gas treated by the discharge. It 

was shown that direct contact of the substrate with the plasma causes bacterial inactivation 

at a much faster rate than in case of remote treatment when the same DBD setup was used 

for sterilization [10]. Direct discharges could achieve >3 log10 reduction in the number of 

bacterial cells when used to treat surfaces contaminated with Pseudomonas Aeruginosa 

[12]. Minimal inactivation of human Norovirus (HuNoV) was achieved with treatment of 

human stool suspensions in water with cold plasma [60]. An RF plasma jet was used to 

treat feline calicivirus (FCV), a surrogate of HuNoV, in liquid media and the dependence 

of the virucidal activity on plasma power, exposure distance, feed gas mixture, and virus 

suspension medium was investigated [16]. We have also identified the primary chemical 

pathways for disinfection when a two-dimensional array of microdischarges was used to 

treat surfaces and liquid solutions against FCV [21]. Pavlovich et al. used a surface 
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discharge for disinfection of aqueous solutions of Escherichia Coli and correlated the 

antibacterial effects observed with the estimated ozone concentrations in the solution which 

is severely limited by gas-to-liquid phase transport [27]. A gliding arc reactor was used to 

effectively treat different surfaces contaminated with E. Coli and Staphylococcus 

Epidermidis [11]. Liao et al. provided a review of the processing parameters affecting 

bactericidal attributes of the plasma and the possible mechanisms leading to disinfection 

[46].  

Previous studies have also investigated disinfection of contaminated fresh produce with 

considerable success [47], [63]–[69]. Plasma treatment of strawberries and cherry tomatoes 

inoculated with different bacterial pathogens was performed by placing them in a container 

between the electrodes with the substrates removed from the discharge [63]. Treatment of 

Tulane virus, E. Coli, and Salmonella inoculated on Romaine lettuce performed in petri 

dishes and polyethylene pouches using a DBD demonstrated a reduction of ~1 log10 for all 

the pathogens irrespective of the packaging material [47]. Niemira et al. evaluated the 

dependence of the effectiveness of a gliding arc reactor in disinfecting apples inoculated 

with E. Coli on the gas flow rate through the discharge [64]. Microwave-powered cold 

plasma operating on nitrogen and helium-oxygen gas mixtures, employed to inactivate E. 

Coli and Salmonella, identified the dependence of inactivation on the pH of the food 

substrate [65]. An array of plasma jets used to treat fresh produce inoculated with E. Coli 

led to limited inactivation while a high degree of electroporation and disruption of 

membrane of the damaged bacterial cells was observed [66]. Inactivation was found to be 
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dependent on the surface of the substrate as the irregularities in the surface may provide a 

physical barrier to the microorganisms from the plasma [65], [67]. 

Many other emerging non-thermal technologies have shown notable virucidal efficacies. 

Ionizing radiation has high disinfection potential and is probably one of the most versatile 

among non-thermal food preservation technologies. However, its development and 

commercialization have been hampered by unfavorable public perception [48]. Pulsed light 

technology, involving the application of short and intense pulses of light in the ultraviolet 

to near infrared (UV–NIR) range, is also effective in decontaminating foods and food-

contact surfaces from foodborne viruses [70], [71]. Nonetheless, poor penetrating power 

of light requiring transparent and smooth surfaces limits the applicability of pulsed light 

[48], [72]. High Hydrostatic Pressure (HHP) technology showed considerable 

effectiveness against foodborne pathogens [49], [73], [74] but it can affect the rheological 

properties of food products [75]. In addition, it requires sophisticated equipment and is 

effective only against foods with high acidity [48].  

UV-C treatment is a well-established decontamination technology [76]. Numerous studies 

demonstrate the virucidal attributes of UV-C radiation against pathogens such as hepatitis 

A virus (HAV), murine norovirus (MNV) and FCV [36], [76]–[79]. This process does not 

require the addition of chemicals and results in minimal changes in color, flavor, odor, or 

pH of the treated food. However, the use of UV-C radiation has limitations such as: (i) 

requirement of close proximity between the source of radiation and the target [50], [80]; 

(ii) the inability of UV to penetrate opaque materials, thus leading to the shadowing effect 
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[50], [80]; and most importantly, (iii) the capability of inactivated bacterial pathogens to 

revive under certain storage conditions through the phenomena of photo-reactivation and 

dark-repair of the UV-damaged genome [36]. While some viruses carry the genes for repair 

enzymes [36], most use the repair enzymes of the host cell to repair their genome after 

undergoing UV treatment. 

Although reported results show good virucidal efficacy of cold plasmas, the cost of this 

emerging technology has to be minimized to be affordable by the food industry. As plasmas 

produce reactive species through the consumption of electricity, electrical energy 

consumption is one of the major parameters that determines the operational costs of plasma 

technology. Unfortunately, most studies reporting decontamination of pathogens by 

plasmas do not focus on energy consumption.  

Enteric viruses, such as human Norovirus, are responsible for outbreaks of foodborne 

illnesses such as acute gastroenteritis through contamination of fresh produce and 

minimally processed foods. The estimated global cost of human norovirus is $4.2 billion 

in the public health system [6], [81]. For the plasma treatment experiments, we use FCV 

as a surrogate for HuNoV. The similarities in pathological/biological characteristics of 

HuNoV and FCV have been the reason for the usage of FCV as a surrogate for HuNoV in 

previous studies [52], [82]. Due to its higher resistance towards chemical disinfectants, the 

use of FCV as a surrogate to HuNoV is also advocated for initial virucidal effectiveness 

tests by the US Environmental Protection Agency [51].  
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In this study, we compare different plasma sources based on dielectric barrier discharge 

technology in terms of their energy consumption and practical applicability. Two kinds of 

plasma treatments were conducted: direct treatment in which the plasma is in direct contact 

with the substrate, and remote treatment in which the plasma effluent containing the 

reactive species is blown onto the substrate. Most reactors are continuous flow reactors but 

we also report a batch reactor prototype to explore an example of a higher energy efficiency 

plasma-based disinfection system. The reported energy costs and virucidal efficacy of the 

plasma sources are also compared with those of conventional UV disinfection technology 

and the advantages and disadvantages are assessed.  

3.2. Experimental Setup and methods 

3.2.1. Plasma sources 

Three different DBD plasma sources were used in this study. These plasma sources offer 

treatment of the pathogens in either direct contact or remote treatment modes, depending 

on the plasma source configuration and proximity of the discharge to the substrate. Each 

of the plasma treatment configurations is described below. 

(a) 2D array of integrated micro-hollow dielectric barrier discharge (2D DBD) 

The 2D DBD setup (figure 3.1) is described in detail in [21]. The source consist of an array 

of micro-hollow DBDs leading to high power density and large concentrations of reactive 

oxygen and nitrogen species. This array of microdischarges was housed in a home-made 

polytetrafluorethylene (PTFE) holder which accommodated the electrical connections and 
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feed gas delivery. The plasma source was driven by an AC power supply (PVM500) in dry 

air at a discharge power and frequency of 14.5 W and 20 kHz, respectively. The plasma 

source was operated with a continuous gas flow rate of 16.4 SLM. To avoid radial losses 

of the reactive species to the ambient, a polycarbonate tube was fixed downstream of the 

electrode to serve as an enclosure. Biological samples were placed on a platform within 

this enclosure at a distance of 13.5 cm from the discharge. The virus samples were not in 

direct contact with the plasma and were treated by the reactive oxygen and nitrogen species 

in the discharge effluent. The plasma power was measured by the Lissajous method as 

described previously in [39]. Applied voltage and voltage across the external capacitor 

were recorded using a HV probe (Tektronix P6015A, 1000X) and a capacitive probe 

(Tektronix TPP0200, 10X), respectively. 

 

Figure 3.1: Schematic of the 2D DBD used for the treatment of FCV samples. A photograph 

of the top view of the discharge is shown on the right. 
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(b) Direct DBD 

The direct DBD (figure 3.2) consists of a copper rod of 25.4 mm diameter that acts as the 

high voltage electrode. A polytetrafluoroethylene (PTFE) tube served as a holder for this 

electrode. The base of the electrode was covered by an alumina sheet with a thickness of 

380 μm. The steel disc on which the virus sample was applied, mounted on an aluminum 

ground electrode covered with another alumina sheet of the same thickness, acted as the 

counter electrode. A nanosecond pulse generator (NPG-18/3500N) was used to generate a 

discharge between the powered electrode and the surface of the steel disc placed at a 

distance of 1 mm.  The voltage pulses were applied at a repetition frequency of 100 Hz and 

the amplitude was adjusted from 18.8 kV to 21.6 kV to change the energy per pulse. 

Applied voltage and current in the circuit were recorded using a HV probe (Tektronix 

 

Figure 3.2. Schematic of the nanosecond-pulsed direct DBD used for the treatment of FCV 

samples. A photograph of the front view of the discharge is shown on the right. 
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P6015A) and a Rogowski coil (Pearson 6595). The energy in the discharge was calculated 

as the product of voltage and current waveforms after correction of the phase shift between 

the probes. The samples were exposed to a continuous burst of 2000 pulses at different 

pulsing energies of  0.3, 0.5, 1.0, and 1.5 mJ. 

(c) Surface DBD 

The surface DBD reactor (figure 3.3) consists of a copper rod with a diameter of 25.4 mm 

as the high voltage electrode and a copper ring to which a mesh is attached as the grounded 

electrode. The two electrodes were separated by a sheet of alumina with a thickness of 380 

μm. The plasma was driven with AC sinusoidal HV signals generated by a high-voltage 

amplifier (Trek PD05034) at a frequency of 1 kHz and amplitude modulated at a frequency 

of 10 Hz with a duty cycle modulation of 20%.  

This plasma source was mounted in a batch reactor with a volume of 480 cm3, as shown in 

figure 3.3, for the treatment of virus samples. The bottom of the reactor on which the 

 

Figure 3.3. Schematic of the surface DBD batch reactor used for the treatment of FCV samples. 

Photographs of the electrode are shown on the right in the plasma OFF and ON conditions. 
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samples were placed had an area of 96 cm2
. The enclosure, made of acrylic, accommodated 

a DC-driven fan to enhance the mixing of reactive species in the batch reactor. The 

discharge was ignited for a period of 1.5 and 3 minutes and then switched off. The energy 

deposited in the plasma per unit area of the batch reactor has been reported in table 3.1 for 

each of the experimental conditions used in this work. The recombination of ozone after 

switching off the plasma was relatively slow (see further) and the samples remained for up 

to 14 minutes in the box after plasma treatment. The discharge power was fixed at 0.7 W, 

corresponding to an optimal energy efficiency of O3 production in the reactor. 

Table 3.1.: Treatment conditions used for the surface DBD discharge at 0.70 W for the treatment 

of FCV samples. 

Power 

(W) 

Energy/Area 

(J/cm2) 

Plasma ON 

(min) 

Plasma OFF 

(min) 

 

 

0.70 

 

 

0.66 

1.5 3.5 

1.5 7 

1.5 14 

 

1.31 

3 3.5 

3 7 

3 14 

 

3.2.2. UV-C system 

A UV-C lamp (Analytik Jena, UVP 34-0007-01), operating at a rated power of 8 W, was 

mounted on an adjustable stand. With an axial length of 29 cm, this cylindrical low-

pressure lamp emits UV-C radiation at a central wavelength of 254 nm. The lamp was 

shielded by a reflective aluminum panel on the top to maximize irradiance in the region 
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under the lamp. To control the UV flux, a variable autotransformer was used to operate the 

lamp. The FCV samples were placed on a horizontal surface at a perpendicular distance of 

30 cm from the lamp at the location of the maximum irradiance corresponding to                 

340 μW ∙ cm−2. An experimental schematic is shown in figure 3.4. An autotransformer 

allowed the extension of the treatment times to a few minutes by reducing the electrical 

power of the lamp. This enabled us to more easily determine the inactivation effects of a 

range of UV-C fluence.  

3.2.3. Virus sample preparation and disinfection protocols 

Feline calicivirus (strain 255) was propagated, concentrated, and titrated in Crandell-Reese 

feline kidney (CRFK) cells as described previously in [53]. Plasma treatments were 

performed on virus samples at least in triplicates. Averaged results are presented along with 

the associated standard deviation.   

 

Figure 3.4. Schematic of the UV-C disinfection system used for the treatment of FCV samples. 
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Aliquots (20µl) of concentrated FCV were spread aseptically on sterile stainless steel discs 

with a diameter of 11.4 mm. The virus samples were dried using forced air flow at room 

temperature in a biosafety cabinet for 30-45 minutes prior to plasma treatment. All plasma 

setups were operated at fixed operational conditions as mentioned above. Immediately after 

the plasma or UV treatment, the sample was transferred into a 10 ml sterile plastic falcon 

tube containing 500 µl of the elution buffer (3% beef extract + 0.05M glycine solution pH 

7.2). To elute the surviving virus, all tubes were vortexed for at least one minute and then 

the eluates were used for virus titration. Briefly, 10-fold serial dilutions of eluates were 

inoculated in CRFK cell monolayers contained in 96-well microtiter plates. Three wells 

were used per dilution and the Karber method [30] was used for determination of virus 

titers.  

(a) Dry and wet virus samples 

The treatment of dry samples was performed by the 2D DBD and the UV lamp only. For 

treatment of wet samples, steel discs spiked with the virus were moistened prior to exposure 

to 2D DBD, nanosecond pulsed direct DBD, and UV-C lamp. In case of treatment using 

2D DBD and UV-C lamp, the sample surface was moistened by spraying distilled water of 

20±5µl. The surface was sprayed with water prior to the start of treatments and 

consecutively after every two minutes in case of the 2D DBD to ensure that a liquid layer 

is maintained. For the ns pulsed DBD, a droplet of 30µl of distilled water was pipetted onto 

the dried virus sample on the steel disc prior to exposure.  
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(b) Direct and indirect exposure of virus samples 

In a plasma flow-through or UV treatment system, the orientation of the sample determines 

if it is being exposed to the reactive species directly or indirectly. Experiments involving 

direct exposure were performed by placing the virus-spiked surface of the steel disc such 

that it faces the discharge effluent or the UV radiation, as shown in figure 3.5(a).           

Figure 3.5(b) shows the configuration for indirect exposure which was performed with the 

2D DBD and UV-C only. During indirect exposure, the steel disc was flipped so the virus-

spiked surface faced away from the discharge effluent or UV radiation. Four small plastic 

spacers were used to elevate the disc from the surface of the teflon block used to hold the 

samples to enable diffusion of species towards the location of the virus stain and thus 

facilitate volumetric treatment of the substrate. 

 

Figure 3.5. Schematics illustrating (a) direct exposure, and (b) indirect exposure of virus stains 

on stainless steel discs to reactive species generated in a disinfection system. 
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3.2.4. Gas-phase O3 and NO2 densities measurements 

Exposure of the virus samples during remote plasma treatment leads to inactivation due to 

the action of long-lived reactive species. Air plasmas generate an abundance of reactive 

oxygen and nitrogen species that are known for their antimicrobial attributes [1], [15]. To 

characterize the remote treatment conditions, the densities of selected reactive oxygen and 

nitrogen species (O3 and NO2) were measured at the location of the virus sample. UV 

absorption spectroscopy was used to measure the ozone densities in the discharge effluent 

using a low pressure Hg/Ar lamp and a broadband spectrometer (Avantes AvaSpec-2048). 

This measurement was performed as described in detail in [19]. A commercially available 

gas analyzer (Enerac 500, ENERAC) was used to monitor the gas-phase NO2 concentration 

in the discharge effluent. The sampling of the gas was also performed at the location of the 

virus sample.  

3.2.5. UV-C fluence  

The UV-C irradiance was measured by a UV light meter (UVC Light Meter 850010, Sper 

Scientific Environmental Measurement Instruments, Scottsdale, AZ, USA). The UV lamp, 

operating at a rated power of 8 W, was a line source of light emission whose radiative flux 

distribution was studied using the UV meter. The irradiance, I(x,y), was measured on a 

horizontal plane at a distance z from the lamp at each of the nodes of the 4×4 cm grid, 

across the field of illumination. These measurements were performed with the lamp placed 

at a perpendicular distance (z) of 5 cm, 10 cm, and 20 cm from the horizontal plane. The 

irradiance was numerically integrated using trapezoidal rule across the entire area to 
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evaluate the total radiant power. The difference in total radiant power remains within 3% 

as the treatment distance is varied between 5 and 20 cm. The electrical efficiency (η) is 

calculated as the ratio of the radiant power to the electrical power drawn by the lamp.  

η =
∫ I(x, y) dA

Electrical power
 × 100 

For practical reasons, only the area with an irradiance greater than half of the maximum 

was considered for determining the energy cost of the system.  

To determine the possible role of plasma-generated UV radiation in plasma-based 

decontamination, the UV-C irradiance was measured at a distance of 1 cm from the plasma 

for remote plasma treatment sources, providing an upper limit of the UV irradiance at the 

position of the virus sample. 

3.2.6. Statistical analysis and kinetics of inactivation 

All the virus inactivation experiments were performed in triplicates. The one-way analysis 

of variance (one-way ANOVA) performed by the F-test was carried out to evaluate the 

statistical significance of differences between the treated and control samples. Fisher's least 

significant difference (Fisher’s LSD) test was used for comparisons between means. 

STATISTICA software v. 10 (Statsoft Inc., Tulsa, OK, USA) was used for statistical 

analysis. The D-value in case of plasma-based and UV-based inactivation was defined as 

the time in minutes and UV-C dose in mJ/cm2 needed to achieve 1 log10 reduction, 

respectively. Regression analysis was performed on the first 3 or 4 data points (virus 

inactivation >1 log10) to obtain the D-value. The D-value can be expressed as: 
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log10 (Nt) =  log10(N0)–
t

D
          (Eq. 1) 

where Nt is the titer of surviving FCV after treatment, N0 is the initial FCV titer and t is the 

treatment time in minutes. The FCV titer is expressed as log10 TCID50/100µl of eluent. For 

plasma treatments, D is expressed in the units of minutes. For UV-C treatment, t is replaced 

by the fluence, yielding a D-value with units of mJ∙cm-2.  

3.3. Results and Discussion 

3.3.1. Reactive species 

The time evolution of reactive species generated by a microdischarge in ambient air has 

been modeled by Eliasson and Kogelschatz [83]. Based on this study, the dominant 

virucidal species in the effluent of DBDs with a gas residence time of 786 ms, as is the 

case in our work, are O3, NO2, and possibly N2O5. In addition, short-lived radicals like OH 

and O, and ions can contribute to the observed virucidal effects when the discharge is in 

direct contact with the substrate. The measured concentrations of O3 and NO2 at the 

location at the virus sample for the 2D DBD setup are 140 and 83 ppm, respectively.  

Shimizu et al. [26] studied a surface discharge operating in ambient air and proposed the 

existence of different regimes of operation based on power density during which either O3 

or NOx are the dominant species. The transition power density was found to be                              

0.1 W∙cm-2. The surface DBD used in this work was operated at a low power density of 

0.06 W/cm2
 and primarily generates O3. Hence, we only report O3 concentrations for this 

setup in table 3.2.  
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Table 3.2. Concentrations of reactive species measured in the indirect plasma treatment setups 

for the inactivation of FCV coated steel discs. 

 

 

 

 

 

 

 

 

The inactivation effect of O3 is widely characterized as a function of the Ct value, which is 

the product of the concentration of O3 and the interaction time between the sample and the 

gas. The O3 Ct value in the 2D DBD setup is 0.82 mg∙min∙l-1. The concentration of O3 in 

the surface DBD setup is a time-dependent function, and the corresponding Ct value is 

calculated as: 

Ct =  ∫ C(t) dt 

The Ct values (mg∙min∙l-1) corresponding to the experimental conditions used for the 

treatment of FCV samples have been reported in table 3.2. The temporal evolution of [O3] 

in the surface DBD batch reactor is shown in figure 3.6 for two different plasma ON times 

(1.5 and 3 minutes). 

Plasma 

power  

(W) 

Treatment time (min) [O3] 

Plasma  

ON 

Plasma 

OFF 

C  

(ppm) 

Ct  

(mg∙min∙l-1)  

 

 

0.70 

1.5 3.5 130 1.15 

1.5 7 120 1.99 

1.5 14 108 3.54 

3 3.5 267 2.74 

3 7 231 4.44 

3 14 186 7.24 
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3.3.2. UV radiation 

The UV-C flux remains below 0.4 mJ∙cm-2 across all the experimental conditions for the 

plasma treatments. This is two orders of magnitude lower than the UV-C flux required for 

the inactivation of FCV samples [36].  

The spatial distribution of irradiance from the UV-lamp on a horizontal plane at a distance 

of 10 cm is shown in figure 3.7. The degree of inhomogeneity and the magnitude of 

maximum fluence is highest when the lamp is placed closest to the horizontal plane. This 

exposes the practical limitations encountered during the use of ultraviolet light from a line 

 

Figure 3.6. Gas-phase O3 concentration measured in the surface DBD batch reactor at a 

discharge power of 0.70 W as a function of time. The plasma ON time is 1.5 and 3 minutes. 
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source of light emission. As a consideration of this implication, it is important to note that 

the use of UV-C light as a disinfection system involves irregular irradiation and 

necessitates excessive treatment to ensure complete inactivation of the pathogen. To 

calculate the electrical efficiency of the UV-C lamp, the irradiance of the lamp only in the 

region where the irradiance is equal to or larger than half the max irradiance was 

considered. The average electrical efficiency of the UV lamp has been estimated to be 

10.7% with a standard deviation of 1.6% resulting from measurements at three different 

treatment distances (5, 10, and 20 cm). This value of energy efficiency has been considered 

in estimating the electrical energy costs of using UV-C disinfection systems.  

 

Figure 3.7. Spatial distribution of UV-C irradiance from the UV-C lamp on a horizontal plane 

at a perpendicular distance of 10 cm. The lamp is placed along the Y-axis at X = 0. The 

irradiance is only shown for one side of the lamp as it is symmetric with respect to the 

longitudinal axis of the lamp. 
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3.3.3. Virus inactivation by CAP and UV-C under direct exposure 

As shown in figure 3.8, UV-C exhibits a fluence-dependent reduction in FCV titer for both 

dry and wet virus samples. Complete inactivation (>5.0 log10) occurred at a UV-C fluence 

of 51 mJ∙cm-2 and 60 mJ∙cm-2 for wet and dry samples, respectively. As shown by the 

kinetic analysis of viral inactivation (table 3.3), the rate of inactivation of wet samples by 

UV-C was significantly higher than that of dry samples.  

 

 

 

Figure 3.8. Inactivation of FCV coated on stainless steel discs exposed to UV-C radiation as a 

function of its fluence. The samples were treated in both dry and wet surface conditions. The 

detection limit of the method is indicated with a dashed line. 
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Table 3.3. D-values of FCV inactivation using plasma-based and UV disinfection systems. 

Statistical analysis was performed using log-linear regression model. 

Treatment 
Sample 

type 

FCV initial titer 

(Log10 TCID50/100µl eluent) 
D-Value   R2 

2D DBD 

Wet 5.39 0.22 ± 0.03 min 0.94 

Dry 5.39      1.21 ± 0.32 min 0.88 

UV-C 

Wet 5.05 2.29 ± 0.18 mJ/cm2 0.94 

Dry 5.05 7.68 ± 0.82 mJ/cm2 0.98 

 

 

 

Figure 3.9. Gas-phase inactivation of FCV coated stainless steel discs using the 2D DBD air 

plasma as a function of treatment time. The samples were exposed to the discharge effluent in 

both dry and wet surface conditions. The detection limit of the method is indicated with a dashed 

line. (Data is taken from [21]) 
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Similarly, the treatment of wet samples of FCV by the 2D DBD showed significant time-

dependent reductions in FCV titer (figure 3.9) with complete inactivation at 3 min. 

Exposure of dry samples to the 2D DBD showed limited reductions in FCV titer with a 

significantly larger D-value (see table 3.3). Figure 3.10 shows the effect of pulsed direct 

DBD at increasing energy per pulse on wet FCV samples. Complete inactivation of FCV 

was obtained after exposure to a burst of 2000 pulses at an energy per pulse of 1 mJ.  

 

 

Figure 3.10. Inactivation of FCV coated on stainless steel discs exposed to the nanosecond 

pulsed direct DBD operating at different discharge powers. The samples were treated in wet 

surface conditions only with a burst of 2000 pulses. The detection limit of the method is 

indicated with a dashed line. 
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The results show that UV-C is able to inactivate FCV on both wet and dry surface while 

remote plasma treatment is highly effective for wet FCV samples. The efficacy of remote 

plasma treatment on dry virus samples in limited. 

3.3.4. Comparison of direct and indirect exposure to cold plasma and UV-C 

Figure 3.11 shows a comparison of virus inactivation observed in the case of direct and 

indirect exposure of samples to UV-C radiation and remote plasma. Compared to complete 

inactivation during direct exposure, indirect exposure to UV-C radiation led to <1 log10 

inactivation of FCV. This is consistent with the known directionality of UV treatment. On 

 

Figure 3.11. Inactivation of FCV coated on stainless steel discs treated with 2D DBD air plasma 

and UV-C radiation. Differences in effects based on the orientation of the spiked surface with 

respect to the reactive species generated by plasma source or UV lamp are illustrated. The 

detection limit of the method is indicated with a dashed line. 
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the contrary, direct and indirect exposure to the plasma effluent of the 2D DBD showed 

significant reductions in the virus titer. At 3 minutes, 5 and 4.33 log10  of FCV were 

inactivated by direct and indirect exposure, respectively. Complete inactivation of FCV 

was achieved by direct and indirect exposure for 5 min. These results indicate that remote 

plasma treatment enables a non-directional volumetric treatment of irregular 3D objects 

such as fruits and fresh produce. This observation demonstrates a significant advantage of 

remote plasma treatment over UV radiation in that the reactive species generated by cold 

plasmas, unlike UV radiation, are not limited by significant shadowing effects [80], [82].  

3.3.5. Plasma treatment in a batch reactor 

The results of remote plasma treatment reported in previous sections were obtained by 

experiments performed in a flow-through reactor. This approach does not enable effective 

utilization of the plasma-generated reactive species as it only allows a one-time interaction 

between reactive species and the virus samples before the species are blown away through 

the exhaust. To enhance the effective use of the plasma-generated reactive species, we have 

also evaluated the inactivation of FCV samples in a batch reactor (see figure 3.3).  

Figure 3.12 shows the inactivation of FCV samples caused by the surface DBD operating 

at a constant discharge power of 0.70 W in a batch reactor. The plasma ON time was fixed 

at 1.5 and 3 minutes corresponding to an energy consumption of 63 J and 126 J, 

respectively. The corresponding O3 concentrations in the batch reactor at the end of plasma 

treatment were ~140 and 310 ppm, respectively. The plasma OFF time was varied from 

3.5 to 14 minutes to allow longer interaction between the reactive species and the sample 



79 
 
 

without increasing the energy deposition. The Ct values for each treatment condition are 

reported in table 3.2. Figure 3.12 shows that complete inactivation was achieved with the 

lower energy condition for a plasma OFF time of 14 minutes. This corresponds to a Ct 

value of 3.54 mg∙min∙l-1 and is consistent with virus inactivation observed in [21] when 

FCV samples were exposed to ozone at a fixed concentration produced by an Ar+20% O2 

DBD during the treatment. 

 

 

Figure 3.12. Inactivation of FCV samples observed as a function of plasma OFF time when the 

surface DBD was operated in an enclosed volume. The plasma was switched ON for 1.5 and 3 

minutes at a discharge power of 0.7 W. The detection limit of the method is indicated with a 

dashed line. 
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3.3.6. Energy consumption 

To determine the operational costs of plasma as a disinfection technology, we seek to 

provide estimates of energy consumption corresponding to complete inactivation of FCV 

using cold plasmas and UV-C per unit area. Table 3.4 shows a comparison of all the 

decontamination sources used in terms of electrical power and energy consumed per unit 

volume of gas treated for complete inactivation (~5 log10 TCID50). With the nanosecond 

pulsed direct discharge, complete inactivation was achieved with a burst of 2000 pulses at 

1 mJ corresponding to an energy consumption of 2 J. This corresponds to an energy per 

area of 1.96 J∙cm-2, which remains about five times higher than the energy unit area for 

decontamination by the UV-C lamp.  

The surface DBD, operating in a batch reactor with a volume of 480 cm3, utilized O3 as the 

dominant reactive species to achieve complete inactivation at an energy consumption of  

63 J. This corresponds to an energy requirement of 0.66 J∙cm-2, assuming that the lower 

surface area of the reactor is effectively treated. This value is similar to the energy 

requirement per unit area for inactivation of FCV using UV-C. Commercial ozone 

generators utilizing either DBDs or corona discharges are known to produce ozone 

generation with efficiencies of 150 g O3/kWh with air as the feed gas [84]–[86], while the 

surface DBD has an O3 generation efficiency of 8 g/kWh. This suggests that it might be 

possible to improve the energy efficiency of the reactor.  
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Table 3.4. Comparison of the energy requirements for complete inactivation (>4 log10) of FCV 

coated stainless steel discs by different plasma sources and UV-C. A dash implies that the quantity 

has not been measured or is not applicable for this condition. 

Disinfection 

system 

UV-C Irradiance 

(μW/cm2) 

Power 

(or) 

Energy 

E/V 

(J/L) 

E/A 

(J/cm2) 

UV-C lamp 340 8 W -  0.48 

Direct DBD ? 1 mJ/pulse -  1.96 

Surface DBD < 1 0.7 W 131.2 0.66 

2D DBD* < 1 14.5 W 53 0.13-0.53 

*Estimates based on simple reactor model 

The concept of a batch reactor could be extended to the 2D DBD as well. During indirect 

plasma treatment using the 2D DBD, the plasma treats the gas rather than the sample 

directly. A treatment time of 3 minutes leads to the treatment of ~50 liters of air in a flow-

through reactor operating at 16.4 SLM. This corresponds to an energy consumption of 53 

J/L. As the flow-through reactor used with the 2D DBD is not effective in using the 

generated reactive oxygen and nitrogen species, let us suppose that the treatments could be 

performed in a batch reactor with a capacity of 1 liter (20×20×2.5 cm3 or 10×10×10 cm3). 

With an assumption that the reactive species responsible for the virucidal effects have 

lifetimes in excess of 3 minutes, an effective treatment of the lower surface area (400 cm2 

or 100 cm2) can be performed by treating only one liter of air and leaving it in the batch 

reactor for 3 minutes. This corresponds to an energy consumption per unit area of 0.13-

0.53 J∙cm-2
. The long lifetime of the reactive species (3 minutes) is a realistic expectation 
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in view of the slow decay of the reactive species responsible for decontamination (see also, 

figure 3.6). The flow-through reactor measurements with the 2D DBD air plasma can 

achieve complete inactivation of FCV samples at a Ct value of 0.8 mg∙min∙l-1, while a Ct 

value of 3.5 mg∙min∙l-1 is required for complete inactivation with the surface DBD. Given 

the greater effectiveness in FCV inactivation of the reactive species generated by the 2D 

DBD in comparison to the ozone-based surface DBD, it should be possible to further 

optimize remote plasma treatment systems. This suggests that remote plasma treatment in 

an appropriately designed batch reactor could be operating with similar or even better 

energy efficiencies than conventional UV disinfection technology.  

3.4. Conclusion 

A comparative study of FCV inactivation by different plasma sources and UV-C was 

performed in terms of virucidal efficacy and energy efficiency. Our results indicate that 

UV-C and all studied plasma sources can completely decontaminate FCV coated steel discs 

with a wet surface. While UV-C radiation and direct plasma treatment are able to 

effectively inactivate dry virus samples, remote plasma treatment is only effective on wet 

virus samples. Direct contact plasma treatment is four times more energy-intensive 

compared to UV-C treatment but improved energy efficiency might be attainable by further 

optimization of the plasma source and its operating conditions. We showed that the plasma-

generated species are not limited by shadowing effects, a key advantage of remote plasma 

treatment compared to UV-C. Effective utilization of the plasma-generated reactive species 

in a batch reactor enables lower energy costs of decontamination using a surface discharge 
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to a level that is comparable to that of UV-C based decontamination. Theoretical estimates 

based on a model reactor design using a volumetric air plasma suggest the potential for 

further reduction in the energy costs of plasma-based decontamination. While further 

detailed studies on different pathogens and impact on food samples are required, the results 

within this work shows that the potential of cold plasma as a non-thermal technology for 

food industry applications should not be limited by operational costs.   
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Conclusion 

In this work, we developed different atmospheric pressure plasma sources to study their 

capabilities for surface decontamination of stainless steel discs. Experiments to study the 

antimicrobial activity were performed on feline calicivirus (FCV), a surrogate of human 

Norovirus, and Salmonella Heidelberg. Both pathogens are leading causes of food borne 

illnesses. One of the plasma sources, the 2D DBD, was characterized extensively and its 

dominant chemical pathway towards decontamination was identified. The influence of 

surface humidity on the effectiveness of plasma-based decontamination was studied 

through quantification of reactive species in the aqueous phase. The energy efficiency of 

different plasma sources was reported and compared with that of UV-C to provide an idea 

of the operational costs of the technology.  

For a comparison of the effectiveness of surface decontamination by plasma treatment, 

DBDs and gliding arc discharges were operated with air as the feed gas at atmospheric 

pressure. Plasma sources enabling direct and remote treatment of the substrates were also 

compared. Across all the sources, FCV was seen to be more susceptible to the plasma-

generated reactive species than Salmonella. While direct treatment was effective against 

both dry and wet samples, remote plasma sources exhibited negligible decontamination 

against dry samples. The efficacy of remote plasma treatment was significantly enhanced 

by the presence of humidity on the surface of the substrate and complete inactivation of 

wet samples was achieved by all the plasma sources. The requirement for higher energy 

deposition into the gliding arc to achieve decontamination comparable to the remote DBDs 
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is attributed to the much lower Henry’s law constant of NO, which is the dominant species 

generated by the gliding arc, compared to the Henry’s law constant of NO2, one of the 

dominant species generated by the DBDs. Synergistic effects due to the interaction between 

O3 and NO2 in the afterglow of the DBDs was verified through positive control tests, and 

a kinetic model suggests a strong correlation between the gas-phase concentration of N2O5 

and the observed virucidal effects. The flexibility offered by remote plasma treatments is 

indispensable in making the adoption of plasma technology into the food industry possible, 

particularly in view of the freedom it allows in food substrate morphology.  

A detailed knowledge on the influence of surface humidity on the effectiveness of plasma 

treatment is imperative to determine the working conditions for optimal plasma treatment. 

This optimum treatment is typically impacted by transport of reactive species from the 

gaseous effluent to the liquid that covers the microorganism on the substrate. 

Decontamination using plasma treatment and positive control tests using O3 and NO2 

suggest that the inactivation was most effective when the thickness of the water layer 

covering the substrate was minimum. This effect was consistent with an increase in reactive 

nitrogen species concentrations with decreasing volume of the liquid layer.   

Although several existing studies report good antimicrobial activity using a variety of 

plasma sources, none of the studies focuses on the costs of operation of the plasma 

technologies. A comparison was drawn among different plasma sources and UV-C based 

on their virucidal efficacies and energy efficiencies. Direct plasma treatment was found to 

be four times more energy-intensive than UV-C technology. A batch reactor protype used 
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with a surface discharge predominantly generating O3 enabled effective utilization of the 

reactive species and lowered the energy costs of plasma-based decontamination to a level 

that is comparable to that of UV-C based decontamination. While UV-C radiation can 

effectively inactivate substrates with a dry surface, the directional nature of UV-photons is 

a major disadvantage of this conventional technology. 

All the experiments performed in this work study surface decontamination of metal discs 

spiked with a species of virus or bacteria. As an effort towards confirming the extent of 

applicability of our results, plasma treatments are to be performed on more pathogens 

classified based on their pathological or biological characteristics. As a further step, it is 

required to extend the application of plasmas to food substrates and assess possible off-

target effects on food. This will give us insights on the effects of the surface of the substrate 

and help us determine plasma conditions required to meet the standards of the industry. 

From a practical standpoint, it would be advantageous to develop plasma sources that are 

scalable and can operate in air to minimize costs and chemical waste streams.  

The results within this work demonstrate the capability cold plasmas hold towards being a 

sustainable and green non-thermal decontamination technology.  
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